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(ABSTRACT) 

A detailed study of the feasibility of anchoring fiber reinforced plastic wires for civil 

engineering applications is presented. An experimental investigation using tensile testing 

machines is performed, testing anchorages of 1, 7 and 19 wires. Conventional strain gage 

and acoustic emission measurement techniques are used. The tests are essential in 

determining the failure load and failure mode. However, the experimental data alone do 

not provide enough information about the behavior of the anchorage to be used 

exclusively in the design process. The results are used to modify the design of the 

anchorage system. It is shown that for a successful anchorage system the choice of 

material for the load transfer medium is crucial. A solution is presented to overcome the 

high stress concentration at the load entry area of the wire into the anchor. 

A finite element analysis of the anchors for 1 and for 19 wires is used to assess the 

stress and strain fields inside the anchor, to validate the analytical model, and to 

determine locations of possible high stress concentrations. Three-dimensional and one- 

dimensional models, that utilize axisymmetry, are evaluated. The results of the numerical 

analysis are used to demonstrate the improvement as a result of a change in material 

choice or design of the anchor. It is shown that the modification of the load transfer 

medium results in a decrease of 30 % of the average stress level.



In the analytical investigation, several common models are introduced that describe 

the fiber pullout behavior. Based on a recent treatment by C. H. Hsueh, a model is 

developed that describes the anchorage of a wire in a conical shaped socket using 

orthotropic materials. This model includes boundary conditions that are similar to the 

ones observed in the experiments. A parametric study is performed to obtain information 

on the ideal geometry of the anchor system. 

The results and predictions of the applied techniques, i. e. analytical description, 

finite element method and experimental investigation, are compared and contrasted. 

Based on the analytical, numerical and experimental results, recommendations for 

improving the design of the anchor system are made. 

Subsequently, a modified anchor system is proposed that utilizes the properties of a 

load transfer medium that has a variable stiffness. The inclusion of a pure resin collar 

and supporting wires is suggested. For a successful completion of this project, ideas are 

proposed and suggestions made for future work.
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CHAPTER 1. INTRODUCTION 

1.1 Introduction 

High-performance fiber reinforced plastics have proven their worth as outstanding 

engineering materials over the past few decades. The superior strength-to-weight and 

stiffness-to-weight ratios are two of the specific features used by engineers today to 

improve standard designs in the aerospace applications and to develop new structures that 

would not be feasible with conventional metals. The cost of high performance 

composites, however, has limited their application to the above mentioned industries. 

The rapidly changing market with falling prices is leading now to an opening of other 

industries for composite materials. Civil engineering applications often demand 

structures with high stiffness and low weight or even high strength and low weight. 

These applications are ideally suited to the use of modern composites. Several public 

buildings around the world already use composite parts for experimental reasons. One 

application is the replacement of steel cables for post tensioning by glass tendons. An 

additional characteristic of composites is their excellent behavior in an aggressive 

chemical environment such as salt water, exhaust stacks, or even chemical plants. 

A more challenging proposition is where the limit of a standard application can be 

extended dramatically. Today the span of bridges, for example, is limited by their self- 

weight. Another example is the anchorage of off-shore oil platforms. The maximum 

achievable depth of anchorage is determined by the strength-to-weight ratio of the steel 

cables used. Additionally, the problem of stress corrosion cracking has to be considered. 

The use of fiber reinforced plastics can extend the design for massive constructions where 

the strength-to-weight ratio is an important and limiting factor. 

Fiber reinforced materials have excellent mechanical properties in the direction of 

the fibers. The performance of unidirectional composite materials is far superior to 

conventional metals; however, the behavior of unidirectional composites perpendicular to 

the fiber orientation is not completely satisfactory. The material is sensitive to any 

stresses or impact loading not acting in the fiber direction. In general, this shortcoming is



overcome by stacking lamina with different fiber orientations. This leads to a small 

reduction in performance in the direction of the main axis but increases the performance 

in all other directions. 

An ideal application of fiber reinforced plastics is as wires where there is no, or 

limited, loading or impact perpendicular to the wire axis. A wire is defined as an 

homogeneous isotropic filament or a composite of unidirectional aligned filaments, 

whereas a cable is a twisted composite of filaments. These wires are used for cable- 

stayed bridges, off-shore anchors for oil production platforms, or for pre-tensioning of 

bridge boxes. The outstanding strength-to-weight ratio, the excellent resistance to 

aggressive environments, and the outstanding fatigue performance are essential properties 

for the above described applications. 

In 1984, Meier [! showed in a feasibility study that it is possible to connect Europe 

and Africa with a cable-stayed bridge at the strait of Gibraltar using composite materials. 

Such bridges, with a main span in the range of 6000 to 8000 meters, are at present beyond 

the limits of steel construction. The following will show some of the specific advantages 

of carbon fiber reinforced plastic (CFRP), particularly for the application described 

above. 

The high strength-to-weight ratio of CFRP leads to a specific strength 10 to 15 times 

higher than the specific strength of steel. A high safety factor will reduce this advantage 

but does not eliminate it. The safety factor is determined by the statistical distribution of 

the failure load. The standard deviation is large for a brittle material, i.e. a single carbon 

filament, and therefore a high safety factor is required. In a composite carbon fiber wire, 

the matrix system helps to transfer the load from a broken filament to the undamaged 

filaments. This results in a reduction of the standard deviation of the failure load and 

consequently leads to a smaller safety factor. The geometry of the anchor leads to areas 

of high stress concentrations. The standard deviation of the failure load increases due to 

the geometry; thus a high safety factor has to be used in designing anchors. Another 

measurement of performance of the material is its equivalent modulus. A tensile load 

applied to a horizontally as well as vertically spanned cable/wire leads to an elongation 

that consists of the straightening of the cable/wire and of the straining of the cable/wire 

material. The ratio of the applied load and the observed elongation of the cable/wire is



called equivalent modulus. A high equivalent modulus combined with a low mass 

density is an advantage that becomes even more apparent with increasing length of the 

horizontal span. The salty environment of bridges demands a material that is highly 

corrosion resistant. CFRP is known for its excellent corrosion resistance, and exceeds by 

far the performance of metals in an aggressive environment. Thermal expansion is 

another point in favor of CFRP. Large thermal fluctuations might lead to thermal 

residual stresses that are not negligible in structures as large as bridges. Along the 

principle fiber axis, carbon fibers have a thermal expansion coefficient of practically zero. 

All the advantages described above indicate the superiority of unidirectional 

composite fiber wires in bridge applications. The sensitivity of unidirectional fiber 

reinforced material toward loads or impact in a direction other than the fiber direction, 

however, leads to the basic problem of connecting the wires to the structure. 

For commonly used steel cables there is a basic understanding of the mechanics of 

the connection. This understanding is based on experience. It is surprising how little 

numerical or analytical work has been done in order to understand and describe the stress 

distributions in anchors. Basic pull-out models have been developed in the past by Cox 

[2], Lawrence [3], and Takaku and Arridge [4]. At the present, there exists a mode! 

developed by Hsueh [5-10] that tries to consider all the boundary conditions. However, 

this model is still limited to isotropic materials and cylindrically shaped anchors. 

Extensive experimental work on anchoring composite fiber wires has been 

performed at the Swiss Federal Laboratories for Material Testing (EMPA) in Duebendorf, 

Switzerland and at the Institute for Fiber Reinforced Plastics (IVW) in Kaiserslautern, 

Germany. The work performed in Germany [!!] describes the anchorage of twisted 

composite cables, whereas the work done in Switzerland deals with unidirectional wires. 

1.2 Objective 

A search for available information describing numerically, analytically or 

experimentally the anchorage of fiber reinforced plastic wires indicates that there is little 

information available. Some preliminary experiments have been performed at the EMPA 

in Duebendorf with the anchorage of 1 and 7 wires. There is no analytical solution



available that describes the stress and strain fields for anchoring orthotropic materials. 

Hsueh |9-!9] describes the stress and strain field for a single isotropic wire anchored in an 

isotropic matrix, which improves the solution of older models by including more 

boundary conditions and by using fewer simplifications. Numerical studies describing 

the anchor have not been found. 

The objective of this study is to develop an anchorage system that is capable of 

transferring the full load capacity of the anchored wires. That includes the development 

of an analytical closed-form solution describing the load transfer from a single 

orthotropic wire to an orthotropic anchor with variable conical shape, the numerical 

evaluation of the design using finite element methods, and the performance of 

experiments. The goal is to have a design of an anchorage system that is suitable for 

production in industry, that is cost effective, and that satisfies the technical demands for 

efficient load transfer. 

1.3 Approach 

In the present study, different designs of the anchor (or socket) are evaluated. The 

socket has to fulfill not only the technical requirements but also the various aspects of 

production. Several methods of production are evaluated. The socket is tested to 

determine its mechanical performance. An analytical model is developed to describe the 

mechanical behavior of the socket. The model is based on the fiber pull-out mechanism 

as described by Hsueh 9-10], An FEM analysis is performed to compare the experimental 

and the analytical results with a numerical method. 

1.4 Dissertation Outline 

In Chapter 2, the different analytical models describing fiber pull-out are introduced. 

A model describing stress and strain fields in conical anchors for orthotropic material is 

developed and a parametric study is performed. Additionally, an insight into strength 

considerations is presented. Chapter 3 describes the evaluation of a design and elucidates



the requirements for an effective anchor. In Chapter 4, experiments performed at the 

EMPA in Duebendorf are described and the results are presented. The anchorage of 7 

wires as well as the anchorage of 19 wires are explained. The development of models for 

numerical methods and the obtained results are shown and explained in Chapter 5. In 

Chapter 6, the obtained results from the experiments and the numerical and analytical 

analyses are compared. General trends are shown for the behavior of anchors of the 

given design. Finally, Chapter 7 contains conclusions and identifies topics for further 

study.



CHAPTER 2. MECHANICS OF THE ANCHOR PROBLEM 

2.1 #£Introduction 

The formulation of a closed-form solution to the anchor problem of orthotropic wires 

causes several difficulties. The stress and strain fields are three-dimensional and they also 

include points of singularities. In addition, the geometry of the anchor determines the 

boundary conditions. The system of equations can not be simplified if the geometry, 

where the boundary conditions are applied, is not aligned with the coordinate system used. 

In order to handle the mathematical equations that describe the mechanics of the anchor, 

simplifying assumptions must be made. To validate these assumptions it is important to 

understand the physics of the load transfer inside the anchor. 

The complex problem of anchoring wires can be prepared for a qualitative description 

by following the ideas of Cox !?!, Lawrence [3], and Takaku and Arridge [4]. The basis of 

understanding load transfer was presented by Cox [2] in 1952. He addressed the issue of 

how the fiber orientation in paper influences the stiffness of the paper. However, the fibers 

were completely embedded in the surrounding matrix. To express the load transfer,Cox 

developed a shear lag model. Lawrence [3], in 1972, described a single fiber pull-out 

mechanism by using the similarity between a single fiber pull-out system and a shear panel. 

One year later, Takaku and Arrigde !*] described the problem of a single fiber pull-out 

using a modified shear lag model. 

The above models give a good example of the load transfer for single fiber pull-out. 

They describe a one-dimensional, isotropic problem, including an isotropic single fiber 

embedded in an isotropic matrix. However, it should be noted that several assumptions 

needed to be introduced in order to solve the mathematical system of equations. 

In 1988 and later Hsueh [5-19] developed a closed-form solution describing the 3- 

dimensional stress and strain distribution for an isotropic single fiber pull-out model. 

Again, to solve the mathematics, several assumptions and simplifications had to be made.



The approach developed in this chapter to describe the stress and strain fields of an 

orthotropic wire anchored in an orthotropic matrix is partially based on the mathematics in 

Hsueh's papers. 

2.2 Description Of Load Transfer 

2.2.1 Shear Lag Model by H. L. Cox 

In his paper "The Elasticity and Strength of Paper and Other Fibrous Materials", Cox 

[2] investigated the influence of fiber orientation and fiber length on the stiffness matrix of 

paper. Due to the fact that the fiber distribution in paper can not be considered as 

homogeneous, it is important to know how the load is being transferred from one fiber to 

the other. 

Based on the assumptions that the isotropic fiber is embedded in a continuous solid 

matrix, the matrix as a whole is strained homogeneously, the matrix-fiber interface is an 

ideal bond, and the axial stress in the fiber is zero at its endpoints, Cox states that the 

transfer of load from the fiber to the matrix and vice versa is a function of strain. The 

gradient of the load, the shear, is assumed to be a function of the displacement u in fiber 

direction at a distance x from the end of the fiber and of the "virtual" displacement v of the 

matrix at the same position x with absent fiber, 

dP HH (y- ot =H (u-y) (2.1) 

where P is the load in the fiber and H is a shear distribution constant, see Figure 2.1. 

  

       
constant strain 

Fig. 2.1 Geometry and notation of fiber pull-out model by Cox



Combining equation (2.1) with the stress-strain relation leads to the governing 

differential equation, 

  ?P_y (F_- e] (2.2) 

where e is the constant strain of the matrix, A is the cross-sectional area of the fiber and E 

is the Young's modulus. Using a trigonometric solution and the boundary condition that 

the load has to be fully transferred at the end points of the fiber yields the following load 

distribution 

P=AEe| 1 (2.3) 

  

_ cosh B (1/2 - a 

cosh B (1/2) 

where | is the length of the fiber and B is the square root of (H/EA). Assuming fibers with 

a circular cross-section and with a radius of ro and also assuming that the fibers are 

separated from each other by a mean distance of r; yields the shear distribution constant H 

H=27rG—! (2.4) 
" log{t) 

  

where G is the shear modulus of the matrix. 

Cox draws the conclusion that the load transfer from fiber to fiber reduces the effective 

modulus of the composite, in this case paper. The reduction in modulus is negligible if the 

fiber length is larger then 100 times the fiber diameter. Figure 2.2 shows the effective 

modulus (E*) as a function of the radius ratio (11/rp) and the embedded length ratio (1/19). 

The conclusion is based on the assumption that the fibers are totally embedded and 

relatively short; therefore, his results can not be used directly for solving the problem of 

load transfer in anchors. However, his investigation gives an insight into how the load 

transfer distribution evolves and by what it is determined. In addition, his shear-lag model 

is extensively used later on by other scientists.



  
Fig. 2.2 Effective modulus as a function of fiber separation and embedded length 

2.2.2 Single Fiber Pull-Out Model by Lawrence 

Lawrence [3] developed a fiber pull-out model where the fiber is partially embedded in 

an isotropic matrix. The embedded length is half of the fiber length as shown in Figure 

2.3. The bonding is assumed to be perfect and infinitely thin. The same shear-lag model is 

used as described by Cox. The shear is a function of the displacement u of the fiber at a 

distance x from the embedded end of the fiber, and of the virtual displacement v of the 

matrix at the same position in absence of the fiber, so that 

t= K (u-v) (2.5) 

where K is the shear distribution coefficient. The load gradient is related to the shear stress 

as 

dP C(x) (2.6) 

where C is a geometric constant, including the circumference of the fiber. Combining 

equations (2.5) and (2.6) leads to the governing differential equation



  oF =Hp(t-1 2.7 
Ags AmEm 2-7) 

where H is the product of C and K. The boundary conditions are given by the assumption 

that the load must be fully transferred from the fiber to the matrix at the embedded end of 

the fiber, and that the load in the fiber is equal to the applied load at the entrance of the fiber 

to the matrix. The solution of the differential equation is given by 

P = Pay Sin WAX (2.8) 
; al sinh 5 

h =CKR d R= (E -_1_ 2.9 where a an AE (2.9) 

The shear stress distribution can be obtained by combining equations (2.1) and (2.8) and 

integrating the result. This leads to 

t= K Pap R cosh vax (2.10) 

va sinh ya 

Further on, Lawrence determines the maximum shear stress and its location. He also 

develops relationships between the embedded length of the fiber and the load and shear 

stress distribution. Finally he expresses the pull-out stress in terms of embedded fiber 

length and maximum shear strength. 
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Fig. 2.3 Geometry of pull-out model by Lawrence 
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By using different boundary conditions, Lawrence modified the load transfer model by 

Cox to describe the behavior of a partially embedded fiber. He still uses the same 

assumptions as Cox, that the fiber and the matrix are isotropic homogeneous, and that the 

bonding is infinitely thin and perfect. The model can be considered as one-dimensional 

because it neglects the effect of Poisson contraction and the radial and tangential stresses. 

2.2.3 Modified Shear-Lag Model by Takaku and Arridge 

In 1973, Takaku and Arridge !4! performed extensive research on the fiber pull-out 

mechanism of a stainless steel wire that is embedded in an epoxy matrix, see Figure 2.4. 

In the analytical part of their work, they also developed expressions to describe the 

distribution of stresses in the fiber and at the fiber-matrix interface. The basic difference to 

the previous described model is the shear lag assumption they used. Now, the shear stress 

distribution along the fiber-matrix interface is a function of the axial displacement u of the 

fiber only. Following similar steps to those in Lawrence's paper, the axial stress 

distribution in the fiber can be expressed as 

sinh (a x) 
ap| ———;-—_— 2.11 

Corl inh (a 1) 2.11) 

where Q=,/ (2H 

and H is defined as in Cox's paper. The shear stress 1s 

Of= 

1 = Gap 1 SOSH (OX) (2.12) 

Oapl 

  

Fig. 2.4 Geometry of pull-out model by Takaku and Arridge 
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Comparing the two models by Takaku and Arridge and by Lawrence shows that the 

difference in the stress distribution is in the coefficients o& and a. The coefficient a used by 

Lawrence can be expressed by the coefficient & multiplied with an additional term 

=o? (1 - 2 &r) . a= 0° Et (2.13) 

This indicates that both models will predict the same distribution of load if the ratio of the 

fiber and matrix radii and the ratio of the Young's moduli is large. Takaku and Arridge 

realized by comparing the experimental and analytical results that the Poisson effect can not 

be neglected for predicting debonding and fiber pull-out. 

2.3 Strength Considerations 

The strength properties of the materials used play an essential role in the design of an 

anchorage system. The strength of unidirectional composite under multi-directional load 

needs special consideration. It determines the stress-dependent limit of the maximum 

applicable load. It is possible to raise the maximum shear strength with increasing radial 

stress in the anchor. The radial stress, however, has to be lower than the compressive 

strength. Herrmann [!2] and Hoffman [!3] presented a failure criteria for unidirectional 

glass fiber composites that showed the dependency between the maximum compressive 

strength and the maximum shear strength, see Figure 2.5. 
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Fig. 2.5 Failure criteria by Herrmann and Hoffman 
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Polymeric material itself shows similar behavior under high compressive loading. 

Rabinowitz |!4] has given a figure that describes the maximum shear strength of PMMA as 

a function of the applied maximum normal stress, see Fig. 2.6. This specific behavior can 

be used to increase the maximum shear strength, and therefore to also increase the 

maximum applicable axial stress. 
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Fig. 2.6 Failure loads for PMMA by Rabinowitz 

In 1990, Rackwitz [15] presented a paper discussing the maximum load capacity of 

parallel wire bundles based on statistical considerations. Assuming that the single wire 

behaves ideal elastic and brittle the strength is ideally distributed. For a large number of 

combined wires, the strength follows an asymptotic normal distribution. Rackwitz has 

shown that the maximum failure strength of wires in a compound is less than that of single 

wire bundles. It is pointed out that the maximum strength of large single wire bundles is a 

deterministic number equivalent to 94% of the strength of a single wire. If the bundle is 

very long, the strength has to be reduced by another 10% [15]. In addition, the fatigue 

behavior is shown to be very poor. The reason is the increase in stress due to progressive 

failure of single wires. In the section describing the experiments, Chapter 4, it is 

demonstrated that an excellent static behavior of the anchor does not necessarily imply a 

good fatigue behavior. 
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2.4 Simple Orthotropic Model 

2.4.1 Geometry and Assumptions 

A transversely isotropic wire with radius a is located at the center of a coaxial 

cylindrical shell of a transversely isotropic matrix with an outer radius b and a length of t. 

The coordinates are r and z, see Fig. 2.7. For both, the wire and the matrix, the main 

direction of elasticity is coincident with the axis of evolution for the given geometry. The 

Wire is subjected to an applied axial stress Oo at one end of the specimen (at z=t) and the 

stress transfers from the wire to the matrix through the interfacial shear stress 7. 
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=b 

Fig. 2.7 Schematic drawing of the geometry and the used coordinate system 

The following basic assumptions have been made: the problem is linear elastic, the 

bonding is ideal, the radial displacement v is negligible compared to the axial displacement 

u and the axial stress gradient is a function only of the axial position z. The analytical 

development follows a procedure for isotropic fiber pull-out described by Hsueh 1-19], 

The same steps are performed, but modified to satisfy the conditions for transversely 

isotropic materials. 

2.4.2 Mathematical Development 

Equilibrium Equations 

For an axisymmetric geometry, which has the cylindrical polar coordinates r, 8, and z, 

the general equilibrium equations for a homogeneous medium are given by 

14



OT, 1 te , Oty Tr - Teo 

  

or 699 Bp 4-28 4F = 0, (2.14) 

Org +1 Weg + Oey +27, +F, =0, (2.15) 
o 99 oz ¢ 

OT, 1% Mey le ap =0 (2.16) 
or 99 «oz «Ct 

where F,, Fe, and F, are the body forces that can be neglected. 

Introducing the engineering constants: E>, Ej = Young's moduli for tension in the 

plane of isotropy and in a direction normal to it, v2 = Poisson's ratio characterizing 

transverse contraction in the plane of isotropy when tension is applied in this plane, vj = 

the same when tension is applied in a direction normal to the plane of isotropy, G2, G; = 

shear moduli for the plane of isotropy and any plane perpendicular to it, the stress-strain 

relations for a linear elastic, transtropic body, assuming small displacements, are given by 

] Cx = — = -—|0,; + Oo] + =- Oy, 2.17 > Et al E, (2.17) 

en = t= 1 io,-vi6)- Yo (2.18) 
dr EB” , 

1M ul. - Mi eo = 5 +7 = plo V2 O;| E, Oz, (2.19) 

and 

t= 1/4 (2.20) 
(l4vi)2\3, dz 

where u, v and w are the radial, tangential, and axial displacement field respectively. For 

the given geometry, symmetry demands that the gradient in 8 is zero, i.e. —=0. 
08 

Therefore, equations (2.14), (2.15), (2.16), and (2.19) can be simplified. 
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�C�o�n�t�i�n�u�i�t�y� �C�o�n�d�i�t�i�o�n�s� �f�o�r� �B�o�n�d�e�d� �I�n�t�e�r�f�a�c�e�s� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �O�z�)�,� 

�F�o�r� �a� �b�o�n�d�e�d� �i�n�t�e�r�f�a�c�e�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�o�n�t�i�n�u�i�t�y� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �r�e�q�u�i�r�e�d� �a�t� �t�h�e� 

�i�n�t�e�r�f�a�c�e�.� 

�o�f� �|� �=�o�"�|�,�=�o�F� �(�2�.�6�5�a�)� 
�u�f�,� �=�u�"�,� �(�a�t� �r�=� �a�)� �(�2�.�6�5�b�)� 

�w�i�h� �=� �w�"�t�,� �(�2�.�6�5�c�)� 

�E�q�u�a�t�i�o�n� �(�2�.�6�5�a�)� �h�a�s� �b�e�e�n� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �i�n� �t�h�e� �s�e�c�t�i�o�n� �"�t�h�e� �r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� 

�s�t�r�e�s�s� �c�o�m�p�o�n�e�n�t�s�"�.� �T�h�e� �s�o�l�u�t�i�o�n� �o�f� �o�7�|�,� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �s�u�b�s�t�i�t�u�t�i�n�g� �t�h�e� �s�t�r�e�s�s� 

�c�o�m�p�o�n�e�n�t�s� �6�,� �,� �G�e�,� �a�n�d� �6�,� �f�r�o�m� �e�q�u�a�t�i�o�n� �(�2�.�6�5�a�)�,� �(�2�.�5�9�)� �a�n�d� �(�2�.�4�8�)� �f�o�r� �t�h�e� �w�i�r�e�,� �a�n�d� �f�r�o�m� 

�e�q�u�a�t�i�o�n�s� �(�2�.�6�5�a�)�,� �(�2�.�6�4�)� �a�n�d� �0�,� �=� �o�z�]�,� �a�t� �r�=�a� �f�o�r� �t�h�e� �m�a�t�r�i�x�,� �i�n�t�o� �e�q�u�a�t�i�o�n�s� �(�2�.�1�7�)� �a�n�d� 

�(�2�.�1�9�)� �a�n�d� �s�a�t�i�s�f�y�i�n�g� �t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �o�f� �e�q�u�a�t�i�o�n�s� �(�2�.�6�5�b�)� �a�n�d� �(�2�.�6�5�c�)�.� �T�h�e� 

�s�o�l�u�t�i�o�n� �o�f� �o�7�|�,� �o�b�t�a�i�n�e�d� �i�s� 

� � 

�o�"�|�,� �=� �P�i� �o�f�,� �+� �P�2� �a� �+� �P�3� �(�0�2� �-� �&�)� �(�2�.�6�6�)� 

�w�h�e�r�e� 

�p�,�=�D�E�T�l�s�o�p�g�g� �(�i�w� �(�2�.�6�7�a�)� �'�~� �H� �E�f� �7� �1� �2� �*�(�1�+�v�i�)� �.� 

� � 

� � 

�E�R� �F� �Q�s�(�v�P�D�+�Q�)� � �(�V�i�D�+�Q�)�{�(�L�-� �v�2�)� �E�i� �+�2� �v�i� �(�1� �+� �v�i�)� �E�d�}� �(�2�.�6�7�)� 
�H� �(�b�?� �-� �a�2�)� �E�P� �4�B� �E�;� 
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� � � � 

� � 

� � 

� � 

� � � � 

� � 

� � 

� � 

�_�_�D�E�T�/�3�D�+�2�v�i�Q�i� �(�L�-�v�i�)� �5�,� �a�2�R� �P�3�=� �H�y� �I�D�E� �2�Q�:� �Q�i� �v�t� �D�E�P� �(�2�.�6�7�c�)� 

�2� �2� �D�=� �a�e� �+� �V�m� �+� �(�1� �-� �w�e� �(�2�.�6�7�d�)� 

�Q�:�=�2� �l�v� �E�a� �+� �V�n� �a� �(�2�.�6�7�e�)� 

�y�w� �W�i� �(�w�r� �D�+�Q�)�)� 

�=� �2�)� �(�e�e� �@�)� �D�E�R�I� �-� �v�A�)� �2�-�0�7�8�)� 
�b� 

�_� �(�1� �-� �v�i�)� �1� �v�e�l�d�)� �g�a� �(�t�r�,� �2�*� �p�a�l� �(�2�.�6�7�2�)� 

�o�e� �P� �t�e�s�s� �b�e�-�a�r�)�v�e� �b�i�i�n�(�B�)� �+� �v�4� �(�2�.�6�7�h� �-� �4� �(�b�?� �-� �2�)�  ��m!"� 
�_� �2� �9� �2� �b �� �v�i�'�+� �(�D� �v�i�'�+� �Q�:�)� �|� �.� �=�|�(�D�+�v�i� �Q�:�)�+�(�b�?�-� �a�)� �R�+� �@�-� �b�y�)� �(�2�.�6�7�1�)� 

� � 

�|�(�a�?� �-� �b�?�)� �(�3�b�?� �-� �a�2�)� �+� �4� �b�*� �I�n� �(�2�}�]� �(�1� �-� �v�3�)� 

�I�n� �e�q�u�a�t�i�o�n� �(�2�.�6�6�)�,� �o�f�,� �i�s� �r�e�l�a�t�e�d� �t�o� �6�,� �b�y� �e�q�u�a�t�i�o�n� �(�2�.�4�9�)�,� �a�n�d� �1�;� �i�s� �r�e�l�a�t�e�d� �t�o� �6�;� �b�y� �e�q�u�a�t�i�o�n� 

�(�2�.�2�3�)�.� �H�e�n�c�e�,� �0�°�]�,� �b�e�c�o�m�e�s� �a� �f�u�n�c�t�i�o�n� �o�f� �0�?� �a�n�d� �6�}�.� 

�T�h�e� �S�o�l�u�t�i�o�n� �o�f� �o�F�.� 

�S�a�t�i�s�f�a�c�t�i�o�n� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� �f�o�u�r� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �(�i�.�e�.� �t�h�e� �l�o�a�d�i�n�g� �a�n�d� �t�h�e� �f�r�e�e� 

�s�u�r�f�a�c�e� �c�o�n�d�i�t�i�o�n�s�)� �a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �e�x�a�c�t� �s�o�l�u�t�i�o�n� �o�f� �0�3�:� 

�O�,� �=� �O�r� �(�a�t� �z� �=� �t�)� �6�,� �=�0� �(�a�t� �z� �=� �0�)� �(�2�.�6�8�a�/�b�)� 

�o�,� �=�0� �(�a�t� �z� �=� �t�)� �t�T� �=�0� �(�a�t� �z� �=�t�)� �(�2�.�6�8�c�/�d�)� 

�S�u�b�s�t�i�t�u�t�i�n�g� �t�h�e� �s�o�l�u�t�i�o�n� �f�o�r� �o�7�|�,� �o�b�t�a�i�n�e�d� �f�r�o�m� �e�q�u�a�t�i�o�n� �(�2�.�6�6�)�,� �e�q�u�a�t�i�o�n� �(�2�.�5�2�)� 

�b�e�c�o�m�e�s� �a� �l�i�n�e�a�r� �s�e�c�o�n�d�-�o�r�d�e�r� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n� �f�o�r� �o�;�.� �H�e�n�c�e�,� �t�h�e� �s�o�l�u�t�i�o�n� �f�o�r� �o�;� �f�r�o�m� 

�e�q�u�a�t�i�o�n� �(�2�.�5�2�)� �r�e�q�u�i�r�e�s� �o�n�l�y� �t�w�o� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �i�n�a�b�i�l�i�t�y� �t�o� �s�a�t�i�s�f�y� �a�l�l� �f�o�u�r� 

�b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �i�s� �d�u�e� �t�o� �t�h�e� �a�p�p�r�o�x�i�m�a�t�i�o�n�s� �a�d�o�p�t�e�d� �i�n� �t�h�e� �a�n�a�l�y�s�i�s�.� �J�u�d�i�c�i�o�u�s� �c�h�o�i�c�e� 
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�o�f� �t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �t�o� �b�e� �s�a�t�i�s�f�i�e�d� �i�s� �r�e�q�u�i�r�e�d� �t�o� �o�b�t�a�i�n� �a� �r�e�a�s�o�n�a�b�l�e� �a�n�a�l�y�t�i�c�a�l� 

�s�o�l�u�t�i�o�n�.� 

�S�a�t�i�s�f�a�c�t�i�o�n� �o�f� �e�q�u�a�t�i�o�n� �(�2�.�6�8�a�)�,� �w�h�i�c�h� �d�i�c�t�a�t�e�s� �t�h�e� �l�o�a�d�i�n�g� �c�o�n�d�i�t�i�o�n�,� �i�s� �e�s�s�e�n�t�i�a�l�.� �I�f� 

�t�h�e� �s�o�l�u�t�i�o�n� �o�f� �6�;� �i�s� �s�u�b�j�e�c�t�e�d� �t�o� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �(�2�.�6�8�a�)� �a�n�d� �(�2�.�6�8�c�)�,� �t�w�o� �c�o�n�t�r�a�r�y� 

�e�q�u�a�t�i�o�n�s� �a�r�e� �o�b�t�a�i�n�e�d� �i�n� �s�o�l�v�i�n�g� �o�:�.� �I�f� �t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �o�f� �e�q�u�a�t�i�o�n�s� �(�2�.�6�8�a�)� �a�n�d� 

�(�2�.�6�8�d�)� �a�r�e� �a�d�o�p�t�e�d�,� �t�h�e� �e�r�r�o�n�e�o�u�s� �r�e�s�u�l�t� �o�f� �t�h�e� �r�e�v�e�r�s�e� �s�t�r�e�s�s� �t�r�a�n�s�f�e�r� �f�r�o�m� �t�h�e� �m�a�t�r�i�x� �t�o� 

�t�h�e� �f�i�b�e�r� �i�s� �o�b�t�a�i�n�e�d�.� �A� �r�e�a�s�o�n�a�b�l�e� �s�o�l�u�t�i�o�n� �o�f� �6�,� �c�a�n� �t�h�e�r�e�f�o�r�e� �o�n�l�y� �b�e� �o�b�t�a�i�n�e�d� �b�y� �u�s�i�n�g� 

�t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �o�f� �e�q�u�a�t�i�o�n�s� �(�2�.�6�8�a�)� �a�n�d� �(�2�.�6�8�b�)�,� �a�n�d� �t�h�e� �r�e�s�u�l�t� �i�s� 

�C�c� �z� �(�b�?� �-� �a ��)� �3� �e�x�p� �{�-� �-� �Z�)�}�)� �-� �e�x� �-�Z� 

�a�E�)� �P�i�l�s� �l�b� �a�p�e�a�d�.� 
�a� �E�r� 

�,� �(�b�°� �-� �a ��)� �P�i� �E�m� �e�x�p� �(� �e�l�e �� 
�a �� �E�s� �e�x�p� �(�a� �t�)� �-� �e�x�p� �(�-� �O�t�)� 

� � 

�a �� �e�x�p� �(� �t�)� �-� �e�x�p� �(�-� �o�t�)� 

� � �(�2�.�6�9�)� 

�w�h�e�r�e� 

� � 

�b�?� �-� �a�2� �(�P�i� �E�m� �_� �1� �+�b� �(�F�u�e� �P�;�)� 
�B�U� �+� �v�a�l� �b� �p�e�a�)� �(�b�?�-� �a�?�)�(�1�+�v�)� �P�i� �E�m� �.� �(�b �� �-� �a�2�)� �P�o� �b�e�e� �b� �I�n�(�©�)� �4�b�?� �+� �+�E�,� �+� � � 

�a� �2� 
�(�2�.�7�0�)� 

�T�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�s�s� �T�,�,� �e�q�u�a�t�i�o�n� �(�2�.�2�3�)� �i�s� �u�s�e�d�.� �T�h�a�t� �l�e�a�d�s� �t�o� 

�O�7� �&� �(�1�-�-�p�F�s� 
�b�?� �-� �a�?� �(�P�i� �E�m� �_� �a �� �1�+� �2� �(�P�E� �P�s�]� 

�a�a�h� �B�e�e�l�d� �s�e�p�t� �a�4�)� 
�a �� �E�r� �e�x�p� �(�@� �t�)� �-� �e�x�p� �(�-� �a�t�)� 

�e�x�p� �(�-� �a� �(�t� �-� �z�)�)�+� �e�x�p� �(�a� �(�t� �-� �z�)�)� 
�e�x�p� �(�O�t�)� �-�e�x�p�(�-� �a�t�)� 

� � 

�G�=� 

� � �(�2�.�7�1�)� 

�2�.�4�.�3� �P�a�r�a�m�e�t�r�i�c� �S�t�u�d�y� 

�I�n� �t�h�e� �f�o�l�l�o�w�i�n�g�,� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s� �a�n�d� �g�e�o�m�e�t�r�i�e�s� �o�n� �t�h�e� �s�t�r�e�s�s� 

�d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �i�n�v�e�s�t�i�g�a�t�e�d�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �g�e�o�m�e�t�r�y� �a�n�d� �m�a�t�e�r�i�a�l� �c�o�n�s�t�a�n�t�s� 

�a�r�e� �n�o�r�m�a�l�i�z�e�d�.� �T�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �w�i�r�e� �a�n�d� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �w�i�r�e� 

�a�n�d� �t�h�e� �m�a�t�r�i�x� �a�r�e� �e�v�a�l�u�a�t�e�d� �i�n� �f�u�n�c�t�i�o�n�s� �o�f� �t�h�r�e�e� �p�a�r�a�m�e�t�e�r� �v�a�r�i�a�t�i�o�n�s�:� �t�h�e� �r�a�t�i�o� �o�f� 
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�e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �t�o� �w�i�r�e� �r�a�d�i�u�s�,� �t�h�e� �r�a�t�i�o� �o�f� �m�a�t�r�i�x� �r�a�d�i�u�s� �t�o� �w�i�r�e� �r�a�d�i�u�s�,� �a�n�d� �t�h�e� �r�a�t�i�o� �o�f� 

�t�h�e� �Y�o�u�n�g�'�s� �m�o�d�u�l�i� �o�f� �m�a�t�r�i�x� �m�a�t�e�r�i�a�l� �t�o� �w�i�r�e� �m�a�t�e�r�i�a�l�.� 

�E�v�e�n� �t�h�o�u�g�h� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �s�e�e�m�s� �t�o� �b�e� �s�i�g�n�i�f�i�c�a�n�t� �f�o�r� �t�h�e� �s�t�r�e�s�s� 

�d�i�s�t�r�i�b�u�t�i�o�n�,� �i�t� �i�s� �n�o�t�e�d� �t�h�a�t� �t�h�e� �a�x�i�a�l� �p�o�s�i�t�i�o�n� �i�s� �n�o�r�m�a�l�i�z�e�d�,� �s�e�e� �F�i�g�u�r�e� �2�.�8� �i�n� �t�h�e� �a�p�p�e�n�d�i�x�.� 

�F�o�r� �t�h�e� �s�a�m�e� �g�r�a�p�h�s� �w�i�t�h� �a�b�s�o�l�u�t�e� �a�x�i�a�l� �p�o�s�i�t�i�o�n�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� 

�v�a�r�i�a�b�l�e� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h�s� �i�s� �n�e�g�l�i�g�i�b�l�e�.� 

�T�h�e� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �r�a�t�i�o� �o�f� �r�a�d�i�i� �o�f� �m�a�t�r�i�x� �a�n�d� �w�i�r�e� �s�h�o�w� �t�h�a�t� �f�o�r� �a� �p�r�a�c�t�i�c�a�l� 

�g�e�o�m�e�t�r�y�,� �o�n�e� �i�n� �w�h�i�c�h�.� �t�h�e� �m�a�t�r�i�x� �r�a�d�i�u�s� �i�s� �a�t� �l�e�a�s�t� �1�0� �t�i�m�e�s� �l�a�r�g�e�r� �t�h�e�n� �t�h�e� �r�a�d�i�u�s� �o�f� �t�h�e� 

�w�i�r�e�,� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �d�o�e�s� �n�o�t� �c�h�a�n�g�e� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �I�t� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �f�o�r� �a�p�p�l�i�c�a�b�l�e� 

�g�e�o�m�e�t�r�i�e�s� �t�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �r�a�d�i�i� �d�o�e�s� �n�o�t� �r�e�s�u�l�t� �i�n� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e�s� �o�f� �s�t�r�e�s�s� 

�d�i�s�t�r�i�b�u�t�i�o�n�s�.� �S�e�e� �F�i�g�u�r�e� �2�.�9� �i�n� �t�h�e� �a�p�p�e�n�d�i�x�.� 

�A� �v�a�r�i�a�t�i�o�n� �o�f� �g�e�o�m�e�t�r�i�c� �c�o�n�s�t�a�n�t�s� �d�o�e�s� �n�o�t� �c�h�a�n�g�e� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� 

�T�h�e� �v�a�r�i�a�t�i�o�n� �i�n� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s�,� �h�o�w�e�v�e�r�,� �l�e�a�d�s� �t�o� �a� �d�r�a�s�t�i�c� �c�h�a�n�g�e� �i�n� �s�t�r�e�s�s� 

�d�i�s�t�r�i�b�u�t�i�o�n�.� �I�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t�,� �f�o�r� �a� �l�a�r�g�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �s�t�i�f�f�n�e�s�s� �f�o�r� �t�h�e� �t�w�o� �m�a�t�e�r�i�a�l�s�,� �t�h�e� 

�s�t�r�e�s�s� �t�r�a�n�s�f�e�r�s� �m�o�r�e� �s�l�o�w�l�y� �f�r�o�m� �t�h�e� �w�i�r�e� �t�o� �t�h�e� �m�a�t�r�i�x� �w�h�e�r�e�a�s� �a� �m�o�r�e� �c�o�m�p�l�i�a�n�t� �m�a�t�r�i�x� 

�m�a�t�e�r�i�a�l� �t�r�a�n�s�f�e�r�s� �m�o�s�t� �o�f� �t�h�e� �l�o�a�d� �i�n� �t�h�e� �f�i�r�s�t� �q�u�a�r�t�e�r� �o�f� �t�h�e� �a�n�c�h�o�r�.� �S�e�e� �F�i�g�u�r�e� �2�.�1�0� �i�n� �t�h�e� 

�a�p�p�e�n�d�i�x�.� 

�T�h�e� �q�u�e�s�t�i�o�n� �o�f� �w�h�a�t� �m�a�t�e�r�i�a�l� �s�y�s�t�e�m� �s�h�o�u�l�d� �b�e� �u�s�e�d� �d�e�p�e�n�d�s� �n�o�w� �o�n� �t�w�o� �c�o�n�t�r�a�r�y� 

�t�h�o�u�g�h�t�s�.� �W�i�t�h� �a� �c�o�m�p�l�i�a�n�t� �m�a�t�e�r�i�a�l�,� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �l�o�a�d� �e�n�t�r�y� �r�e�g�i�o�n� 

�i�s� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �f�o�r� �a� �s�t�i�f�f� �m�a�t�e�r�i�a�l� �l�i�k�e� �a� �c�a�r�b�o�n� �f�i�b�e�r� �s�y�s�t�e�m�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �t�h�e� 

�a�x�i�a�l� �s�t�r�e�s�s� �l�e�v�e�l� �i�n� �t�h�e� �w�i�r�e� �s�t�a�y�s� �h�i�g�h� �a�l�o�n�g� �8�0�%� �o�f� �t�h�e� �e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �a�n�d� �r�e�s�u�l�t�s� �i�n� �a� 

�h�i�g�h� �s�h�e�a�r� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �a�n�c�h�o�r�.� �A� �s�t�i�f�f� �m�a�t�r�i�x� �s�y�s�t�e�m� �l�e�a�d�s� �t�o� 

�a� �s�h�e�a�r� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �l�o�a�d� �e�n�t�r�y� �r�e�g�i�o�n�.� �T�h�e� �a�v�e�r�a�g�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� 

�r�e�a�r� �p�a�r�t� �o�f� �t�h�e� �a�n�c�h�o�r�,� �h�o�w�e�v�e�r�,� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�w�e�r� �c�o�m�p�a�r�e�d� �t�o� �a� �c�o�m�p�l�i�a�n�t� �m�a�t�e�r�i�a�l�.� 
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�2�.�5� �E�X�T�E�N�D�E�D� �M�O�D�E�L� 

�2�.�5�.�1� �G�e�o�m�e�t�r�y� �a�n�d� �A�s�s�u�m�p�t�i�o�n�s� 

�I�n� �t�h�i�s� �s�e�c�t�i�o�n�,� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �o�f� �a�n� �e�x�t�e�n�d�e�d� �m�o�d�e�l� �i�s� �d�e�s�c�r�i�b�e�d�.� �D�u�e� �t�o� �t�h�e� �e�n�o�r�m�o�u�s� 

�m�a�t�h�e�m�a�t�i�c�a�l� �d�i�f�f�i�c�u�l�t�i�e�s� �a�n�d� �t�h�e� �u�n�a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �a�p�p�r�o�p�r�i�a�t�e� �t�o�o�l�s�,� �t�h�e� �s�o�l�u�t�i�o�n� �i�s� �n�o�t� �g�i�v�e�n� 

�e�x�p�l�i�c�i�t�l�y� �b�u�t� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �i�s� �o�u�t�l�i�n�e�d� �c�o�m�p�l�e�t�e�l�y� �f�o�r� �f�u�t�u�r�e� �r�e�f�e�r�e�n�c�e�.� �T�h�e� �e�x�t�e�n�d�e�d� 

�m�o�d�e�l� �d�e�s�c�r�i�b�e�s� �t�h�e� �a�n�c�h�o�r�i�n�g� �o�f� �a�n� �o�r�t�h�o�t�r�o�p�i�c� �w�i�r�e� �w�i�t�h� �a�n� �o�r�t�h�o�t�r�o�p�i�c� �l�o�a�d� �t�r�a�n�s�f�e�r� 

�m�e�d�i�u�m�,� �a�l�s�o� �c�a�l�l�e�d� �L�T�M�.� �T�h�e� �s�t�r�e�s�s�e�s� �a�n�d� �s�t�r�a�i�n�s� �a�r�e� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l� �a�n�d� �t�h�e� �p�r�o�b�l�e�m� 

�i�s� �o�r�t�h�o�t�r�o�p�i�c�.� �D�u�e� �t�o� �t�h�e� �g�e�o�m�e�t�r�y�,� �s�e�e� �F�i�g�u�r�e� �2�.�1�1�,� �t�h�e� �g�e�n�e�r�a�l� �o�r�t�h�o�t�r�o�p�i�c� �p�r�o�b�l�e�m� �i�s� 

�r�e�d�u�c�e�d� �t�o� �a� �t�r�a�n�s�v�e�r�s�e�l�y� �i�s�o�t�r�o�p�i�c� �c�a�s�e�.� 
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�F�i�g�.� �2�.�1�1� �S�c�h�e�m�a�t�i�c� �d�r�a�w�i�n�g� �o�f� �t�h�e� �g�e�o�m�e�t�r�y� �a�n�d� �t�h�e� �u�s�e�d� �c�o�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� 

�A� �t�r�a�n�s�v�e�r�s�e�l�y� �i�s�o�t�r�o�p�i�c�,� �o�r� �t�r�a�n�s�t�r�o�p�i�c�,� �w�i�r�e� �w�i�t�h� �r�a�d�i�u�s� �a� �i�s� �l�o�c�a�t�e�d� �a�t� �t�h�e� �c�e�n�t�e�r� �o�f� �a� 

�c�o�a�x�i�a�l�,� �c�o�n�i�c�a�l� �c�y�l�i�n�d�r�i�c�a�l� �s�h�e�l�l� �o�f� �a� �t�r�a�n�s�v�e�r�s�e�l�y� �i�s�o�t�r�o�p�i�c� �m�a�t�r�i�x�,� �t�h�e� �L�T�M�,� �w�i�t�h� �a� �l�e�n�g�t�h� 

�o�f� �t�.� �T�h�e� �c�o�o�r�d�i�n�a�t�e�s� �a�r�e� �r�,� �8�,� �a�n�d� �z� �r�e�s�p�e�c�t�i�v�e�l�y�.� �F�o�r� �b�o�t�h� �m�a�t�e�r�i�a�l�s�,� �t�h�e� �w�i�r�e� �a�n�d� �t�h�e� 

�m�a�t�r�i�x�,� �t�h�e� �m�a�i�n� �d�i�r�e�c�t�i�o�n� �o�f� �e�l�a�s�t�i�c�i�t�y� �c�o�i�n�c�i�d�e�s� �w�i�t�h� �t�h�e� �a�x�i�s� �o�f� �e�v�o�l�u�t�i�o�n� �f�o�r� �t�h�e� �g�i�v�e�n� 

�g�e�o�m�e�t�r�y�.� �T�h�e� �w�i�r�e� �i�s� �s�u�b�j�e�c�t�e�d� �t�o� �a�n� �a�p�p�l�i�e�d� �a�x�i�a�l� �s�t�r�e�s�s� �O�o� �a�t� �o�n�e� �e�n�d� �o�f� �t�h�e� �s�p�e�c�i�m�e�n� �(�a�t� 

�z�=�t�)� �a�n�d� �t�h�e� �s�t�r�e�s�s� �t�r�a�n�s�f�e�r�s� �f�r�o�m� �t�h�e� �w�i�r�e� �t�o� �t�h�e� �m�a�t�r�i�x� �t�h�r�o�u�g�h� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�s�s� 

�t�i�,� �s�e�e� �F�i�g�u�r�e� �2�.�1�2�.� 
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�F�i�g�.� �2�.�1�2� �B�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �b�a�s�i�c� �a�s�s�u�m�p�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �m�a�d�e�:� �t�h�e� �p�r�o�b�l�e�m� �i�s� �l�i�n�e�a�r� �e�l�a�s�t�i�c�,� �t�h�e� 

�b�o�n�d�i�n�g� �i�s� �i�d�e�a�l�,� �t�h�e� �r�a�d�i�a�l� �d�i�s�p�l�a�c�e�m�e�n�t� �v� �i�s� �n�e�g�l�i�g�i�b�l�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �a�x�i�a�l� �d�i�s�p�l�a�c�e�m�e�n�t� 

�u� �a�n�d� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �g�r�a�d�i�e�n�t� �i�s� �a� �f�u�n�c�t�i�o�n� �o�n�l�y� �o�f� �t�h�e� �a�x�i�a�l� �p�o�s�i�t�i�o�n� �z�.� �T�h�e� �a�n�a�l�y�t�i�c�a�l� 

�d�e�v�e�l�o�p�m�e�n�t� �f�o�l�l�o�w�s� �t�h�e� �p�r�o�c�e�d�u�r�e� �f�o�r� �t�h�e� �s�i�m�p�l�e� �o�r�t�h�o�t�r�o�p�i�c� �m�o�d�e�l� �d�e�v�e�l�o�p�e�d� �a�b�o�v�e�.� 

�S�i�m�i�l�a�r� �s�t�e�p�s� �a�r�e� �p�e�r�f�o�r�m�e�d� �b�u�t� �m�o�d�i�f�i�e�d� �t�o� �m�a�t�c�h� �t�h�e� �g�e�o�m�e�t�r�y� �a�n�d� �t�h�e� �b�o�u�n�d�a�r�y� 

�c�o�n�d�i�t�i�o�n�s�.� 

�2�.�5�.�2� �M�a�t�h�e�m�a�t�i�c�a�l� �D�e�v�e�l�o�p�m�e�n�t� 

�T�h�e� �f�i�r�s�t� �p�a�r�t� �o�f� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �f�o�l�l�o�w�s� �t�h�e� �d�e�s�c�r�i�p�t�i�o�n� �g�i�v�e�n� �i�n� �s�e�c�t�i�o�n� �2�.�4�.�2� �e�x�a�c�t�l�y�.� 

�E�q�u�i�l�i�b�r�i�u�m� �E�q�u�a�t�i�o�n�s� 

�F�o�r� �a�n� �a�x�i�s�y�m�m�e�t�r�i�c� �g�e�o�m�e�t�r�y�,� �w�h�i�c�h� �h�a�s� �t�h�e� �c�y�l�i�n�d�r�i�c�a�l� �p�o�l�a�r� �c�o�o�r�d�i�n�a�t�e�s� �r�,� �8� �a�n�d� �z�,� 

�t�h�e� �g�e�n�e�r�a�l� �e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n�s� �f�o�r� �a� �h�o�m�o�g�e�n�e�o�u�s� �m�e�d�i�u�m� �a�r�e� �g�i�v�e�n� �b�y� �(�9�!� �(�2�.�1�4�)�,� 

�(�2�.�1�5�)� �a�n�d� �(�2�.�1�6�)�,� �w�h�e�r�e� �F�,�,� �F�e�,� �a�n�d� �F�,� �a�r�e� �t�h�e� �b�o�d�y� �f�o�r�c�e�s� �t�h�a�t� �c�a�n� �b�e� �n�e�g�l�e�c�t�e�d�.� 

�T�h�e� �s�t�r�e�s�s�-�s�t�r�a�i�n� �r�e�l�a�t�i�o�n�s� �f�o�r� �a� �l�i�n�e�a�r� �e�l�a�s�t�i�c�,� �t�r�a�n�s�t�r�o�p�i�c� �b�o�d�y�,� �a�s�s�u�m�i�n�g� �s�m�a�l�l� 

�d�i�s�p�l�a�c�e�m�e�n�t�s�,� �a�r�e� �g�i�v�e�n� �b�y� �[�1�0�]� �(�2�.�1�7�)�,�(�2�.�1�8�)�,�(�2�.�1�9�)� �a�n�d� �(�2�.�2�0�)�,� �w�h�e�r�e� �u�,� �v� �a�n�d� �w� �a�r�e� �t�h�e� 

�r�a�d�i�a�l�,� �t�a�n�g�e�n�t�i�a�l�,� �a�n�d� �a�x�i�a�l� �d�i�s�p�l�a�c�e�m�e�n�t� �f�i�e�l�d�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� �F�o�r� �t�h�e� �g�i�v�e�n� �g�e�o�m�e�t�r�y�,� 

�0� 
�s�y�m�m�e�t�r�y� �d�e�m�a�n�d�s� �t�h�a�t� �t�h�e� �g�r�a�d�i�e�n�t� �i�n� �8� �i�s� �z�e�r�o�,� �i�.�e�.�  �� �=�0�.� �T�h�e�r�e�f�o�r�e�,� �e�q�u�a�t�i�o�n�s� �(�2�.�1�4�)�,� 

�0�0� 
�(�2�.�1�5�)�,� �(�2�.�1�6�)�,� �a�n�d� �(�2�.�1�9�)� �c�a�n� �b�e� �s�i�m�p�l�i�f�i�e�d�.� 

�2�9



�S�h�e�a�r� �S�t�r�e�s�s� �D�i�s�t�r�i�b�u�t�i�o�n� 

�W�i�r�e� 

�I�n�t�e�g�r�a�t�i�n�g� �t�h�e� �s�i�m�p�l�i�f�i�e�d� �e�q�u�a�t�i�o�n� �(�2�.�1�6�)� �o�v�e�r� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �o�f� �t�h�e� �w�i�r�e� �a�n�d� �t�h�e�n� 

�d�i�v�i�d�i�n�g� �b�y� �i�t�s� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �y�i�e�l�d�s� �e�q�u�a�t�i�o�n� �(�2�.�2�2�)� �w�h�e�r�e� �©�;� �i�s� �t�h�e� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� 

�O�;� �o�v�e�r� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �o�f� �t�h�e� �w�i�r�e�.� �E�q�u�a�t�i�o�n� �(�2�.�2�2�)� �d�e�s�c�r�i�b�e�s� �t�h�e� �s�t�r�e�s�s� �t�r�a�n�s�f�e�r� �b�e�t�w�e�e�n� 

�t�h�e� �w�i�r�e� �a�n�d� �t�h�e� �m�a�t�r�i�x� �a�n�d� �i�s� �u�s�e�d� �i�n� �t�h�e� �s�h�e�a�r� �l�a�g� �m�o�d�e�l�.� 

�T�o� �d�e�r�i�v�e� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �t�h�e� �w�i�r�e�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� 

�g�r�a�d�i�e�n�t� �i�n� �t�h�e� �w�i�r�e� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �a�x�i�a�l� �p�o�s�i�t�i�o�n� �z� �o�n�l�y�,� �s�e�e� �e�q�u�a�t�i�o�n� �(�2�.�2�3�)�.� 

�S�u�b�s�t�i�t�u�t�i�n�g� �e�q�u�a�t�i�o�n� �(�2�.�2�3�)� �i�n�t�o� �e�q�u�a�t�i�o�n� �(�2�.�2�1�)� �a�n�d� �s�o�l�v�i�n�g� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�s� 

�y�i�e�l�d�s� �t�h�e� �r�a�d�i�a�l� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �i�n� �t�h�e� �w�i�r�e� �(�t�i�,� �)�,� �e�q�u�a�t�i�o�n� �(�2�.�2�8�)�.� 

�M�a�t�r�i�x� 
�S�i�m�i�l�a�r� �p�r�o�c�e�d�u�r�e�s� �a�r�e� �p�e�r�f�o�r�m�e�d� �t�o� �d�e�r�i�v�e� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �t�h�e� �m�a�t�r�i�x�.� 

�A�g�a�i�n�,� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �g�r�a�d�i�e�n�t� �i�n� �t�h�e� �m�a�t�r�i�x� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �f�u�n�c�t�i�o�n� �o�f� �z�,� �e�q�u�a�t�i�o�n� 

�(�2�.�2�9�)�.� �T�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n� �o�n� �t�h�e� �f�r�e�e� �s�u�r�f�a�c�e� �d�i�c�t�a�t�e�s� �t�h�a�t� �a�l�o�n�g� �t�h�e� �c�o�n�t�a�c�t� �l�i�n�e� �t�h�e� 

�s�h�e�a�r� �s�t�r�e�s�s� �a�n�d� �t�h�e� �n�o�r�m�a�l� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �z�e�r�o�.� �S�e�e� �F�i�g�u�r�e� �2�.�1�3�.� �S�i�n�c�e� �t�h�e� �s�u�r�f�a�c�e� �i�s� �n�o�t� 

�a�l�i�g�n�e�d� �t�o� �a� �m�a�i�n� �c�o�o�r�d�i�n�a�t�e� �a�x�i�s�,� �a� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �h�a�s� �t�o� �b�e� �p�e�r�f�o�r�m�e�d� �s�u�c�h� �t�h�a�t� 

�u ��=�u�c�o�s�@�-�w� �s�i�n�a� �(�2�.�7�2�)� 

�T�r� �=� �(�6�;� �-� �G�z�)� �S�i�n� �&� �C�O�S� �O� �+� �T�z� �(�c�o�s�?� �o�F� �-� �s�i�n�?� �&�)�.� �(�2�.�7�3�)� 

�w�h�e�r�e� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �t�r�a�n�s�f�o�r�m�s� �a�s� �a� �f�i�r�s�t� �o�r�d�e�r� �t�e�n�s�o�r� �a�n�d� �t�h�e� �s�t�r�e�s�s� �t�r�a�n�s�f�o�r�m�s� �a�s� �a� 

�s�e�c�o�n�d� �o�r�d�e�r� �t�e�n�s�o�r�.� 

�t�e� 
� � 

� � 

� � 

�F�i�g�.� �2�.�1�3� �F�r�e�e� �s�u�r�f�a�c�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n� 
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�A�p�p�l�y�i�n�g� �t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �y�i�e�l�d�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �d�e�p�e�n�d�e�n�c�i�e�s�:� 

�s�l�o�p�e� �m�y� 
�T�r�z�l�b�*� �=� �1� �-� �s�l�o�p�e�?� �(�O�7�'�l�b�*� �-� �O�F�'�l�b�*�)� �(�2�.�7�4�)� 

�u!"�l�,�*� �=� �s�l�o�p�e� �w!"�l�*� �(�2�.�7�5�)� 

�w�h�e�r�e� 

�s�l�o�p�e� �=� �P�b� �(�2�.�7�6�)� 

�b ��=� �[�b�u�b� �z� �+�9�]� �(�2�.�7�7�)� 

�C�o�m�b�i�n�i�n�g� �e�q�u�a�t�i�o�n� �(�2�.�2�9�)� �a�n�d� �e�q�u�a�t�i�o�n� �(�2�.�2�1�)�,� �a�n�d� �i�n�t�e�g�r�a�t�i�n�g� �t�h�e� �o�b�t�a�i�n�e�d� �e�q�u�a�t�i�o�n� �w�i�t�h� 

�r�e�s�p�e�c�t� �t�o� �r� �l�e�a�d�s� �t�o� 

�-�£�(�@�)� �D�a�r�t� �+�C� �(�3�.�7�8�)� 

�w�h�e�r�e� �t�h�e� �i�n�t�e�g�r�a�t�i�o�n� �c�o�n�s�t�a�n�t� �C� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �r�e�p�l�a�c�i�n�g� �r� �w�i�t�h� �b�*�.� �U�s�i�n�g� �e�q�u�a�t�i�o�n� 

�(�2�.�7�3�)�,� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�p�y�]� �5� �1� �s�l�o�p�e� �b� �#�2� 
�t�a�=�[� �b�i� �-� �2�r� �T�f� �1�-�s�l�o�p�e� �z� �(�G�z�'�l�o�*� �-� �O�r�'�l�e�*�)� �(�2�.�7�9�)� 

�C�o�m�b�i�n�i�n�g� �e�q�u�a�t�i�o�n� �(�2�.�7�9�)� �f�o�r� �r�=�a� �w�i�t�h� �e�q�u�a�t�i�o�n� �(�2�.�2�9�)� �y�i�e�l�d�s� 

� � 

� � � � 

�d�0�z�'� �|�,� �2�a� �b�*� �_� �s�l�o�p�e� 
�>� �b�e�e� �w� �t�a�s� �a� �T�-� �s�l�o�p�e�?� �2� �-� �o�P�)� �(�2�.�8�0�)� 

�C�o�m�b�i�n�i�n�g� �e�q�u�a�t�i�o�n� �(�2�.�7�9�)� �w�i�t�h� �i�t�s�e�l�f� �b�u�t� �r�e�p�l�a�c�i�n�g� �r� �w�i�t�h� �a� �(�i�.�e�.� �T�r� �-�>� �1�;�)� �l�e�a�d�s� �t�o� 

 ��a� �b�o�s� �b �� �_�_� �s�l�o�p�e� �_� �o�m� �a�n� 
�t�e� �r� �t�e� �-� �2� �u�t�y� �1� �-� �s�l�o�p�e�?� �(�z�k� �-� �F�l�e�"�)� �b� �a�?� �(�2�.�8�1�)� 

�w�h�i�c�h� �s�a�t�i�s�f�i�e�s� �c�o�n�t�i�n�u�i�t�y� �o�f� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �(�i�.�e�.� �T�=�t�,�=�7� �a�t� �r�=� �a�)� �a�s� 

�w�e�l�l� �a�s� �t�h�e� �f�r�e�e� �s�u�r�f�a�c�e� �c�o�n�d�i�t�i�o�n� �(�i�.�e�.� �e�q�u�a�t�i�o�n� �2�.�7�4�)�.� 

�S�i�n�c�e� �t�h�e� �l�o�a�d�i�n�g� �i�s� �i�n� �t�h�e� �a�x�i�a�l� �d�i�r�e�c�t�i�o�n�,� �t�h�e� �r�a�d�i�a�l� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �s�m�a�l�l� �c�o�m�p�a�r�e�d� �t�o� 

�t�h�e� �a�x�i�a�l� �d�i�s�p�l�a�c�e�m�e�n�t�.� �B�e�c�a�u�s�e� �o�f� �s�y�m�m�e�t�r�y� �t�h�e� �t�a�n�g�e�n�t�i�a�l� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �z�e�r�o�.� �I�g�n�o�r�i�n�g� 

�t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �r�a�d�i�a�l� �d�i�s�p�l�a�c�e�m�e�n�t�s� �i�n� �t�h�e� �z�-�d�i�r�e�c�t�i�o�n� �i�n� �t�h�e� �s�t�r�e�s�s� �d�i�s�p�l�a�c�e�m�e�n�t�s� �r�e�l�a�t�i�o�n�s�,� 

�t�h�e� �a�p�p�r�o�x�i�m�a�t�e� �r�a�d�i�a�l� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �r�a�d�i�a�l� 

�d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s�,� �e�q�u�a�t�i�o�n�s� �(�2�.�2�8�)� �a�n�d� �(�2�.�8�0�)�.� 
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�G�o�v�e�r�n�i�n�g� �D�i�f�f�e�r�e�n�t�i�a�l� �E�q�u�a�t�i�o�n� 

�W�i�r�e� 

�A�d�o�p�t�i�n�g� �e�q�u�a�t�i�o�n� �(�2�.�2�8�)� �f�o�r� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �t�h�e� �w�i�r�e� �a�n�d� �c�o�m�b�i�n�i�n�g� �i�t� 

�w�i�t�h� �e�q�u�a�t�i�o�n� �(�2�.�2�0�)� �a�n�d� �i�n�t�e�g�r�a�t�i�o�n� �o�v�e�r� �r� �l�e�a�d�s� �t�o� �e�q�u�a�t�i�o�n� �(�2�.�3�6�)� �w�h�e�r�e� �t�h�e� �i�n�t�e�g�r�a�t�i�o�n� 

�c�o�n�s�t�a�n�t� �c�a�n� �b�e� �s�e�t� �t�o� �z�e�r�o� �(�o�f�f�s�e�t�)� �a�n�d� �w�;� �a�n�d� �w�o� �a�r�e� �t�h�e� �a�x�i�a�l� �d�i�s�p�l�a�c�e�m�e�n�t�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� 

�(�r�=�a�)� �a�n�d� �a�t� �t�h�e� �c�e�n�t�e�r� �(�r�=�0�)� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�C�o�m�b�i�n�i�n�g� �e�q�u�a�t�i�o�n� �(�2�.�3�5�)� �w�i�t�h� �e�q�u�a�t�i�o�n� �(�2�.�2�2�)�,� �u�s�i�n�g� �t�h�e� �r�e�l�a�t�i�o�n�s� �f�o�r� �o�n�e�-�d�i�m�e�n�s�i�o�n�a�l� 

�u�n�i�a�x�i�a�l� �s�t�r�e�s�s� �a�n�d� �d�i�f�f�e�r�e�n�t�i�a�t�i�n�g� �t�h�e� �r�e�s�u�l�t� �y�i�e�l�d�s� �e�q�u�a�t�i�o�n� �(�2�.�3�8�)�,� �w�h�e�r�e� �o�4�,� �a�n�d� �o�j�,� �a�r�e� 

�t�h�e� �a�x�i�a�l� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �w�i�r�e� �a�t� �r�=�a� �a�n�d� �r�=�0�O� �r�e�s�p�e�c�t�i�v�e�l�y�.� �E�q�u�a�t�i�o�n� �(�2�.�3�8�)�,� �t�h�e� 

�g�o�v�e�r�n�i�n�g� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n�,� �r�e�l�a�t�e�s� �6�;� �(�z�)� �t�o� �o�]�,� �a�n�d� �o�f�,� �.� 

�T�h�e� �a�p�p�r�o�x�i�m�a�t�e� �r�a�d�i�a�l� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �w�i�r�e� �i�s� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� 

�(�2�.�4�0�)�.� 

�M�a�t�r�i�x� 

�F�o�r� �t�h�e� �m�a�t�r�i�x�,�s�i�m�i�l�a�r� �s�t�e�p�s� �a�r�e� �p�e�r�f�o�r�m�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �g�o�v�e�r�n�i�n�g� �d�i�f�f�e�r�e�n�t�i�a�l� �e�q�u�a�t�i�o�n� 
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�b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �i�s� �d�u�e� �t�o� �t�h�e� �a�p�p�r�o�x�i�m�a�t�i�o�n�s� �a�d�o�p�t�e�d� �i�n� �t�h�e� �a�n�a�l�y�s�i�s�.� �J�u�d�i�c�i�o�u�s� �c�h�o�i�c�e� 

�o�f� �t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �t�o� �b�e� �s�a�t�i�s�f�i�e�d� �i�s� �r�e�q�u�i�r�e�d� �t�o� �o�b�t�a�i�n� �a� �r�e�a�s�o�n�a�b�l�e� �a�n�a�l�y�t�i�c�a�l� 

�s�o�l�u�t�i�o�n�.� 

�S�a�t�i�s�f�a�c�t�i�o�n� �o�f� �e�q�u�a�t�i�o�n� �(�2�.�6�8�a�)�,� �w�h�i�c�h� �d�i�c�t�a�t�e�s� �t�h�e� �l�o�a�d�i�n�g� �c�o�n�d�i�t�i�o�n�,� �i�s� �e�s�s�e�n�t�i�a�l�.� �I�f� 

�t�h�e� �s�o�l�u�t�i�o�n� �o�f� �6�;� �i�s� �s�u�b�j�e�c�t�e�d� �t�o� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �(�2�.�6�8�a�)� �a�n�d� �(�2�.�6�8�c�)�,� �t�w�o� �c�o�n�t�r�a�r�y� 

�e�q�u�a�t�i�o�n�s� �a�r�e� �o�b�t�a�i�n�e�d� �i�n� �s�o�l�v�i�n�g� �6�;�.� �I�f� �t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �o�f� �e�q�u�a�t�i�o�n�s� �(�2�.�6�8�a�)� �a�n�d� 

�(�2�.�6�8�d�)� �a�r�e� �a�d�o�p�t�e�d�,� �t�h�e� �e�r�r�o�n�e�o�u�s� �r�e�s�u�l�t� �o�f� �t�h�e� �r�e�v�e�r�s�e� �s�t�r�e�s�s� �t�r�a�n�s�f�e�r� �f�r�o�m� �t�h�e� �m�a�t�r�i�x� �t�o� 

�t�h�e� �f�i�b�e�r� �i�s� �o�b�t�a�i�n�e�d�.� �A� �r�e�a�s�o�n�a�b�l�e� �s�o�l�u�t�i�o�n� �o�f� �o�;� �c�a�n� �t�h�e�r�e�f�o�r�e� �o�n�l�y� �b�e� �o�b�t�a�i�n�e�d� �b�y� �u�s�i�n�g� 

�t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �o�f� �e�q�u�a�t�i�o�n�s� �(�2�.�6�8�a�)� �a�n�d� �(�2�.�6�8�b�)�.� 

�4�1



�C�H�A�P�T�E�R� �3�.� �D�E�S�I�G�N� 

�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �f�i�r�s�t� �s�t�e�p� �f�o�r� �a� �s�u�c�c�e�s�s�f�u�l� �p�r�o�d�u�c�t� �i�s� �a� �d�e�s�i�g�n� �t�h�a�t� �f�u�l�f�i�l�l�s� �a�l�l� �i�t�s� �r�e�q�u�i�r�e�m�e�n�t�s�.� 

�I�n�d�u�s�t�r�y� �d�e�m�a�n�d�s� �a�n�c�h�o�r�s� �t�h�a�t� �h�a�v�e� �e�x�c�e�l�l�e�n�t� �s�t�a�t�i�c� �a�n�d� �f�a�t�i�g�u�e� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �a�r�e� �e�a�s�y� �a�n�d� 

�c�h�e�a�p� �t�o� �m�a�n�u�f�a�c�t�u�r�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �s�p�e�c�i�f�i�c� �u�s�e� �o�f� �t�h�e� �a�n�c�h�o�r� �r�e�q�u�i�r�e�s� �p�r�o�p�e�r�t�i�e�s� �t�h�a�t� 

�c�a�n� �v�a�r�y� �f�r�o�m� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �a�p�p�l�i�c�a�t�i�o�n�.� �F�o�r� �t�h�e� �c�o�m�m�o�n�l�y� �u�s�e�d� �a�n�c�h�o�r�a�g�e� �o�f� �s�t�e�e�l� �w�i�r�e�s� 

�s�e�v�e�r�a�l� �d�e�s�i�g�n�s� �a�r�e� �a�v�a�i�l�a�b�l�e� �a�n�d� �s�u�c�c�e�s�s�f�u�l�l�y� �i�m�p�l�e�m�e�n�t�e�d�.� �H�o�w�e�v�e�r�,� �m�o�s�t� �o�f� �t�h�e� 

�s�t�a�n�d�a�r�d� �d�e�s�i�g�n�s� �p�r�o�v�e� �u�n�s�a�t�i�s�f�a�c�t�o�r�y� �w�h�e�n� �u�s�e�d� �f�o�r� �a�n�c�h�o�r�i�n�g� �c�a�r�b�o�n� �f�i�b�e�r� �w�i�r�e�s�.� �I�n� �t�h�e� 

�f�o�l�l�o�w�i�n�g�,� �s�e�v�e�r�a�l� �p�o�s�s�i�b�l�e� �d�e�s�i�g�n�s� �a�r�e� �d�e�s�c�r�i�b�e�d�.� �T�w�o� �d�i�f�f�e�r�e�n�t� �s�y�s�t�e�m�s� �f�o�r� �a�n�c�h�o�r�i�n�g� 

�u�n�i�d�i�r�e�c�t�i�o�n�a�l� �l�o�a�d�e�d� �r�o�d�s� �o�r� �w�i�r�e�s�,� �t�h�e� �c�a�s�t� �a�n�c�h�o�r� �a�n�d� �t�h�e� �c�l�a�m�p�e�d� �a�n�c�h�o�r�,� �a�r�e� �s�h�o�w�n� �i�n� 

�F�i�g�.� �3�.�1�.� �S�e�c�t�i�o�n� �3�.�2� �d�e�s�c�r�i�b�e�s� �s�o�m�e� �t�y�p�i�c�a�l� �d�e�s�i�g�n�s� �a�n�d� �t�h�e�i�r� �a�d�v�a�n�t�a�g�e�s� �a�n�d� �d�r�a�w�b�a�c�k�s�.� 

�A� �l�i�s�t� �o�f� �r�e�q�u�i�r�e�m�e�n�t�s� �t�h�a�t� �m�u�s�t� �b�e� �m�e�t� �b�y� �t�h�e� �c�h�o�s�e�n� �d�e�s�i�g�n� �o�f� �t�h�e� �a�n�c�h�o�r� �s�y�s�t�e�m� �a�r�e� �g�i�v�e�n� 

�i�n� �s�e�c�t�i�o�n� �3�.�3�.� �F�i�n�a�l�l�y�,� �o�n�e� �d�e�s�i�g�n� �i�s� �s�e�l�e�c�t�e�d� �a�n�d� �e�x�p�l�a�i�n�e�d� �i�n� �d�e�t�a�i�l� �i�n� �s�e�c�t�i�o�n� �3�.�4�.� 

�3�.�2� �C�o�m�m�o�n� �A�n�c�h�o�r�a�g�e� �S�y�s�t�e�m�s� 

�3�.�2�.�1� �L�o�a�d� �T�r�a�n�s�f�e�r� �C�o�n�n�e�c�t�i�o�n�s� 

�L�o�a�d� �t�r�a�n�s�f�e�r� �c�o�n�n�e�c�t�i�o�n�s� �(�L�T�C�)� �a�r�e� �u�n�d�e�r�s�t�o�o�d� �t�o� �b�e� �c�o�n�n�e�c�t�i�o�n�s� �b�e�t�w�e�e�n� �d�i�f�f�e�r�e�n�t� 

�p�a�r�t�s� �t�h�a�t� �t�r�a�n�s�f�e�r� �t�h�e� �f�o�r�c�e�s� �a�n�d� �m�o�m�e�n�t�s� �f�r�o�m� �o�n�e� �p�a�r�t� �t�o� �t�h�e� �o�t�h�e�r�.� �T�h�e�y� �h�a�v�e� �t�o� �s�a�t�i�s�f�y� 

�m�u�l�t�i�p�l�e� �r�e�q�u�i�r�e�m�e�n�t�s�:� 

�-� �T�h�e� �l�o�a�d� �s�h�o�u�l�d� �b�e� �t�r�a�n�s�m�i�t�t�e�d� �w�i�t�h�o�u�t� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �p�a�r�t�s� �d�u�e� �t�o� �t�h�e� 

�c�o�n�n�e�c�t�i�o�n� 

�-� �a�r�e�q�u�i�r�e�d� �s�t�i�f�f�n�e�s�s� �s�h�o�u�l�d� �b�e� �s�a�t�i�s�f�i�e�d� 

�-� �a�c�e�r�t�a�i�n� �d�a�m�p�i�n�g� �b�e�h�a�v�i�o�r� �c�a�n� �b�e� �e�x�p�e�c�t�e�d� �w�i�t�h� �f�a�t�i�g�u�e� �l�o�a�d�i�n�g� 

�-� �d�i�f�f�e�r�e�n�t� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �h�a�v�e� �t�o� �b�e� �c�o�n�s�i�d�e�r�e�d� 

�-� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �c�o�n�n�e�c�t�i�o�n� �s�h�o�u�l�d� �b�e� �i�n�s�p�e�c�t�a�b�l�e� 

�4�2



�-� �m�i�n�i�m�u�m� �a�d�d�i�t�i�o�n�a�l� �m�a�s�s� �s�h�o�u�l�d� �b�e� �a�d�d�e�d� �b�y� �t�h�e� �L�T�C� 

�-� �m�i�n�i�m�u�m� �a�d�d�i�t�i�o�n�a�l� �s�p�a�c�e� �s�h�o�u�l�d� �b�e� �u�s�e�d� �b�y� �t�h�e� �L�T�C� 

�-� �t�h�e� �d�e�s�i�g�n� �s�h�o�u�l�d� �b�e� �i�n�e�x�p�e�n�s�i�v�e� 

�-� �t�h�e� �d�e�s�i�g�n� �s�h�o�u�l�d� �b�e� �e�a�s�y� �t�o� �f�a�b�r�i�c�a�t�e�,� �i�f� �n�e�c�e�s�s�a�r�y�,� �o�n� �t�h�e� �s�i�t�e� �o�f� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n�.� 

�T�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �c�o�n�n�e�c�t�i�o�n� �c�a�n� �b�e� �d�e�s�i�g�n�e�d� �a�s� �i�n� �s�t�a�n�d�a�r�d� �c�o�n�s�t�r�u�c�t�i�o�n�s� �b�y� �u�s�i�n�g� �t�h�e� 

�t�e�c�h�n�i�q�u�e� �o�f� �b�o�n�d�i�n�g� �o�r� �f�i�t�t�i�n�g�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �d�e�s�i�r�a�b�l�e� �t�o� �u�s�e� �i�s�o�t�r�o�p�i�c� �m�a�t�e�r�i�a�l�s� �f�o�r� �t�h�e� 

�L�T�C� �s�i�n�c�e� �t�h�e� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �i�n� �t�h�i�s� �p�a�r�t� �i�s� �h�i�g�h�l�y� �m�u�l�t�i�-�d�i�m�e�n�s�i�o�n�a�l�.� �O�r�t�h�o�t�r�o�p�i�c� �m�a�t�e�r�i�a�l� 

�c�a�n� �n�o�t� �a�l�w�a�y�s� �s�a�t�i�s�f�y� �t�h�e� �n�e�e�d�s� �o�f� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �f�o�r�c�e�s�.� �I�n� 

�g�e�n�e�r�a�l�,� �t�h�e� �s�t�a�t�e� �o�f� �s�t�r�e�s�s� �f�o�r� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �c�o�n�n�e�c�t�i�o�n� �o�f� �a� �u�n�i�d�i�r�e�c�t�i�o�n�a�l� �w�i�r�e� �c�a�n� �b�e� 

�d�e�s�c�r�i�b�e�d� �a�s� �t�e�n�s�i�l�e� �s�t�r�e�s�s� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �a�x�i�s�,� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�s�s� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� 

�t�h�e� �a�x�i�s�,� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s� �a�l�o�n�g� �t�h�e� �a�x�i�s�.� �T�h�e� �c�o�m�p�o�s�i�t�e� �f�i�b�e�r� �w�i�r�e� �b�e�h�a�v�e�s� �p�o�o�r�l�y� �u�n�d�e�r� 

�r�a�d�i�a�l� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �s�t�a�n�d�a�r�d� �c�l�a�m�p�i�n�g� �s�y�s�t�e�m� �f�o�r� �a�n�c�h�o�r�i�n�g� �s�t�e�e�l� �w�i�r�e�s� 

�u�s�i�n�g� �w�e�d�g�e�s� �s�h�o�u�l�d� �n�o�t� �b�e� �u�s�e�d�.� �T�h�e� �g�o�a�l� �i�s� �t�o� �d�e�v�e�l�o�p� �a� �d�e�s�i�g�n� �t�h�a�t� �u�s�e�s� �r�a�d�i�a�l� �s�t�r�e�s�s� �t�o� 

�i�n�c�r�e�a�s�e� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h�,� �b�u�t� �d�o�e�s� �n�o�t� �a�l�l�o�w� �t�h�e� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �t�o� �b�e�c�o�m�e� �d�e�s�t�r�u�c�t�i�v�e�.� 

�E�s�p�e�c�i�a�l�l�y� �a�t� �t�h�e� �l�o�a�d� �e�n�t�r�a�n�t� �a�r�e�a� �o�f� �t�h�e� �a�n�c�h�o�r�,� �t�h�e� �r�a�d�i�a�l� �a�n�d� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �a�r�e� 

�r�e�d�u�c�e�d� �d�u�e� �t�o� �t�h�e� �f�u�l�l�y� �e�f�f�e�c�t�i�v�e� �a�x�i�a�l� �s�t�r�e�s�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �s�h�o�u�l�d� �b�e� 

�r�e�d�u�c�e�d� �t�o�w�a�r�d�s� �t�h�e� �l�o�a�d� �e�n�t�r�a�n�c�e� �s�i�d�e� �o�f� �t�h�e� �a�n�c�h�o�r�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �a� �c�o�n�t�r�o�l�l�e�d� �r�a�d�i�a�l� 

�p�r�e�s�s�u�r�e� �i�n�c�r�e�a�s�e�s� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �c�o�m�p�o�u�n�d�.� 

�T�h�e� �b�a�s�i�c� �d�e�s�i�g�n� �c�a�n� �b�e� �s�p�l�i�t� �r�o�u�g�h�l�y� �i�n�t�o� �t�w�o� �d�i�f�f�e�r�e�n�t� �s�y�s�t�e�m�s�,� �t�h�e� �c�a�s�t� �a�n�c�h�o�r� �a�n�d� 

�t�h�e� �c�l�a�m�p�e�d� �a�n�c�h�o�r�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�1�.� 
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�c�y�l�i�n�d�r�i�c�a�l� �c�o�n�i�c�a�l� 

�F�i�g�.� �3�.�1� �(�a�)� �C�a�s�t� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� 
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� � � �c�l�a�m�p�i�n�g� �p�l�a�t�e�s� 

�F�i�g�.� �3�.�1� �(�b�)� �C�l�a�m�p�e�d� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m�s� 

�3�.�2�.�2� �C�a�s�t� �A�n�c�h�o�r�a�g�e� �S�y�s�t�e�m� 

�I�n� �g�e�n�e�r�a�l�,� �t�h�e� �l�o�a�d� �w�i�l�l� �b�e� �t�r�a�n�s�f�e�r�r�e�d� �b�y� �s�h�e�a�r� �s�t�r�e�s�s� �f�r�o�m� �t�h�e� �c�o�m�p�o�s�i�t�e� �f�i�b�e�r� �w�i�r�e� �t�o� 

�t�h�e� �s�t�e�e�l� �s�o�c�k�e�t� �u�s�i�n�g� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �m�e�d�i�u�m�,� �s�h�o�w�n� �i�n� �F�i�g�.� �3�.�2�.� �S�i�n�c�e� �i�t� �i�s� �n�o�t� �a�l�w�a�y�s� 

�p�o�s�s�i�b�l�e� �t�o� �t�r�a�n�s�f�e�r� �t�h�e� �f�u�l�l� �l�o�a�d� �j�u�s�t� �b�y� �s�h�e�a�r�,� �t�h�e� �i�n�s�i�d�e� �o�f� �t�h�e� �s�t�e�e�l�]� �s�o�c�k�e�t� �s�h�o�u�l�d� �h�a�v�e� �a� 

�c�o�n�i�c�a�l� �s�h�a�p�e� �t�h�a�t� �i�n�d�u�c�e�s� �a�n� �a�d�d�i�t�i�o�n�a�l� �r�a�d�i�a�l� �l�o�a�d� �t�h�a�t� �1�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �g�e�o�m�e�t�r�y� �a�n�d� 

�s�u�r�f�a�c�e� �c�o�n�d�i�t�i�o�n�.� �T�h�e� �c�a�s�t� �m�a�t�e�r�i�a�l� �u�s�e�d� �a�s� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �m�e�d�i�u�m� �(�L�T�M�)� �i�s� �i�n� �m�o�s�t� 

�c�a�s�e�s� �a� �r�e�s�i�n� �s�y�s�t�e�m�.� �H�o�w�e�v�e�r�,� �s�o�m�e� �c�a�s�t� �s�y�s�t�e�m�s� �a�r�e� �a�l�s�o� �d�e�s�i�g�n�e�d� �w�i�t�h� �m�e�t�a�l�s� �o�r� 

�s�o�m�e�t�i�m�e�s� �m�o�r�t�a�r�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �m�e�d�i�u�m� �c�a�n� �b�e� �f�i�l�l�e�d� �w�i�t�h� �s�a�n�d� �o�r� �o�t�h�e�r� 

�p�a�r�t�i�c�l�e�s� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �s�t�i�f�f�n�e�s�s� �o�r� �t�o� �r�e�d�u�c�e� �t�h�e� �s�h�r�i�n�k�a�g�e� �d�u�r�i�n�g� �t�h�e� �c�u�r�i�n�g�.� �T�h�e� �f�i�l�l�e�r� 

�i�n�c�r�e�a�s�e�s� �t�h�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �L�T�M� �a�n�d� �t�h�u�s� �t�h�e� �c�a�p�a�b�i�l�i�t�y� �t�o� �t�r�a�n�s�f�e�r� �t�h�e� 

�a�p�p�l�i�e�d� �a�x�i�a�l� �s�t�r�e�s�s� �b�y� �r�a�d�i�a�l� �s�t�r�e�s�s�.� �T�h�e� �u�n�c�o�n�t�r�o�l�l�e�d� �s�h�r�i�n�k�a�g�e� �l�e�a�d�s� �t�o� �a�n� �a�r�b�i�t�r�a�r�y� �s�h�a�p�e� 

�o�f� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �m�e�d�i�u�m� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�o� �a�n� �u�n�d�e�t�e�r�m�i�n�e�d� �l�e�n�g�t�h� �a�n�d� �s�t�a�t�e� �o�f� �c�o�n�t�a�c�t� 

�d�u�e� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �g�e�o�m�e�t�r�y� �b�e�t�w�e�e�n� �t�h�e� �s�o�c�k�e�t� �a�n�d� �t�h�e� �L�T�M�.� 

�T�h�e� �s�o�c�k�e�t� �i�s� �g�e�n�e�r�a�l�l�y� �m�a�d�e� �o�u�t� �o�f� �m�e�t�a�l� �a�n�d� �c�a�n� �v�a�r�y� �i�n� �s�h�a�p�e� �a�n�d� �m�a�t�e�r�i�a�l�.� �T�h�e� 

�c�o�n�n�e�c�t�i�o�n� �o�f� �t�h�e� �s�o�c�k�e�t� �t�o� �t�h�e� �s�t�r�u�c�t�u�r�e� �d�e�p�e�n�d�s� �o�n� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n�.� �A� �t�h�r�e�a�d� �o�n� �t�h�e� 

�c�y�l�i�n�d�r�i�c�a�l� �s�u�r�f�a�c�e� �a�t� �t�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t� �i�s� �c�o�m�m�o�n�l�y� �u�s�e�d� �a�s� �a� �c�o�n�n�e�c�t�i�o�n� 

�m�e�c�h�a�n�i�s�m�.� �A�n�o�t�h�e�r� �w�i�d�e�l�y� �u�s�e�d� �c�o�n�n�e�c�t�i�o�n� �m�e�c�h�a�n�i�s�m� �i�s� �t�o� �u�s�e� �t�h�e� �f�r�o�n�t� �f�a�c�e� �o�f� �t�h�e� 

�s�o�c�k�e�t� �a�s� �a� �b�e�a�r�i�n�g� �s�u�r�f�a�c�e�.� �T�h�e� �i�n�t�r�o�d�u�c�e�d� �c�o�n�n�e�c�t�i�o�n� �m�e�c�h�a�n�i�s�m�s� �o�f� �t�h�e� �s�o�c�k�e�t� �a�r�e� 

�c�o�m�m�o�n� �t�o� �a�l�l� �t�h�e� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m�s�.� 
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�s�o�c�k�e�t� �l�o�a�d� �t�r�a�n�s�f�e�r� �m�e�d�i�u�m� 

�f�f� �c�a�b�l�e� 
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�F�i�g�.� �3�.�2� �C�o�n�i�c�a�l� �c�a�s�t� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� 

�A�n�o�t�h�e�r� �p�o�s�s�i�b�i�l�i�t�y� �i�s� �t�o� �u�s�e� �a� �r�e�s�i�n� �s�y�s�t�e�m� �f�o�r� �b�o�n�d�i�n�g� �t�h�e� �w�i�r�e� �i�n�t�o� �t�h�e� �s�t�e�e�l� �s�o�c�k�e�t�,� 

�s�e�e� �F�i�g�u�r�e� �3�.�3�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �g�a�p� �b�e�t�w�e�e�n� �t�h�e� �w�i�r�e� �a�n�d� �t�h�e� �s�o�c�k�e�t� �s�h�o�u�l�d� �b�e� �l�e�s�s� �t�h�a�n� 

�1�m�m� �f�o�r� �o�p�t�i�m�a�l� �b�o�n�d�i�n�g�.� �O�n�e� �p�r�o�b�l�e�m� �w�i�t�h� �t�h�i�s� �s�y�s�t�e�m� �i�s� �t�h�e� �h�i�g�h� �s�h�e�a�r� �s�t�r�e�s�s� �i�n� �t�h�e� 

�b�o�n�d� �l�a�y�e�r� �d�u�e� �t�o� �t�h�e� �m�i�s�s�i�n�g� �r�a�d�i�a�l� �l�o�a�d�;� �a�s� �a� �r�e�s�u�l�t� �d�e�b�o�n�d�i�n�g� �m�a�y� �o�c�c�u�r�.� �A�l�s�o�,� �i�t� �i�s� 

�r�a�t�h�e�r� �d�i�f�f�i�c�u�l�t� �t�o� �g�e�t� �a� �u�n�i�f�o�r�m� �w�e�t�t�i�n�g� �o�f� �t�h�e� �w�i�r�e� �w�i�t�h� �t�h�e� �r�e�s�i�n� �a�l�o�n�g� �t�h�e� �f�u�l�l� �b�o�n�d� �l�e�n�g�t�h�.� 

�k�e�t� �S�O�c�K�e� �b�o�n�d�i�n�g� �l�a�y�e�r� �c�a�b�l�e� �/� 
�R�y� �/�/�/� 
�K�A�R�R� 

�F�i�g�.� �3�.�3� �S�i�m�p�l�e� �b�o�n�d�e�d� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� 
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�T�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �n�e�e�d�s� �o�n�l�y� �t�h�e� �p�r�e�-�f�a�b�r�i�c�a�t�e�d� 

�s�t�e�e�l� �s�o�c�k�e�t� �a�n�d� �t�h�e� �c�a�s�t� �m�a�t�e�r�i�a�l�.� �A�f�t�e�r� �t�h�e� �p�a�r�t�s� �h�a�v�e� �b�e�e�n� �c�a�r�e�f�u�l�l�y� �c�l�e�a�n�e�d�,� �t�h�e� �e�n�d� �o�f� �t�h�e� 

�w�i�r�e� �i�s� �c�a�s�t� �i�n�t�o� �t�h�e� �s�o�c�k�e�t�.� �H�o�w�e�v�e�r�,� �t�h�e�r�e� �a�r�e� �s�o�m�e� �p�r�o�b�l�e�m�s� �w�i�t�h� �t�h�e� �m�a�n�u�f�a�c�t�u�r�i�n�g� 

�p�r�o�c�e�s�s� �o�n� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �s�i�t�e� �d�u�e� �t�o� �t�h�e� �l�o�n�g� �c�u�r�i�n�g� �c�y�c�l�e� �o�f� �t�h�e� �c�a�s�t�i�n�g� �s�y�s�t�e�m�.� 
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�3�.�2�.�3� �W�e�d�g�e� �A�n�c�h�o�r� �S�y�s�t�e�m� 

�I�n� �t�h�e� �w�e�d�g�e� �a�n�c�h�o�r� �s�y�s�t�e�m� �t�h�e� �l�o�a�d� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �t�h�r�o�u�g�h� �f�r�i�c�t�i�o�n�;� �t�h�e�r�e�f�o�r�e�,� �a� �r�a�d�i�a�l� 

�s�t�r�e�s�s� �i�s� �i�n�d�u�c�e�d� �i�n� �t�h�e� �w�i�r�e� �w�i�t�h� �w�e�d�g�e�s� �o�r� �c�l�a�m�p�e�d� �p�l�a�t�e�s�,� �s�e�e� �F�i�g�u�r�e� �3�.�4�.� �F�o�r� �w�i�r�e�s� 

�m�a�d�e� �o�u�t� �o�f� �a�r�a�m�i�d� �f�i�b�e�r�s� �i�t� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�h�a�t� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �u�s�e� �t�h�e� �w�e�d�g�e� �s�y�s�t�e�m� �[�1�6�]�,� 

�T�h�e� �m�a�x�i�m�u�m� �f�a�i�l�u�r�e� �l�o�a�d� �o�f� �a�r�a�m�i�d� �f�i�b�e�r�s� �i�s� �n�o�t� �a�s� �h�i�g�h� �a�s� �t�h�e� �f�a�i�l�u�r�e� �l�o�a�d� �o�f� �c�a�r�b�o�n� 

�f�i�b�e�r�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �n�e�e�d�e�d� �t�o� �p�r�o�v�i�d�e� �t�h�e� �n�e�c�e�s�s�a�r�y� �f�r�i�c�t�i�o�n� �i�s� �l�e�s�s� �f�o�r� 

�a�r�a�m�i�d� �f�i�b�e�r� �w�i�r�e�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �a�r�a�m�i�d� �f�i�b�e�r�s� �a�r�e� �l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �r�a�d�i�a�l� �s�t�r�e�s�s�e�s�.� �I�t� �s�e�e�m�s� 

�t�o� �b�e� �i�m�p�o�s�s�i�b�l�e� �t�o� �u�s�e� �t�h�i�s� �a�n�c�h�o�r� �s�y�s�t�e�m� �f�o�r� �w�i�r�e�s� �m�a�d�e� �w�i�t�h� �c�a�r�b�o�n� �f�i�b�e�r�s�.� �T�h�e� 

�n�e�c�e�s�s�a�r�y� �r�a�d�i�a�l� �s�t�r�e�s�s� �t�o� �p�r�e�v�e�n�t� �s�l�i�p�p�i�n�g� �i�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �m�a�x�i�m�u�m� �r�a�d�i�a�l� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� 

�w�i�r�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �f�i�b�e�r� �a�x�i�s�,� �s�o� �t�h�e� �w�i�r�e� �w�o�u�l�d� �b�r�e�a�k�.� �T�h�e�r�e� �a�r�e� �s�o�m�e� �t�e�c�h�n�i�q�u�e�s� �t�o� 

�i�n�c�r�e�a�s�e� �t�h�e� �f�r�i�c�t�i�o�n� �b�y� �u�s�i�n�g� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �l�a�y�e�r� �s�u�c�h� �a�s� �d�o�u�b�l�e�-�s�i�d�e�d� �s�a�n�d�p�a�p�e�r�,� �f�o�r� 

�e�x�a�m�p�l�e�.� �T�e�s�t�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �r�e�s�u�l�t� �i�s� �n�o�t� �s�a�t�i�s�f�a�c�t�o�r�y� �[�1�7�]�.� �A�n�o�t�h�e�r� �p�o�s�s�i�b�i�l�i�t�y� �i�s� �a� 

�l�a�y�e�r� �o�f� �a� �r�e�s�i�n� �b�e�t�w�e�e�n� �t�h�e� �w�i�r�e� �a�n�d� �t�h�e� �w�e�d�g�e�s� �t�o� �r�e�d�u�c�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �I�n� �t�h�i�s� 

�c�a�s�e� �t�h�e� �l�o�n�g�-�t�e�r�m� �b�e�h�a�v�i�o�r� �i�s� �p�r�o�b�l�e�m�a�t�i�c� �d�u�e� �t�o� �c�r�e�e�p� �p�r�o�p�e�r�t�y� �o�f� �t�h�e� �r�e�s�i�n� �s�y�s�t�e�m�s�.� 
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�F�i�g�.� �3�.�4� �W�e�d�g�e� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� 

�3�.�2�.�4� �C�l�a�m�p�e�d� �A�n�c�h�o�r�a�g�e� �S�y�s�t�e�m� 

�A� �s�e�c�o�n�d� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �g�e�n�e�r�a�t�i�n�g� �a� �c�l�a�m�p�i�n�g� �f�o�r�c�e� �i�s� �t�h�e� �u�s�e� �o�f� �c�l�a�m�p�i�n�g� �p�l�a�t�e�s�.� �T�h�e� 

�w�i�r�e� �i�s� �p�l�a�c�e�d� �b�e�t�w�e�e�n� �t�w�o� �p�l�a�t�e�s� �w�i�t�h� �a� �h�a�l�f� �c�y�l�i�n�d�r�i�c�a�l� �s�l�o�t� �o�f� �t�h�e� �s�a�m�e� �d�i�m�e�n�s�i�o�n� �a�s� �t�h�e� 

�w�i�r�e� �r�a�d�i�u�s�,� �s�e�e� �F�i�g�u�r�e� �3�.�5�.� �T�h�e� �p�l�a�t�e�s� �a�r�e� �c�l�a�m�p�e�d� �t�o�g�e�t�h�e�r� �u�s�i�n�g� �s�c�r�e�w�s�.� �T�h�e� �i�n�d�u�c�e�d� 

�r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �c�a�n� �b�e� �e�a�s�i�l�y� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�h�e� �t�o�r�q�u�e� �n�e�e�d�e�d� �t�o� �t�i�g�h�t�e�n� �t�h�e� �s�c�r�e�w�s�.� �I�t� �i�s� 

�a�l�s�o� �p�o�s�s�i�b�l�e� �t�o� �h�a�v�e� �a� �v�a�r�i�a�b�l�e� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �a�l�o�n�g� �t�h�e� �c�l�a�m�p�i�n�g�.� �A�n� �a�d�d�i�t�i�o�n�a�l� 
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�a�d�v�a�n�t�a�g�e� �i�s� �t�h�a�t� �t�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �p�l�a�t�e�s� �c�a�n� �b�e� �v�a�r�i�e�d� �b�y� �c�h�a�n�g�i�n�g� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� 

�t�h�e� �c�l�a�m�p�i�n�g� �p�l�a�t�e�s�.� �O�n�e� �p�r�o�b�l�e�m� �i�s� �t�h�e� �n�o�n�-�u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �r�a�d�i�a�l� �s�t�r�e�s�s� �a�l�o�n�g� �t�h�e� 

�c�i�r�c�u�m�f�e�r�e�n�c�e�.� �A�s� �f�a�r� �a�s� �t�h�e� �m�a�x�i�m�u�m� �a�p�p�l�i�c�a�b�l�e� �r�a�d�i�a�l� �l�o�a�d� �i�s� �c�o�n�c�e�r�n�e�d�,� �t�h�e� �s�a�m�e� 

�p�r�o�b�l�e�m�s� �o�c�c�u�r� �a�s� �i�n� �t�h�e� �w�e�d�g�e� �s�y�s�t�e�m� �d�e�s�c�r�i�b�e�d� �i�n� �s�e�c�t�i�o�n� �3�.�2�.�3�.� 

�s�c�r�e�w� �c�l�a�m�p�i�n�g� �p�l�a�t�e� �c�a�b�l�e� 

�A�e� �o�n� �J�o�o�n� �|� �L�  ��4�,� �X�S� 

�N� �r� �T�E�S� �S�S� �S�Y� �a�.� �T�l� 
�F�i�g�.� �3�.�5� �C�l�a�m�p�e�d� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� 
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�A�n�o�t�h�e�r� �g�e�n�e�r�a�l� �p�r�o�b�l�e�m� �i�s� �t�h�e� �a�n�c�h�o�r�a�g�e� �o�f� �s�e�v�e�r�a�l� �b�u�n�d�l�e�d� �w�i�r�e�s�.� �I�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� 

�c�l�a�m�p� �m�u�l�t�i�p�l�e� �w�i�r�e�s� �w�i�t�h�o�u�t� �u�s�i�n�g� �a� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� �c�o�n�s�t�r�u�c�t�i�o�n� �s�p�a�c�e�.� �F�o�r� �s�e�v�e�r�a�l� 

�a�p�p�l�i�c�a�t�i�o�n�s� �h�o�w�e�v�e�r� �i�t� �i�s� �o�f� �i�m�p�o�r�t�a�n�c�e� �t�o� �h�a�v�e� �a� �s�m�a�l�l� �a�n�c�h�o�r� �d�u�e� �t�o� �l�a�c�k� �o�f� �a�v�a�i�l�a�b�l�e� 

�s�p�a�c�e�.� 

�3�.�3�.� �R�e�q�u�i�r�e�m�e�n�t�s� 

�T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �r�e�q�u�i�r�e�m�e�n�t�s� �g�i�v�e�n� �b�y� �t�h�e� �c�u�s�t�o�m�e�r� �t�h�a�t� �h�a�v�e� �t�o� �b�e� �m�e�t� �b�y� �t�h�e� 

�a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m�.� �O�t�h�e�r� �r�e�q�u�i�r�e�m�e�n�t�s� �a�r�e� �s�e�t� �s�p�e�c�i�f�i�c�a�l�l�y� �b�y� �i�t�s� �a�p�p�l�i�c�a�t�i�o�n�.� �S�o�m�e� 

�r�e�q�u�i�r�e�m�e�n�t�s� �a�r�e� �s�e�t� �b�y� �e�c�o�n�o�m�i�c� �r�e�a�s�o�n�s� �f�o�r� �a� �f�u�t�u�r�e� �u�s�e� �i�n� �t�h�e� �i�n�d�u�s�t�r�y�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �i�s� 

�a� �l�i�s�t� �o�f� �r�e�q�u�i�r�e�m�e�n�t�s� �t�h�a�t� �h�a�v�e� �b�e�e�n� �g�i�v�e�n� �b�y� �t�h�e� �S�w�i�s�s� �F�e�d�e�r�a�l� �L�a�b�o�r�a�t�o�r�i�e�s� �f�o�r� �M�a�t�e�r�i�a�l�s� 

�T�e�s�t�i�n�g� �a�n�d� �R�e�s�e�a�r�c�h� �(�E�M�P�A�)� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�i�s� �p�r�o�j�e�c�t�:� 

�-� �a�T� �7�0�0� �f�i�b�e�r� �w�i�t�h� �a� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �4�8�3�0�0� �M�P�a� �h�a�s� �t�o� �b�e� �u�s�e�d� �f�o�r� �t�h�e� �w�i�r�e� 

�-� �a�m�u�l�t�i�p�l�e� �w�i�r�e� �b�u�n�d�l�e� �h�a�s� �t�o� �b�e� �c�o�n�n�e�c�t�e�d� 

�-� �t�h�e� �f�a�i�l�u�r�e� �l�o�a�d� �h�a�s� �t�o� �b�e� �l�a�r�g�e�r� �t�h�a�n� �9�2�%� �o�f� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �w�i�r�e� 

�-� �t�h�e� �f�a�i�l�u�r�e� �h�a�s� �t�o� �o�c�c�u�r� �i�n� �t�h�e� �f�r�e�e� �l�e�n�g�t�h� �o�f� �t�h�e� �w�i�r�e� 
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�-� �t�h�e� �d�e�s�i�g�n� �h�a�s� �t�o� �w�i�t�h�s�t�a�n�d� �a� �s�p�e�c�i�f�i�e�d� �f�a�t�i�g�u�e� �l�o�a�d�i�n�g� �c�y�c�l�e� 

�~� �t�h�e� �L�T�C� �s�h�o�u�l�d� �b�e� �e�a�s�y� �t�o� �p�r�o�d�u�c�e� 

�-� �t�h�e� �L�T�C� �s�h�o�u�l�d� �u�s�e� �l�i�t�t�l�e� �a�d�d�i�t�i�o�n�a�l� �s�p�a�c�e� 

�-� �t�h�e� �L�T�C� �s�h�o�u�l�d� �p�r�o�v�i�d�e� �s�o�m�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �c�o�n�t�r�o�l� �a�n�d� �m�o�n�i�t�o�r�i�n�g� 

�-� �t�h�e� �c�o�s�t� �o�f� �t�h�e� �a�n�c�h�o�r� �s�h�o�u�l�d� �b�e� �r�e�a�s�o�n�a�b�l�e�.� 

�S�o�m�e� �o�f� �t�h�e� �a�b�o�v�e� �r�e�q�u�i�r�e�m�e�n�t�s� �a�r�e� �a�b�s�o�l�u�t�e�l�y� �e�s�s�e�n�t�i�a�l� �t�o� �s�a�t�i�s�f�y� �t�h�e� �n�e�e�d�s� �o�f� �t�h�e� 

�a�p�p�l�i�c�a�t�i�o�n�.� �T�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �s�y�s�t�e�m� �u�n�d�e�r� �s�t�a�t�i�c� �a�n�d� �f�a�t�i�g�u�e� �l�o�a�d�i�n�g� �a�n�d� �t�h�e� �m�a�x�i�m�u�m� 

�l�o�a�d� �c�a�p�a�c�i�t�y� �a�r�e� �e�s�s�e�n�t�i�a�l� �d�e�m�a�n�d�s� �w�h�e�r�e�a�s� �t�h�e� �c�o�s�t�s� �a�n�d� �m�a�t�e�r�i�a�l� �s�e�l�e�c�t�i�o�n� �c�a�n� �b�e� 

�c�o�n�s�i�d�e�r�e�d� �a�s� �s�e�c�o�n�d�a�r�y� �a�n�d� �a�r�e� �n�o�t� �e�s�s�e�n�t�i�a�l� �t�o� �p�r�o�v�e� �t�h�e� �f�e�a�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �d�e�s�i�g�n�.� �T�h�e� 

�d�e�m�a�n�d� �f�o�r� �a� �c�o�m�p�a�c�t� �d�e�s�i�g�n� �s�i�z�e� �i�s� �n�o�t� �a�l�w�a�y�s� �e�s�s�e�n�t�i�a�l�,� �b�u�t� �t�o� �h�a�v�e� �o�n�e� �s�i�n�g�l�e� �d�e�s�i�g�n� �t�h�a�t� 

�f�u�l�f�i�l�l�s� �t�h�i�s� �r�e�q�u�i�r�e�m�e�n�t� �h�e�l�p�s� �t�o� �c�u�t� �d�e�s�i�g�n� �a�n�d� �p�r�o�d�u�c�t�i�o�n� �c�o�s�t�s�.� �B�y� �f�u�l�f�i�l�l�i�n�g� �t�h�e� 

�r�e�q�u�i�r�e�m�e�n�t� �t�h�a�t� �t�h�e� �f�a�i�l�u�r�e� �o�f� �t�h�e� �w�i�r�e�/�a�n�c�h�o�r� �s�y�s�t�e�m� �w�i�l�l� �o�c�c�u�r� �i�n� �t�h�e� �f�r�e�e� �l�e�n�g�t�h�,� �i�t� �c�a�n� �b�e� 

�g�u�a�r�a�n�t�e�e�d� �t�h�a�t� �t�h�e� �f�a�i�l�u�r�e� �i�s� �n�o�t� �t�r�i�g�g�e�r�e�d� �b�y� �t�h�e� �a�n�c�h�o�r�.� 

�T�h�e� �t�h�e�o�r�e�t�i�c�a�l� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �s�u�m� �o�f� �t�h�e� �s�t�r�e�n�g�t�h�s� �o�f� �t�h�e� �s�i�n�g�l�e� 

�w�i�r�e�s� �i�n� �t�h�e� �b�u�n�d�l�e�.� �T�h�e� �s�t�r�e�n�g�t�h� �r�e�d�u�c�t�i�o�n� �d�u�e� �t�o� �t�h�e� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �a�n�c�h�o�r�e�d� �w�i�r�e�s� �a�n�d� 

�t�h�e� �l�o�n�g� �s�p�a�n� �o�f� �t�h�e� �b�u�n�d�l�e� �i�s� �n�o�t� �t�a�k�e�n� �i�n�t�o� �a�c�c�o�u�n�t�,� �s�e�e� �s�e�c�t�i�o�n� �2�.�3� �a�n�d� �[�5�]�.� 

�T�h�e� �g�i�v�e�n� �r�e�q�u�i�r�e�m�e�n�t�s� �d�i�c�t�a�t�e� �t�h�e� �c�h�o�i�c�e� �o�f� �t�h�e� �d�e�s�i�g�n� �f�o�r� �t�h�e� �a�n�c�h�o�r�.� �T�h�e� �n�e�x�t� 

�s�e�c�t�i�o�n� �d�e�s�c�r�i�b�e�s� �t�h�e� �c�h�o�s�e�n� �d�e�s�i�g�n� �a�n�d� �e�l�u�c�i�d�a�t�e�s� �h�o�w� �t�h�e� �g�i�v�e�n� �r�e�q�u�i�r�e�m�e�n�t�s� �a�r�e� 

�s�a�t�i�s�f�i�e�d�.� 

�3�.�4� �C�h�o�s�e�n� �D�e�s�i�g�n� 

�T�o� �s�a�t�i�s�f�y� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �d�e�m�a�n�d�s� �f�o�r� �a�n�c�h�o�r�i�n�g� �h�i�g�h�l�y� �l�o�a�d�e�d� �c�a�r�b�o�n� �f�i�b�e�r� 

�w�i�r�e�s�,� �o�n�l�y� �t�h�e� �s�y�s�t�e�m� �o�f� �c�o�n�i�c�a�l� �c�a�s�t�i�n�g� �c�a�n� �b�e� �u�s�e�d�.� �T�h�e� �c�l�a�m�p�i�n�g� �s�y�s�t�e�m�s� �d�o� �n�o�t� 

�p�r�o�v�i�d�e� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �a�n�c�h�o�r�i�n�g� �m�u�l�t�i�p�l�e� �w�i�r�e�s�.� �T�o� �h�a�n�d�l�e� �t�h�e� �n�e�c�e�s�s�a�r�y� �h�i�g�h� �r�a�d�i�a�l� 

�s�t�r�e�s�s�e�s�,� �a� �s�o�l�u�t�i�o�n� �f�o�r� �t�h�e� �c�a�s�t�i�n�g� �s�y�s�t�e�m�s� �i�s� �d�e�v�e�l�o�p�e�d�.� �I�n�s�i�d�e�,� �t�h�e� �s�o�c�k�e�t� �m�u�s�t� �h�a�v�e� �a� 

�c�o�n�i�c�a�l� �s�h�a�p�e� �t�o� �p�r�o�v�i�d�e� �t�h�e� �n�e�c�e�s�s�a�r�y� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �t�o� �r�e�d�u�c�e� �t�h�e� �m�a�x�i�m�u�m� �s�h�e�a�r� �a�n�d� �t�o� 

�s�u�p�p�r�e�s�s� �a� �p�o�s�s�i�b�l�e� �d�e�b�o�n�d�i�n�g�.� �F�i�g� �3�.�6� �s�h�o�w�s� �a� �t�y�p�i�c�a�l� �a�n�c�h�o�r� �a�n�d� �t�h�e� �n�o�m�e�n�c�l�a�t�u�r�e� 

�u�s�e�d�.� �D�u�e� �t�o� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t� �o�f� �s�i�m�p�l�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�o�c�k�e�t�,� �t�h�e� �i�n�s�i�d�e� �s�h�a�p�e� �o�f� �t�h�e� 
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�c�o�n�e� �w�i�l�l� �f�o�l�l�o�w� �a� �s�t�r�a�i�g�h�t� �l�i�n�e� �o�f� �e�v�o�l�u�t�i�o�n�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �p�a�r�a�m�e�t�e�r�s� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m�:� 

�-� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �s�o�c�k�e�t� 

�-� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �c�o�n�e� 

�-� �t�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �L�T�M� 

�-� �t�h�e� �u�s�e�d� �m�a�t�e�r�i�a�l� �s�y�s�t�e�m�s� �f�o�r� �t�h�e� �L�T�M�,� �t�h�e� �w�i�r�e� �a�n�d� �t�h�e� �s�o�c�k�e�t� 

�-� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �s�o�c�k�e�t�.� 

�T�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �s�o�c�k�e�t� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �a�x�i�a�l� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s�.� �A� 

�s�h�o�r�t� �s�o�c�k�e�t� �d�o�e�s� �n�o�t� �a�l�l�o�w� �t�h�e� �a�x�i�a�l� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �t�o� �t�r�a�n�s�f�e�r� �f�u�l�l�y� �t�o� �t�h�e� �s�o�c�k�e�t�,� �a�n�d� �w�i�l�l� 

�r�e�s�u�l�t� �i�n� �t�w�o� �z�o�n�e�s� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �a�n�d� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t� 

�w�h�i�c�h� �w�i�l�l� �m�e�r�g�e�.� �T�h�e� �s�l�o�p�e� �o�f� �t�h�e� �i�n�s�i�d�e� �c�o�n�e� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s�.� �A� �s�m�a�l�l� �s�l�o�p�e� 

�r�e�s�u�l�t�s� �i�n� �a� �l�o�w� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e�,� �i�.�e�.� �t�h�e� �a�x�i�a�l� �l�o�a�d� �t�r�a�n�s�f�e�r�s� �m�a�i�n�l�y� �b�y� �s�h�e�a�r� �s�t�r�e�s�s�.� �F�o�r�a� 

�s�t�e�e�p� �s�l�o�p�e� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �m�a�i�n�l�y� �b�y� �r�a�d�i�a�l� �s�t�r�e�s�s� �o�n� �t�h�e� �s�o�c�k�e�t�.� �T�h�i�s� �r�e�s�u�l�t�s� 

�i�n� �s�q�u�e�e�z�i�n�g� �t�h�e� �L�T�M�.� �H�o�w�e�v�e�r�,� �b�o�t�h� �p�a�r�a�m�e�t�e�r�s� �d�o� �i�n�f�l�u�e�n�c�e� �e�a�c�h� �o�t�h�e�r�,� �t�h�e�y� �a�r�e� 

�c�o�u�p�l�e�d�.� �T�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �s�o�c�k�e�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �i�t�s� �m�a�t�e�r�i�a�l� �a�n�d� �b�y� �t�h�e� �g�e�o�m�e�t�r�y�,� �1�.�e�.� 

�t�h�e� �i�n�n�e�r� �a�n�d� �t�h�e� �o�u�t�e�r� �s�l�o�p�e� �o�f� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �L�T�M� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� 

�c�h�o�i�c�e� �o�f� �m�a�t�e�r�i�a�l�s�,� �a�n�d� �i�n�f�l�u�e�n�c�e�s� �t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�r�e�a�s� �a�t� �t�h�e� �l�o�a�d� �e�n�t�r�a�n�t� �r�e�g�i�o�n� 

�a�n�d� �a�t� �t�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t� �d�u�e� �t�o� �t�h�e� �n�o�t�c�h� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �s�o�c�k�e�t� �a�n�d� �o�f� �t�h�e� �l�o�a�d� 

�e�n�t�r�a�n�t� �a�r�e�a� �b�e�t�w�e�e�n� �t�h�e� �w�i�r�e� �a�n�d� �t�h�e� �L�T�M�.� �A� �v�a�r�i�a�t�i�o�n� �o�f� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �L�T�M� �a�l�o�n�g� �t�h�e� 

�w�i�r�e� �a�x�i�s� �c�a�n� �h�e�l�p� �r�e�d�u�c�e� �t�h�e� �a�r�e�a�s� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 
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�T�h�e� �n�u�m�b�e�r� �o�f� �a�n�c�h�o�r�e�d� �w�i�r�e�s� �c�a�n� �b�e� �e�a�s�i�l�y� �m�o�d�i�f�i�e�d� �b�y� �r�e�s�i�z�i�n�g� �t�h�e� �a�n�c�h�o�r� �s�y�s�t�e�m�.� 

�I�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �g�o�a�l� �i�s� �t�o� �a�n�c�h�o�r� �a� �b�u�n�d�l�e� �o�f� �1�9� �w�i�r�e�s�.� �T�h�e� �c�o�n�n�e�c�t�i�o�n� �o�f� �t�h�e� �s�o�c�k�e�t� �t�o� 

�t�h�e� �s�u�p�p�o�r�t� �s�t�r�u�c�t�u�r�e� �i�s� �n�o�t� �s�p�e�c�i�f�i�e�d�.� �F�o�r� �l�o�a�d�i�n�g� �i�n� �t�e�n�s�i�l�e� �t�e�s�t�i�n�g� �m�a�c�h�i�n�e�s� �h�o�w�e�v�e�r�,� �a� 

�t�h�r�e�a�d� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �c�y�l�i�n�d�r�i�c�a�l� �s�u�r�f�a�c�e� �o�f� �t�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t�.� �T�h�i�s� �a�l�s�o� �a�l�l�o�w�s� 

�t�h�e� �s�o�c�k�e�t� �t�o� �b�e� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �s�u�p�p�o�r�t� �s�t�r�u�c�t�u�r�e� �o�n� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �s�i�t�e�.� 

�W�i�t�h� �t�h�e� �s�c�h�e�m�a�t�i�c� �d�e�s�i�g�n� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�6� �s�e�v�e�r�a�l� �r�e�q�u�i�r�e�m�e�n�t�s� �c�a�n� �b�e� �f�u�l�f�i�l�l�e�d�.� 

�I�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �a�n�c�h�o�r� �a� �b�u�n�d�l�e� �o�f� �w�i�r�e�s� �w�i�t�h� �t�h�e� �s�a�m�e� �a�n�c�h�o�r� �b�y� �a�r�r�a�n�g�i�n�g� �t�h�e� �w�i�r�e�s� 

�c�o�n�c�e�n�t�r�i�c�a�l�l�y� �a�n�d� �s�y�m�m�e�t�r�i�c�a�l�l�y� �a�r�o�u�n�d� �t�h�e� �c�e�n�t�e�r� �w�i�r�e�.� �T�h�e� �s�p�e�c�i�f�i�e�d� �T�7�0�0� �f�i�b�e�r� �i�s� �u�s�e�d� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �I�t� �i�s� �s�h�o�w�n� �l�a�t�e�r� �t�h�a�t� �w�i�t�h� �t�h�e� �g�i�v�e�n� �d�e�s�i�g�n� �a� �s�t�a�t�i�c� �f�a�i�l�u�r�e� �l�o�a�d� 

�g�r�e�a�t�e�r� �t�h�a�n� �9�2�%� �o�f� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �c�a�n� �b�e� �o�b�t�a�i�n�e�d�.� 

�T�h�e� �c�h�o�s�e�n� �d�e�s�i�g�n� �o�f� �t�h�e� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� �i�s� �c�o�m�p�a�c�t� �a�n�d� �d�o�e�s� �n�o�t� �n�e�e�d� �m�u�c�h� 

�c�o�n�s�t�r�u�c�t�i�o�n� �s�p�a�c�e�.� �I�t� �c�a�n� �b�e� �u�s�e�d� �e�v�e�n� �i�n� �v�e�r�y� �s�p�a�c�e�-�l�i�m�i�t�e�d� �s�t�r�u�c�t�u�r�e�s� �l�i�k�e� �s�t�a�y�e�d� �b�r�i�d�g�e�s�.� 

�T�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �a�n�c�h�o�r� �i�s� �s�i�m�p�l�e�.� �W�i�t�h� �t�h�e� �p�r�e�-�f�a�b�r�i�c�a�t�e�d� �s�o�c�k�e�t�,� �t�h�e� �w�i�r�e�s� �c�a�n� �b�e� 

�c�a�s�t� �a�t� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �s�i�t�e�.� �T�h�e� �c�o�s�t� �o�f� �t�h�e� �a�n�c�h�o�r� �i�t�s�e�l�f� �c�a�n� �b�e� �n�e�g�l�e�c�t�e�d� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� 

�c�o�s�t� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �w�i�r�e�s�.� �I�n� �t�h�i�s� �s�e�n�s�e�,� �t�h�e� �s�e�l�e�c�t�e�d� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� �i�s� �a�l�s�o� �c�o�s�t� 

�e�f�f�e�c�t�i�v�e�.� 

�T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �p�o�s�s�i�b�i�l�i�t�i�e�s� �t�o� �m�o�n�i�t�o�r� �a�n�d� �c�o�n�t�r�o�l� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �a�n�c�h�o�r� �d�u�r�i�n�g� 

�i�t�s� �l�i�f�e� �t�i�m�e�.� �I�m�p�o�r�t�a�n�t� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �h�o�w� �m�u�c�h� �t�h�e� �L�T�M� �m�o�v�e�s� �o�r� �s�l�i�d�e�s� �i�n�s�i�d�e� �t�h�e� 

�s�o�c�k�e�t�.� �T�h�i�s� �i�n�f�o�r�m�a�t�i�o�n� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �a�p�p�l�y�i�n�g� �a�n� �e�x�t�e�n�s�o�m�e�t�e�r� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� 

�t�h�e� �s�o�c�k�e�t�.� �t�o� �m�e�a�s�u�r�e� �t�h�e� �r�e�l�a�t�i�v�e� �m�o�v�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �w�i�r�e�s� �a�n�d� �t�h�e� �s�o�c�k�e�t�.� �S�t�r�a�i�n� 

�g�a�u�g�e�s� �t�h�a�t� �a�r�e� �b�o�n�d�e�d� �t�o� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �s�o�c�k�e�t� �m�e�a�s�u�r�e� �t�h�e� �s�t�r�a�i�n� �o�f� �t�h�e� �s�o�c�k�e�t� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �i�n�d�i�c�a�t�e� �t�h�e� �s�t�r�e�s�s� �l�e�v�e�l� �a�t� �t�h�e� �i�n�s�i�d�e� �o�f� �t�h�e� �c�o�n�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �f�i�b�e�r� �o�p�t�i�c�s� �c�a�n� �b�e� 

�u�s�e�d� �t�o� �i�n�d�i�c�a�t�e� �p�o�s�s�i�b�l�e� �d�e�b�o�n�d�i�n�g� �o�r� �f�i�b�e�r� �b�r�e�a�k�i�n�g� �i�n� �t�h�e� �L�T�M�.� 

�I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�h�a�p�t�e�r�,� �t�h�e� �d�e�s�i�g�n� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �i�s� �s�h�o�w�n� �t�o� �b�e� �s�u�c�c�e�s�s�f�u�l� �i�n� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�s� �p�e�r�f�o�r�m�e�d�.� �H�o�w� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �p�e�r�f�o�r�m�e�d� �i�s� �d�e�s�c�r�i�b�e�d� �i�n� �d�e�t�a�i�l�.� �T�h�e� 

�m�a�t�e�r�i�a�l�s� �u�s�e�d� �a�n�d� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� �a�r�e� �e�x�p�l�a�i�n�e�d� �t�h�o�r�o�u�g�h�l�y� �a�s� 

�w�e�l�l�.� 
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�C�H�A�P�T�E�R� �4�.� �E�X�P�E�R�I�M�E�N�T�S� 

�4�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�I�n� �t�h�e� �d�e�s�i�g�n� �a�n�d� �e�v�a�l�u�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �o�f� �a� �n�e�w� �p�r�o�d�u�c�t�,� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �u�s�u�a�l�l�y� 

�t�h�e� �m�o�s�t� �e�x�p�e�n�s�i�v�e� �p�a�r�t� �a�n�d� �a�t�t�e�m�p�t�s� �a�r�e� �o�f�t�e�n� �m�a�d�e� �t�o� �r�e�d�u�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� �t�e�s�t�s� �t�o� �k�e�e�p� 

�c�o�s�t�s� �l�o�w�.� �I�n� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �c�a�s�e� �o�f� �d�e�v�e�l�o�p�i�n�g� �a�n� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m� �f�o�r� �o�r�t�h�o�t�r�o�p�i�c� �w�i�r�e� 

�b�u�n�d�l�e�s�,� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �a�n� �e�s�s�e�n�t�i�a�l� �p�a�r�t� �o�f� �t�h�e� �d�e�s�i�g�n� �p�r�o�c�e�s�s�.� �T�h�e� �a�n�a�l�y�t�i�c�a�l� 

�d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �p�r�o�b�l�e�m� �h�a�s� �t�o� �b�e� �s�i�m�p�l�i�f�i�e�d� �i�n� �o�r�d�e�r� �t�o� �a�l�l�o�w� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �t�r�e�a�t�m�e�n�t� 

�t�h�a�t� �l�e�a�d�s� �t�o� �a� �c�l�o�s�e�d�-�f�o�r�m� �s�o�l�u�t�i�o�n�.� �T�h�e�s�e� �s�i�m�p�l�i�f�i�c�a�t�i�o�n�s� �a�l�t�e�r� �t�h�e� �p�r�o�b�l�e�m� �t�o� �a�n� �e�x�t�e�n�t� 

�t�h�a�t� �i�s� �n�o�t� �c�o�m�p�l�e�t�e�l�y� �k�n�o�w�n�.� �T�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s� �g�i�v�e�s� �a� �g�o�o�d� �o�v�e�r�v�i�e�w� �o�f� �t�h�e� 

�s�t�r�e�s�s� �a�n�d� �s�t�r�a�i�n� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �t�h�e� �a�n�c�h�o�r�.� �T�h�e� �n�u�m�e�r�i�c�a�l� �a�n�a�l�y�s�i�s� �h�e�l�p�s� �t�o� �u�n�d�e�r�s�t�a�n�d� 

�t�h�e� �b�a�s�i�c� �m�e�c�h�a�n�i�s�m�s� �i�n� �t�h�e� �a�n�c�h�o�r�.� �H�o�w�e�v�e�r�,� �F�E�M� �p�r�o�v�i�d�e�s� �o�n�l�y� �t�r�e�n�d�s�;� �t�h�e� �p�e�a�k� 

�v�a�l�u�e�s� �a�r�e� �n�o�t� �a�l�w�a�y�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�e� �r�e�a�l� �s�t�r�e�s�s�e�s� �a�n�d� �s�t�r�a�i�n�s�.� �T�h�e� �r�e�g�i�o�n�s� �w�i�t�h� �a� 

�"�n�o�t�c�h� �g�e�o�m�e�t�r�y�"� �c�r�e�a�t�e� �s�i�n�g�u�l�a�r�i�t�i�e�s� �f�o�r� �t�h�e� �F�E�M� �a�n�a�l�y�s�i�s� �t�h�a�t� �i�n�f�l�u�e�n�c�e� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� 

�t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d�.� �T�h�e� �s�h�o�r�t�c�o�m�i�n�g�s� �o�f� �t�h�e� �a�n�a�l�y�t�i�c�a�l� �a�n�d� �n�u�m�e�r�i�c�a�l� �m�e�t�h�o�d�s� 

�d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �m�a�k�e� �a�p�p�a�r�e�n�t� �t�h�e� �n�e�c�e�s�s�i�t�y� �t�o� �p�e�r�f�o�r�m� �e�x�p�e�r�i�m�e�n�t�s�.� 

�T�h�e� �p�r�i�m�a�r�y� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �t�e�s�t�s� �i�s� �t�o� �o�b�t�a�i�n� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �f�a�i�l�u�r�e� �l�o�a�d� �a�n�d� �t�h�e� 

�f�a�i�l�u�r�e� �m�o�d�e� �o�f� �t�h�e� �a�n�c�h�o�r�a�g�e� �s�y�s�t�e�m�.� �T�h�i�s� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �u�s�e�d� �t�o� �m�o�d�i�f�y� �t�h�e� �a�n�c�h�o�r� �i�n� 

�o�r�d�e�r� �t�o� �o�b�t�a�i�n� �b�e�t�t�e�r� �r�e�s�u�l�t�s�.� �T�h�e�r�e�f�o�r�e�,� �s�t�a�t�i�c� �t�e�n�s�i�l�e� �t�e�s�t�s� �a�r�e� �p�e�r�f�o�r�m�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� 

�s�e�c�o�n�d�a�r�y� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �a�r�e� �c�a�r�r�i�e�d� �o�u�t� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �m�a�t�e�r�i�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �t�o� 

�g�e�t� �a�d�d�i�t�i�o�n�a�l� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �f�a�i�l�u�r�e� �m�o�d�e�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g�,� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�e�t�u�p� 

�i�s� �d�e�s�c�r�i�b�e�d� �i�n� �d�e�t�a�i�l�,� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� 

�c�a�r�r�i�e�d� �o�u�t� �a�t� �t�h�e� �f�a�c�i�l�i�t�i�e�s� �o�f� �t�h�e� �S�w�i�s�s� �F�e�d�e�r�a�l� �L�a�b�o�r�a�t�o�r�i�e�s� �f�o�r� �M�a�t�e�r�i�a�l�s� �T�e�s�t�i�n�g� �a�n�d� 

�R�e�s�e�a�r�c�h� �(�E�M�P�A�)� �i�n� �D�u�e�b�e�n�d�o�r�f�,� �S�w�i�t�z�e�r�l�a�n�d�.� 

�5�1



�4�.�2� �A�n�c�h�o�r�a�g�e� �o�f� �7� �W�i�r�e�s� 

�4�.�2�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�I�n� �t�h�e� �p�r�o�c�e�s�s� �o�f� �d�e�v�e�l�o�p�i�n�g� �a�n� �a�n�c�h�o�r� �s�y�s�t�e�m� �f�o�r� �o�r�t�h�o�t�r�o�p�i�c� �w�i�r�e� �b�u�n�d�l�e�s�,� 

�p�r�e�l�i�m�i�n�a�r�y� �e�x�p�e�r�i�m�e�n�t�s� �h�a�v�e� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �o�n� �s�i�n�g�l�e� �w�i�r�e� �a�n�c�h�o�r�s�.� �F�o�r� �m�o�r�e� 

�i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �s�i�n�g�l�e� �w�i�r�e� �a�n�c�h�o�r�s� �r�e�f�e�r� �t�o� �!�!�7�:�1�8�]�.� �I�n� �a� �s�u�b�s�e�q�u�e�n�t� �s�t�e�p�,� �w�i�r�e� �b�u�n�d�l�e�s� 

�w�i�t�h� �s�e�v�e�n� �s�i�n�g�l�e� �w�i�r�e�s� �w�e�r�e� �a�n�c�h�o�r�e�d�.� �S�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �t�e�s�t�e�d� �f�o�r� �t�h�e� 

�l�o�a�d� �t�r�a�n�s�f�e�r� �m�e�d�i�u�m� �(�L�T�M�)�.� �I�n� �s�e�p�a�r�a�t�e� �t�e�s�t�s�,� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �s�o�c�k�e�t� �w�a�s� �m�o�d�i�f�i�e�d� 

�t�o� �i�m�p�l�e�m�e�n�t� �t�h�e� �c�o�n�c�l�u�s�i�o�n�s� �o�f� �p�r�e�v�i�o�u�s� �t�e�s�t�s�.� 

�4�.�2�.�2� �M�a�t�e�r�i�a�l�s� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t�s� �o�f� �a�n�c�h�o�r�i�n�g� �a� �b�u�n�d�l�e� �o�f� �7� �w�i�r�e�s� �a�r�e� �m�a�i�n�l�y� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �a� 

�m�a�t�e�r�i�a�l� �s�y�s�t�e�m� �f�o�r� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �m�e�d�i�u�m� �t�h�a�t� �s�a�t�i�s�f�i�e�s� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �d�e�f�i�n�e�d� 

�r�e�q�u�i�r�e�m�e�n�t�s�.� �S�e�v�e�r�a�l� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �t�e�s�t�e�d� �a�n�d� �e�v�a�l�u�a�t�e�d�,� �s�e�e� �T�a�b�l�e� �4�.�1�.� �A�l�l� �L�T�M� 

�m�a�t�e�r�i�a�l�s� �a�r�e� �t�h�e�r�m�o�s�e�t� �p�o�l�y�m�e�r�s�;� �s�o�m�e� �a�r�e� �r�e�i�n�f�o�r�c�e�d� �w�i�t�h� �a� �f�i�l�l�e�r� �a�n�d� �s�o�m�e� �a�r�e� �f�i�b�e�r� 

�r�e�i�n�f�o�r�c�e�d�.� 

�T�a�b�l�e� �4�.�1� �M�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �L�T�M� �m�a�t�e�r�i�a�l�s� 
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�M�a�t�e�r�i�a�l� �Y�o�u�n�g�'�s� �s�t�r�e�n�g�t�h� �f�a�i�l�u�r�e� 

�M�o�d�u�l�u�s� �[�M�P�a�]� �s�t�r�a�i�n� 

�[�M�P�a�]� �[�%�]� 

�p�u�r�e� �e�p�o�x�y� �4�0�0�0� �1�0�0� �4� 

�A�l�2�0�3�/�e�p�o�x�y� �1�5�2�0�0� �1�3�0� �|� �<�8� 

�P�M�M�A� �3�0�0�0� �1�0�0� �4� 

�P�C� �2�2�0�0� �8�0� �6� 

�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �2�7�0�0�0� �5�0�0� �1�.�9�5� 

�c�a�r�b�o�n�/�e�p�o�x�y� �1�2�9�0�0�0� �1�9�0�0� �1�.�5� 
� � 
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�T�w�o� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�p�t�s� �f�o�r� �t�h�e� �L�T�M� �w�e�r�e� �i�n�v�e�s�t�i�g�a�t�e�d�:� �t�h�e� �c�a�s�t�i�n�g� �o�f� �t�h�e� �L�T�M� �a�n�d� 

�b�o�n�d�i�n�g�.� �I�n� �t�h�e� �c�a�s�t�i�n�g�,� �a�n� �e�p�o�x�y� �r�e�s�i�n� �s�y�s�t�e�m� �i�s� �p�o�u�r�e�d� �i�n�t�o� �a� �m�o�l�d� �c�o�n�t�a�i�n�i�n�g� �t�h�e� 

�a�r�r�a�n�g�e�d� �w�i�r�e�s�.� �T�w�o� �d�i�f�f�e�r�e�n�t� �f�i�l�l�e�r�s� �w�e�r�e� �a�d�d�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� 

�s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �L�T�M�.� �T�h�e� �m�a�t�e�r�i�a�l�s� �u�s�e�d� �f�o�r� �t�h�e� �f�i�l�l�e�r� �a�r�e� �a�l�u�m�i�n�u�m�-�o�x�i�d�e� �g�r�a�n�u�l�e�s�,� 

�p�r�o�d�u�c�e�d� �b�y� �A�l�c�o�a�,� �U�S�A�,� �a�n�d� �a�n� �E�P�D�M�-�r�u�b�b�e�r� �g�r�a�n�u�l�e�.� �I�n� �t�h�e� �b�o�n�d�i�n�g�,� �t�h�e� �L�T�M� �i�s� 

�m�a�c�h�i�n�e�d� �o�u�t� �o�f� �a� �p�r�e�f�a�b�r�i�c�a�t�e�d� �b�l�o�c�k� �o�f� �m�a�t�e�r�i�a�l�.� �T�h�e� �w�i�r�e�s� �a�r�e� �b�o�n�d�e�d� �i�n�t�o� �h�o�l�e�s� �d�r�i�l�l�e�d� 

�i�n� �t�h�e� �L�T�M� �u�s�i�n�g� �S�c�o�t�c�h�w�e�l�d� �9�3�2�3� �w�i�t�h� �a� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �o�f� �4�1� �M�P�a�.� �T�h�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� 

�t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �g�i�v�e�s� �m�o�r�e� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �e�a�c�h� �L�T�M� �m�a�t�e�r�i�a�l� �a�n�d� �i�t�s� �p�u�r�p�o�s�e�.� 

�T�h�e� �w�i�r�e�s� �a�r�e� �p�u�l�t�r�u�d�e�d�,� �c�o�m�b�i�n�i�n�g� �a� �T�7�0�0� �f�i�b�e�r� �f�r�o�m� �T�o�r�a�y� �I�n�d�u�s�t�r�i�e�s� �(�J�a�p�a�n�)� �a�n�d� 

�a�n� �e�p�o�x�y� �m�a�t�r�i�x� �(�L�Y�5�5�6�/�H�Y�9�1�7�/�D�Y�0�7�0�)� �f�r�o�m� �C�i�b�a�-�G�e�i�g�y� �(�S�w�i�t�z�e�r�l�a�n�d�)�.� �T�h�e� �m�a�t�e�r�i�a�l� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �T�a�b�l�e� �4�.�2�.� 

�T�a�b�l�e� �4�.�2� �M�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �w�i�r�e�s� 
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�c�a�r�b�o�n� �f�i�b�e�r�s� �T�o�r�a�y� �T�7�0�0� 

�e�p�o�x�y� �r�e�s�i�n� �s�y�s�t�e�m� �C�i�b�a�-�G�e�i�g�y� 

�L�Y�5�5�6�/�H�Y�9�1�7�/�D�Y�0�7�0� 

�d�i�a�m�e�t�e�r� �[�m�m�]� �5�.�8� 

�f�i�b�e�r� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �[�%�]� �6�8� 

�d�e�n�s�i�t�y� �[�k�g�/�m�3�]� �1�5�6�0� 
�a�x�i�a�l� �t�e�n�s�i�l�e� �E�-�m�o�d�u�l�u�s� �[�M�P�a�]� �|� �1�6�5�0�0�0� 
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�4�.�2�.�3� �P�r�e�p�a�r�a�t�i�o�n� �o�f� �C�a�s�t� �A�n�c�h�o�r�s� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �d�e�s�c�r�i�b�e�s� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �c�a�s�t� �a�n�c�h�o�r�s�.� �T�h�e� �m�e�t�h�o�d� �i�s� 

�i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �n�u�m�b�e�r� �o�f� �a�n�c�h�o�r�e�d� �w�i�r�e�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �a�n�y� �n�u�m�b�e�r� 

�o�f� �w�i�r�e�s�.� �T�h�e� �m�o�l�d� �t�h�a�t� �i�s� �u�s�e�d� �f�o�r� �c�a�s�t�i�n�g� �t�h�e� �L�T�M� �i�s� �t�h�e� �s�t�e�e�l� �s�o�c�k�e�t� �i�t�s�e�l�f�.� �T�h�i�s� �h�e�l�p�s� 

�t�o� �r�e�d�u�c�e� �p�r�o�d�u�c�t�i�o�n� �c�o�s�t�s�.� �T�h�e� �i�n�s�i�d�e� �o�f� �t�h�e� �s�o�c�k�e�t� �i�s� �c�a�r�e�f�u�l�l�y� �c�l�e�a�n�e�d� �w�i�t�h� �a�c�e�t�o�n�e� �a�n�d� 

�5�3



�t�r�e�a�t�e�d� �w�i�t�h� �a� �r�e�l�e�a�s�e� �a�g�e�n�t�.� �T�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t� �i�s� �t�e�m�p�o�r�a�r�i�l�y� �c�l�o�s�e�d� �w�i�t�h� �a� �c�a�p�.� 

�T�h�e� �c�a�p� �h�a�s� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �a�r�r�a�n�g�e�d� �w�i�r�e�s� �m�a�c�h�i�n�e�d� �i�n�t�o� �i�t�.� �T�h�i�s� �a�s�s�u�r�e�s� �t�h�a�t� �t�h�e� 

�w�i�r�e�s� �s�t�a�y� �i�n� �p�l�a�c�e� �w�h�i�l�e� �c�a�s�t�i�n�g�.� �T�h�e� �c�a�p� �a�l�s�o� �h�a�s� �t�w�o� �s�m�a�l�l� �o�p�e�n�i�n�g�s� �c�o�n�n�e�c�t�e�d� �t�o� �a� 

�v�a�c�u�u�m� �p�u�m�p�.� �T�h�e� �p�r�e�p�a�r�e�d� �s�o�c�k�e�t� �i�s� �p�l�a�c�e�d� �u�p�r�i�g�h�t�,� �s�i�t�t�i�n�g� �o�n� �i�t�s� �r�e�a�r� �c�a�p�.� �T�h�e� �w�i�r�e�s�,� 

�c�u�t� �t�o� �l�e�n�g�t�h� �a�n�d� �c�a�r�e�f�u�l�l�y� �c�l�e�a�n�e�d� �w�i�t�h� �a�c�e�t�o�n�e�,� �a�r�e� �i�n�s�e�r�t�e�d� �t�h�r�o�u�g�h� �a� �p�l�a�c�e�m�e�n�t� �d�i�s�k� 

�a�n�d� �p�o�s�i�t�i�o�n�e�d� �i�n�t�o� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �m�o�l�d� �i�s� �n�o�w� �r�e�a�d�y� �t�o� �b�e� �f�i�l�l�e�d� �w�i�t�h� �t�h�e� �r�e�s�i�n� �s�y�s�t�e�m�.� 

�I�n� �c�a�s�e� �o�f� �a�n� �a�d�d�i�t�i�o�n�a�l� �f�i�l�l�e�r�,� �t�h�e� �g�r�a�n�u�l�e� �i�s� �a�d�d�e�d� �f�i�r�s�t�.� �B�e�f�o�r�e� �p�o�u�r�i�n�g� �t�h�e� �r�e�s�i�n�,� �t�h�e� 

�w�h�o�l�e� �a�r�r�a�n�g�e�m�e�n�t� �i�s� �p�r�e�h�e�a�t�e�d� �t�o� �a�l�l�o�w� �t�h�e� �r�e�s�i�n� �t�o� �f�l�o�w� �m�o�r�e� �e�a�s�i�l�y� �t�h�r�o�u�g�h� �t�h�e� �f�i�l�l�e�r� 

�a�n�d� �t�o� �i�m�p�r�o�v�e� �t�h�e� �w�e�t�t�i�n�g� �b�e�h�a�v�i�o�r�.� �D�u�r�i�n�g� �t�h�e� �p�o�u�r�i�n�g�,� �a� �v�a�c�u�u�m� �p�u�m�p� �h�e�l�p�s� �t�o� �p�u�l�l� 

�t�h�e� �r�e�m�a�i�n�i�n�g� �a�i�r� �o�u�t� �o�f� �t�h�e� �s�o�c�k�e�t�.� �F�o�r� �c�u�r�i�n�g�,� �t�h�e� �w�h�o�l�e� �a�r�r�a�n�g�e�m�e�n�t� �i�s� �p�l�a�c�e�d� �i�n�t�o� �a� 

�h�o�t� �a�i�r� �o�v�e�n�.� �T�h�e� �s�e�c�o�n�d� �a�n�c�h�o�r� �o�n� �t�h�e� �o�t�h�e�r� �s�i�d�e� �o�f� �t�h�e� �w�i�r�e� �b�u�n�d�l�e� �i�s� �p�r�o�d�u�c�e�d� 

�s�i�m�i�l�a�r�l�y�.� �F�i�g�.� �4�.�1� �s�h�o�w�s� �t�h�e� �p�r�o�c�e�d�u�r�e� �s�c�h�e�m�a�t�i�c�a�l�l�y� �a�n�d� �t�h�e� �F�i�g�u�r�e�s� �4�.�9� �-� �4�.�1�5� �s�h�o�w� 

�s�t�e�p�s� �f�r�o�m� �t�h�e� �p�r�o�d�u�c�t�i�o�n�.� 

�4�.�2�.�4� �P�r�e�p�a�r�a�t�i�o�n� �o�f� �B�o�n�d�e�d� �A�n�c�h�o�r�s� 

�T�h�e� �L�T�M� �f�o�r� �t�h�e� �b�o�n�d�e�d� �a�n�c�h�o�r� �i�s� �m�a�c�h�i�n�e�d� �f�r�o�m� �a� �p�r�e�f�a�b�r�i�c�a�t�e�d� �p�i�e�c�e� �o�f� �m�a�t�e�r�i�a�l� 

�u�s�i�n�g� �a� �l�a�t�h�e�.� �F�o�r� �t�h�e� �P�M�M�A� �L�T�M� �a�n�d� �t�h�e� �P�C� �L�T�M� �t�h�e� �m�a�t�e�r�i�a�l� �i�s� �d�e�l�i�v�e�r�e�d� �i�n� �t�h�e� �f�o�r�m� 

�o�f� �r�o�d�s�,� �w�h�e�r�e�a�s� �f�o�r� �t�h�e� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �L�T�M� �t�h�e� �p�a�r�t� �i�s� �l�a�m�i�n�a�t�e�d� �f�r�o�m� �2�m�m�-�t�h�i�c�k� �p�r�e�-� 

�l�a�m�i�n�a�t�e�d� �p�l�a�t�e�s�.� �A�f�t�e�r� �m�a�c�h�i�n�i�n�g� �t�h�e� �c�o�n�e�,� �h�o�l�e�s� �a�r�e� �d�r�i�l�l�e�d� �f�o�r� �t�h�e� �w�i�r�e�s�.� �T�h�e� �c�l�e�a�n�e�d� 

�w�i�r�e�s� �a�r�e� �t�h�e�n� �b�o�n�d�e�d� �i�n�t�o� �t�h�e� �L�T�M� �w�i�t�h� �S�c�o�t�c�h�w�e�l�d�.� �T�h�e� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �b�o�n�d�e�d� 

�a�n�c�h�o�r�s� �o�v�e�r� �t�h�e� �c�a�s�t� �a�n�c�h�o�r�s� �i�s� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �t�o� �p�r�e�f�a�b�r�i�c�a�t�e� �a�l�l� �t�h�e� �p�a�r�t�s� �i�n� �a� �f�a�c�t�o�r�y� �s�o� 

�t�h�a�t� �t�h�e� �a�n�c�h�o�r� �h�a�s� �o�n�l�y� �t�o� �b�e� �a�s�s�e�m�b�l�e�d� �o�n� �t�h�e� �c�o�n�s�t�r�u�c�t�i�o�n� �s�i�t�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� 

�m�a�c�h�i�n�i�n�g� �o�f� �t�h�e� �L�T�M� �p�r�o�v�i�d�e�s� �a�n� �e�x�a�c�t�l�y� �c�o�n�t�r�o�l�l�e�d� �s�u�r�f�a�c�e� �g�e�o�m�e�t�r�y� �f�o�r� �t�h�e� �L�T�M�.� �F�o�r� 

�t�h�e� �c�a�s�t� �a�n�c�h�o�r� �t�h�i�s� �i�s� �n�o�t� �t�r�u�e� �d�u�e� �t�o� �s�h�r�i�n�k�a�g�e�.� 

�4�.�2�.�5� �E�x�p�e�r�i�m�e�n�t�s� 

�T�h�e� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �t�e�s�t�e�d� �i�n� �a�n� �I�n�s�t�r�o�n� �1�3�4�6� �t�e�n�s�i�l�e� �t�e�s�t� �m�a�c�h�i�n�e�.� �B�o�t�h� �s�i�d�e�s� �o�f� �t�h�e� 

�w�i�r�e� �b�u�n�d�l�e� �w�e�r�e� �a�n�c�h�o�r�e�d� �w�i�t�h� �a�l�l� �d�e�g�r�e�e�s� �o�f� �f�r�e�e�d�o�m� �b�e�i�n�g� �f�i�x�e�d�.� �A� �P�T�F�E� �(�T�e�f�l�o�n�)� 

�f�i�l�m� �o�f� �0�.�1�m�m� �t�h�i�c�k�n�e�s�s� �w�a�s� �i�n�s�e�r�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �L�T�M� �a�n�d� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �p�u�r�p�o�s�e� �o�f� 

�t�h�e� �f�i�l�m� �i�s� �t�o� �p�r�e�v�e�n�t� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �d�u�e� �t�o� �p�a�r�t�i�c�l�e�s� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �b�o�d�i�e�s� �a�n�d� �t�o� 

�r�e�d�u�c�e� �t�h�e� �f�r�i�c�t�i�o�n� �i�n� �b�e�t�w�e�e�n� �t�h�e� �L�T�M� �a�n�d� �t�h�e� �s�o�c�k�e�t�.� 
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�T�h�e� �q�u�a�s�i�-�s�t�a�t�i�c� �l�o�a�d� �w�a�s� �a�p�p�l�i�e�d� �w�i�t�h� �a� �c�o�n�s�t�a�n�t� �d�i�s�p�l�a�c�e�m�e�n�t� �v�e�l�o�c�i�t�y� �o�f� �2�m�m�/�m�i�n� 

�u�n�t�i�l� �f�a�i�l�u�r�e� �o�f� �t�h�e� �w�i�r�e�s�.� �T�h�e� �r�e�s�u�l�t� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �i�s� �t�h�e� �m�e�a�s�u�r�e�d� �f�o�r�c�e� �v�e�r�s�u�s� 

�d�i�s�p�l�a�c�e�m�e�n�t� �(�i�n�d�i�r�e�c�t� �t�i�m�e�)�.� �I�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �f�r�a�m�e� �o�f� �t�h�e� �t�e�n�s�i�l�e� �t�e�s�t�i�n�g� �m�a�c�h�i�n�e� �i�s� 

�s�t�i�f�f� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �s�p�e�c�i�m�e�n�.� �T�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �t�h�e�r�e�f�o�r�e� �t�h�e� �s�u�m� �o�f� �t�h�e� �e�l�o�n�g�a�t�i�o�n� 

�o�f� �t�h�e� �w�i�r�e� �b�u�n�d�l�e� �a�n�d� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �t�h�e� �L�T�M� �i�n�s�i�d�e� �t�h�e� �s�o�c�k�e�t�.� 

�T�h�e� �l�o�a�d� �d�i�s�p�l�a�c�e�m�e�n�t� �p�l�o�t�s� �s�h�o�w� �a� �s�m�a�l�l� �i�n�c�r�e�a�s�e� �i�n� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �w�i�r�e�.� �T�h�i�s� 

�i�n�d�i�c�a�t�e�s� �c�l�e�a�r�l�y� �t�h�e� �s�l�i�p� �o�f� �t�h�e� �a�n�c�h�o�r� �i�n�s�i�d�e� �t�h�e� �s�o�c�k�e�t�,� �t�h�e� �a�l�i�g�n�m�e�n�t� �o�f� �t�h�e� �w�i�r�e� �b�u�n�d�l�e�,� 

�a�n�d� �t�h�e� �s�h�e�a�r� �d�e�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �s�c�r�e�w�e�d� �j�o�i�n�t� �b�e�t�w�e�e�n� �t�h�e� �s�o�c�k�e�t� �a�n�d� �t�h�e� �t�e�s�t�i�n�g� 

�m�a�c�h�i�n�e� �d�u�r�i�n�g� �t�h�e� �e�x�e�c�u�t�i�o�n� �o�f� �t�h�e� �t�e�s�t�.� �I�n� �a�d�d�i�t�i�o�n�,� �a� �f�i�r�s�t� �f�a�i�l�u�r�e� �o�f� �t�h�e� �b�u�n�d�l�e� �i�s� �v�e�r�y� 

�o�f�t�e�n� �i�n�d�i�c�a�t�e�d� �b�y� �a� �s�u�d�d�e�n� �d�r�o�p� �i�n� �m�e�a�s�u�r�e�d� �l�o�a�d�.� �F�i�g�u�r�e� �4�.�2� �s�h�o�w�s� �a� �s�c�h�e�m�a�t�i�c� �l�o�a�d� 

�d�i�s�p�l�a�c�e�m�e�n�t� �c�u�r�v�e�.� 
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�5� �[�m�m�]� 

�F�i�g�.� �4�.�2� �S�c�h�e�m�a�t�i�c� �l�o�a�d�-�d�i�s�p�l�a�c�e�m�e�n�t� �p�l�o�t� 

�F�o�r� �s�o�m�e� �o�f� �t�h�e� �t�e�s�t�s�,� �s�t�r�a�i�n� �g�a�g�e�s� �w�e�r�e� �a�t�t�a�c�h�e�d� �o�n� �t�h�e� �o�u�t�s�i�d�e� �o�f� �t�h�e� �s�t�e�e�l� �s�o�c�k�e�t� �t�o� 

�m�e�a�s�u�r�e� �t�h�e� �d�e�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �g�a�g�e�s� �a�r�e� �o�f� �t�h�e� �t�y�p�e� �H�B�M�6�/�1�2�0�X�Y�9�1� �b�y� 

�H�B�M�,� �(�S�w�i�t�z�e�r�l�a�n�d�)�.� �I�n� �s�o�m�e� �t�e�s�t�s�,� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �t�h�e� �L�T�M� �i�n� �t�h�e� �s�o�c�k�e�t� �w�a�s� 

�m�e�a�s�u�r�e�d� �b�y� �a�n� �e�x�t�e�n�s�o�m�e�t�e�r�.� 

�I�n� �a�d�d�i�t�i�o�n�,� �s�o�m�e� �t�e�s�t�s� �w�e�r�e� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a�n� �a�c�o�u�s�t�i�c� �m�e�a�s�u�r�e�m�e�n�t� �t�o� �d�e�t�e�c�t� 

�s�o�m�e� �e�a�r�l�y� �f�a�i�l�u�r�e�s�.� �I�t� �w�a�s� �a�p�p�a�r�e�n�t� �t�h�a�t� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �d�i�d� �n�o�t� �p�r�o�v�i�d�e� �e�n�o�u�g�h� �d�e�t�a�i�l�e�d� 
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�i�n�f�o�r�m�a�t�i�o�n� �t�o� �j�u�s�t�i�f�y� �t�h�e� �e�x�p�e�n�d�i�t�u�r�e�.� �S�e�c�t�i�o�n� �4�.�2�.�6�,� �T�e�s�t� �S�e�r�i�e�s� �2�,� �t�h�e� �m�e�t�h�o�d� �o�f� 

�a�c�o�u�s�t�i�c� �m�e�a�s�u�r�e�m�e�n�t� �i�s� �e�x�p�l�a�i�n�e�d�.� 

�4�.�2�.�6� �R�e�s�u�l�t�s� 

�I�n� �t�h�e� �f�o�l�l�o�w�i�n�g�,� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �t�e�s�t�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d�.� 

�I�t� �i�s� �a�l�s�o� �d�i�s�c�u�s�s�e�d� �h�o�w� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �i�n�f�l�u�e�n�c�e�d� �t�h�e� �s�e�t�u�p� �o�f� �t�h�e� �n�e�x�t� �t�e�s�t�.� �F�o�r� �a� 

�c�o�m�p�l�e�t�e� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �a�l�l� �p�e�r�f�o�r�m�e�d� �t�e�s�t�s� �r�e�f�e�r� �t�o� �!�!�9�.�2�0�]�,� 

�T�e�s�t�s� �w�i�t�h� �a� �C�a�s�t� �L�T�M� 

�T�e�s�t� �S�e�r�i�e�s� �1� 

�F�i�r�s�t�,� �o�n�e� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �a� �c�a�s�t� �L�T�M� �w�i�t�h�o�u�t� �a�n�y� �f�i�l�l�e�r�.� �T�h�e� 

�g�e�o�m�e�t�r�y� �o�f� �t�h�e� �c�o�n�e� �w�a�s� �a� �s�t�r�a�i�g�h�t� �l�i�n�e� �o�f� �r�e�v�o�l�u�t�i�o�n�.� �T�h�e� �f�a�i�l�u�r�e� �l�o�a�d� �w�a�s� �4�9�%� �o�f� �t�h�e� 

�t�h�e�o�r�e�t�i�c�a�l� �m�a�x�i�m�u�m� �l�o�a�d� �c�a�p�a�c�i�t�y� �o�f� �5�9�5� �K�N� �f�o�r� �t�h�e� �b�u�n�d�l�e�.� �T�h�e� �f�a�i�l�u�r�e� �w�a�s� �t�r�i�g�g�e�r�e�d� 

�b�y� �a� �p�u�l�l�o�u�t� �o�f� �a� �s�i�n�g�l�e� �w�i�r�e� �i�n� �o�n�e� �o�f� �t�h�e� �L�T�M�s�.� �A�s� �a� �r�e�s�u�l�t�,� �a�l�l� �s�i�x� �o�t�h�e�r� �w�i�r�e�s� �b�r�o�k�e� �a�t� 

�t�h�e� �l�o�a�d� �e�n�t�r�a�n�c�e� �r�e�g�i�o�n� �o�f� �t�h�e� �o�p�p�o�s�i�t�e� �L�T�M�.� �A�n� �i�n�s�p�e�c�t�i�o�n� �o�f� �t�h�e� �L�T�M� �a�f�t�e�r� �t�h�e� �t�e�s�t� 

�s�h�o�w�e�d� �t�h�a�t� �t�h�e� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �a�c�t�i�n�g� �o�n� �t�h�e� �L�T�M�,� �p�a�r�t�i�c�u�l�a�r�l�y� �i�n� �t�h�e� �f�r�o�n�t� �p�a�r�t�,� �w�a�s� 

�h�i�g�h�e�r� �t�h�a�n� �t�h�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h�,� �s�e�e� �F�i�g�.� �4�.�1�6�.� �I�n� �t�h�e� �l�o�a�d� �e�n�t�r�y� �r�e�g�i�o�n�,� �t�h�e� �a�n�c�h�o�r� 

�w�a�s� �c�o�m�p�l�e�t�e�l�y� �d�e�s�t�r�o�y�e�d�.� �T�h�e� �o�b�s�e�r�v�a�t�i�o�n� �o�f� �t�h�e� �d�e�s�t�r�o�y�e�d� �a�n�c�h�o�r� �l�e�a�d�s� �t�o� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �a�s�s�u�m�p�t�i�o�n�:� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �L�T�M� �c�h�a�n�g�e�s� �d�u�r�i�n�g� �t�h�e� �c�a�s�t� �p�r�o�c�e�s�s�.� �T�h�e� 

�s�h�r�i�n�k�a�g�e� �l�e�a�d�s� �t�o� �a� �d�i�f�f�e�r�e�n�t� �s�l�o�p�e� �o�f� �t�h�e� �L�T�M� �c�o�n�e�.� �T�h�e� �b�a�c�k� �s�i�d�e� �o�f� �t�h�e� �c�o�n�e� �s�h�r�i�n�k�s� 

�m�o�r�e� �t�h�a�n� �t�h�e� �f�r�o�n�t� �s�i�d�e�.� �T�h�i�s� �l�e�a�d�s� �t�o� �a�n� �a�r�e�a� �o�f� �h�i�g�h� �r�a�d�i�a�l� �s�t�r�e�s�s�e�s� �p�a�r�t�i�c�u�l�a�r�l�y� �i�n� �t�h�e� 

�f�r�o�n�t� �p�a�r�t� �o�f� �t�h�e� �a�n�c�h�o�r�.� �T�h�i�s� �a�r�e�a� �s�u�f�f�e�r�s� �a�l�r�e�a�d�y� �f�r�o�m� �a� �h�i�g�h� �a�x�i�a�l� �s�t�r�e�s�s�.� �T�h�e� 

�c�o�i�n�c�i�d�e�n�c�e� �o�f� �t�h�e� �l�o�c�a�l�l�y� �h�i�g�h� �s�t�r�e�s�s�e�s� �m�i�g�h�t� �t�r�i�g�g�e�r� �a� �f�a�i�l�u�r�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �r�a�d�i�a�l� 

�s�t�r�e�s�s� �e�x�c�e�e�d�s� �t�h�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �e�p�o�x�y� �s�y�s�t�e�m� �f�o�r� �t�h�e� �L�T�M�,� �w�h�i�c�h� �l�e�a�d�s� �t�o� 

�f�r�a�g�m�e�n�t�a�t�i�o�n�.� 
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�T�e�s�t� �S�e�r�i�e�s� �2� 

�I�n� �t�h�e� �n�e�x�t� �s�t�e�p�,� �t�h�e� �L�T�M� �w�a�s� �a�g�a�i�n� �a� �c�a�s�t� �e�p�o�x�y�,� �b�u�t� �r�e�i�n�f�o�r�c�e�d� �w�i�t�h� �a� �f�i�l�l�e�r�,� �s�e�e� 

�F�i�g�.� �4�.�1�6�.� �T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�e� �f�i�l�l�e�r� �i�s� �t�o� �r�e�d�u�c�e� �t�h�e� �s�h�r�i�n�k�a�g�e� �a�n�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� 

�c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �L�T�M�.� �T�o� �m�a�i�n�t�a�i�n� �t�h�e� �c�o�m�p�l�i�a�n�t� �f�r�o�n�t� �z�o�n�e� �o�f� �t�h�e� �L�T�M�,� �t�h�e� 

�L�T�M� �w�a�s� �o�n�l�y� �f�i�l�l�e�d� �u�p� �t�o� �a� �c�e�r�t�a�i�n� �h�e�i�g�h�t�.� �S�e�e� �F�i�g�u�r�e� �4�.�3�.� �A�l�u�m�i�n�u�m� �o�x�i�d�e� �g�r�a�n�u�l�e�s� 

�w�e�r�e� �u�s�e�d� �f�o�r� �t�h�e� �f�i�l�l�e�r�.� �T�h�e� �s�l�o�p�e� �o�f� �t�h�e� �c�o�n�e� �w�a�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �o�n�e� �u�s�e�d� �i�n� �t�h�e� �f�i�r�s�t� �t�e�s�t�.� 

�T�h�e� �f�a�i�l�u�r�e� �w�a�s� �c�a�t�a�s�t�r�o�p�h�i�c� �a�n�d� �o�c�c�u�r�r�e�d� �a�t� �6�1�%� �o�f� �t�h�e� �e�x�p�e�c�t�e�d� �m�a�x�i�m�u�m� �l�o�a�d� 

�c�a�p�a�c�i�t�y�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �o�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �m�a�d�e� �a�f�t�e�r� �t�h�e� �t�e�s�t�:� �t�h�r�e�e� �w�i�r�e�s� �b�r�o�k�e� �o�n� �t�h�e� 

�f�r�e�e� �l�e�n�g�t�h� �a�n�d� �t�h�e� �r�e�m�a�i�n�i�n�g� �4� �w�i�r�e�s� �b�r�o�k�e� �a�t� �t�h�e� �l�o�a�d� �e�n�t�r�a�n�c�e� �z�o�n�e� �o�f� �t�h�e� �L�T�M�.� �I�t� �i�s� 

�n�o�t� �c�l�e�a�r� �i�n� �w�h�a�t� �s�e�q�u�e�n�c�e� �t�h�e� �f�a�i�l�u�r�e� �o�c�c�u�r�r�e�d�.� �T�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �L�T�M� �s�h�o�w�e�d� 

�s�e�v�e�r�a�l� �c�i�r�c�u�m�f�e�r�e�n�t�i�a�l� �c�r�a�c�k�s�i�n�d�i�c�a�t�i�n�g� �a� �t�e�n�s�i�l�e� �f�a�i�l�u�r�e� �o�f� �t�h�e� �e�p�o�x�y� �d�u�e� �t�o� �t�h�e� �h�i�g�h� 

�a�x�i�a�l� �s�t�r�e�s�s� �o�f� �t�h�e� �w�i�r�e�s�.� �O�n�e� �c�r�a�c�k� �w�a�s� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �f�i�l�l�e�d� �a�n�d� �t�h�e� 

�p�u�r�e� �e�p�o�x�y� �p�a�r�t� �o�f� �t�h�e� �L�T�M�.� �I�t� �i�s� �l�a�t�e�r� �s�h�o�w�n� �t�h�a�t� �t�h�i�s� �i�n�t�e�r�f�a�c�e� �t�r�i�g�g�e�r�e�d� �t�h�e� �f�a�i�l�u�r�e�.� 

�p�u�r�e� �L�T�M� �f�i�l�l�e�d� �L�T� � � � � 
�F�i�g�.� �4�.�3� �S�c�h�e�m�a�t�i�c� �d�r�a�w�i�n�g� �o�f� �L�T�M� �w�i�t�h� �f�i�l�l�e�r� 

�T�o� �o�v�e�r�c�o�m�e� �t�h�e� �p�r�o�b�l�e�m�s� �w�i�t�h� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �L�T�M�,� �t�e�.� �t�h�e� �b�r�i�t�t�l�e� �b�e�h�a�v�i�o�r� �o�f� 

�t�h�e� �e�p�o�x�y� �t�o�w�a�r�d�s� �t�e�n�s�i�l�e� �l�o�a�d�i�n�g� �a�n�d� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e�,� �t�h�e� �f�r�o�n�t� �e�n�d� �w�a�s� �t�h�e�n� �f�i�l�l�e�d� �w�i�t�h� 

�a�n� �E�P�D�M�-�r�u�b�b�e�r� �g�r�a�n�u�l�e�,� �s�e�e� �F�i�g�u�r�e� �4�.�1�7�.� �T�h�e� �s�p�e�c�i�m�e�n�'�s� �g�e�o�m�e�t�r�y� �w�a�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� 

�p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �t�e�s�t�s�.� �T�h�e� �f�a�i�l�u�r�e� �o�c�c�u�r�r�e�d� �a�t� �5�9�%� �o�f� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �m�a�x�i�m�u�m� �l�o�a�d� 

�c�a�p�a�c�i�t�y�.� �F�a�i�l�u�r�e� �w�a�s� �n�o�t� �c�a�t�a�s�t�r�o�p�h�i�c�,� �b�u�t� �p�r�o�g�r�e�s�s�i�v�e�,� �a�s� �t�h�e�-�n�o�n� �d�a�m�a�g�e�d� �w�i�r�e�s� �w�e�r�e� 

�a�t�t�e�m�p�t�i�n�g� �t�o� �c�a�r�r�y� �t�h�e� �l�o�a�d�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�a�x�i�m�u�m� �l�o�a�d� �a�t� �t�h�e� �t�i�m�e� �o�f� �t�h�e� �f�i�r�s�t� �f�a�i�l�u�r�e� 

�w�a�s� �n�o� �l�o�n�g�e�r� �a�c�h�i�e�v�e�d�.� �A� �s�c�h�e�m�a�t�i�c� �l�o�a�d� �d�i�s�p�l�a�c�e�m�e�n�t� �c�u�r�v�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�4�.� 

�T�h�i�s� �e�x�p�e�r�i�m�e�n�t� �i�s� �u�s�e�d� �t�o� �e�x�p�l�a�i�n� �t�h�e� �m�e�t�h�o�d� �o�f� �a�c�o�u�s�t�i�c� �t�r�a�n�s�m�i�s�s�i�o�n� 

�m�e�a�s�u�r�e�m�e�n�t�.� �T�h�e� �e�m�i�s�s�i�o�n� �a�n�d� �t�h�e� �a�m�p�l�i�t�u�d�e� �o�f� �t�h�e� �e�m�i�s�s�i�o�n� �w�e�r�e� �r�e�c�o�r�d�e�d� �w�i�t�h� �a�n� 

�a�c�o�u�s�t�i�c� �s�e�n�s�o�r� �t�h�a�t� �w�a�s� �c�o�u�p�l�e�d� �t�o� �t�h�e� �s�t�e�e�l� �s�o�c�k�e�t�.� �T�h�e� �r�a�t�e� �o�f� �e�m�i�s�s�i�o�n� �i�n�c�r�e�a�s�e�d� �w�i�t�h� 
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�i�n�c�r�e�a�s�i�n�g� �l�o�a�d�,� �s�e�e� �F�i�g�u�r�e� �4�.�5� �i�n� �t�h�e� �a�p�p�e�n�d�i�x�.� �T�h�e� �p�e�a�k� �o�f� �e�m�i�s�s�i�o�n� �a�t� �t�=�1�0�0�s� �i�s� �a� �s�i�g�n� 

�o�f� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �t�h�e� �L�T�M� �i�n�s�i�d�e� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �a�m�p�l�i�t�u�d�e� �o�f� �a�l�l� �t�h�e� �e�m�i�s�s�i�o�n�s� �a�t� �t�h�i�s� 

�p�o�i�n�t� �a�r�e� �b�e�l�o�w� �5�0� �d�B�,� �w�h�i�c�h� �i�s� �c�o�n�s�i�d�e�r�e�d� �i�n�s�i�g�n�i�f�i�c�a�n�t�.� �A�t� �t�=�5�5�0�s� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� 

�e�m�i�s�s�i�o�n� �r�a�t�e� �i�n�c�r�e�a�s�e�s�,� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �o�n�g�o�i�n�g� �d�a�m�a�g�e� �i�n� �t�h�e� �w�i�r�e� �b�u�n�d�l�e� �o�r� �i�n� �t�h�e� 

�a�n�c�h�o�r�.� �T�h�e� �e�m�i�s�s�i�o�n� �r�a�t�e� �(�o�r� �h�i�t�s�)�,� �h�o�w�e�v�e�r�,� �i�s� �n�o�t� �t�h�e� �c�r�i�t�i�c�a�l� �i�n�f�o�r�m�a�t�i�o�n�.� �T�h�e� 

�a�m�p�l�i�t�u�d�e� �o�f� �t�h�e� �e�m�i�s�s�i�o�n� �i�n�d�i�c�a�t�e�s� �t�h�e� �l�e�v�e�l� �o�f� �d�a�m�a�g�e�.� �F�i�g�u�r�e� �4�.�6� �i�n� �t�h�e� �a�p�p�e�n�d�i�x� 

�s�h�o�w�s� �t�h�e� �l�o�a�d� �a�n�d� �t�h�e� �h�i�t�s� �w�i�t�h� �a�n� �a�m�p�l�i�t�u�d�e� �l�a�r�g�e�r� �t�h�a�n� �8�0� �d�B� �v�e�r�s�u�s� �t�h�e� �t�i�m�e�.� �I�t� 

�b�e�c�o�m�e�s� �o�b�v�i�o�u�s� �t�h�a�t� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �d�a�m�a�g�e� �t�h�e� �n�u�m�b�e�r� �o�f� �h�i�t�s� �w�i�t�h� �a�n� �a�m�p�l�i�t�u�d�e� �o�f� �8�0� 

�d�B� �o�r� �l�a�r�g�e�r� �i�n�c�r�e�a�s�e�s� �a�s� �w�e�l�l�.� 
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�0� �5� �1�0� �1�5� �2�0� �2�5� �3�0� �3�5� �4�0� 
�d�i�s�p�l�a�c�e�m�e�n�t� �[�m�m�]� 

� � 

�F�i�g�.� �4�.�4� �L�o�a�d�-�d�i�s�p�l�a�c�e�m�e�n�t� �d�i�a�g�r�a�m� 

�A�n� �i�n�s�p�e�c�t�i�o�n� �o�f� �t�h�e� �a�n�c�h�o�r� �p�a�r�t�s� �a�f�t�e�r� �t�h�e� �t�e�s�t� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� 

�r�u�b�b�e�r� �a�n�d� �t�h�e� �a�l�u�m�i�n�u�m� �o�x�i�d�e� �f�i�l�l�e�r� �s�t�i�l�l� �c�r�e�a�t�e�s� �a�n� �a�r�e�a� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�h�a�t� 

�m�i�g�h�t� �t�r�i�g�g�e�r� �t�h�e� �f�i�r�s�t� �f�a�i�l�u�r�e�.� �S�e�v�e�r�a�l� �r�a�d�i�a�l� �c�r�a�c�k�s� �a�l�o�n�g� �t�h�i�s� �i�n�t�e�r�f�a�c�e� �c�o�u�l�d� �b�e� 

�o�b�s�e�r�v�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �p�a�r�t� �f�i�l�l�e�d� �w�i�t�h� �t�h�e� �r�u�b�b�e�r� �f�i�l�l�e�r� �d�o�e�s� �n�o�t� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�r�a�n�s�f�e�r� 

�a�x�i�a�l� �s�t�r�e�s�s� �t�o� �r�a�d�i�a�l� �s�t�r�e�s�s� �s�i�n�c�e� �i�t�s� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �i�s� �t�o�o� �l�o�w�.� �A�n�o�t�h�e�r� �m�e�t�h�o�d� �h�a�s� 

�t�o� �b�e� �f�o�u�n�d� �t�o� �r�e�d�u�c�e� �t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �f�r�o�n�t� �p�a�r�t� �o�f� 

�t�h�e� �L�T�M� �a�n�d� �t�h�e� �a�l�u�m�i�n�u�m� �o�x�i�d�e�-�f�i�l�l�e�d� �r�e�a�r� �p�a�r�t�.� 
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�T�e�s�t� �S�e�r�i�e�s� �3� 

�I�n� �t�h�e� �n�e�x�t� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �s�p�e�c�i�m�e�n� �w�a�s� �m�o�d�i�f�i�e�d� �t�o� �h�e�l�p� �t�r�a�n�s�f�e�r� �t�h�e� �s�t�r�e�s�s� �f�r�o�m� 

�t�h�e� �a�x�i�a�l�l�y� �l�o�a�d�e�d� �w�i�r�e�s� �i�n�t�o� �t�h�e� �m�a�t�r�i�x�.� �S�e�v�e�r�a�l� �s�l�e�n�d�e�r� �c�a�r�b�o�n� �f�i�b�e�r� �w�i�r�e�s� �w�e�r�e� �i�n�s�e�r�t�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �p�a�t�t�e�r�n� �o�f� �t�h�e� �w�i�r�e� �b�u�n�d�l�e�.� �F�i�g�u�r�e� �4�.�7� �s�h�o�w�s� �t�h�e� �n�e�w� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� 

�w�i�r�e�s�.� �T�h�e� �i�n�s�e�r�t�e�d� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �w�e�r�e� �l�o�n�g�e�r� �t�h�a�n� �t�h�e� �s�o�c�k�e�t�.� �T�h�e�r�e� �i�s� �a�n� �a�d�d�i�t�i�o�n�a�l� 

�p�a�r�t� �o�f� �t�h�e� �s�o�c�k�e�t�,� �a� �c�o�l�l�a�r� �c�o�n�s�i�s�t�i�n�g� �o�f� �a� �p�u�r�e� �e�p�o�x�y� �r�e�s�i�n� �s�y�s�t�e�m�,� �t�h�a�t� �e�x�t�e�n�d�s� �t�h�e� �L�T�M� 

�b�y� �1�2�0�m�m� �a�n�d� �c�o�v�e�r�s� �a�l�l� �t�h�e� �w�i�r�e�s�.� �F�i�g�u�r�e� �4�.�8� �s�h�o�w�s� �t�h�e� �s�c�h�e�m�a�t�i�c� �g�e�o�m�e�t�r�y�.� �T�h�e� �i�d�e�a� 

�b�e�h�i�n�d� �t�h�i�s� �n�e�w� �s�e�t�u�p� �i�s� �t�o� �t�r�a�n�s�f�e�r� �s�o�m�e� �o�f� �t�h�e� �a�p�p�l�i�e�d� �a�x�i�a�l� �s�t�r�e�s�s� �f�r�o�m� �t�h�e� �m�a�i�n� �w�i�r�e�s� 

�o�n�t�o� �t�h�e� �s�m�a�l�l�e�r� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �b�e�t�w�e�e�n� �a�n�d� �t�o� �t�h�e�r�e�f�o�r�e� �r�e�d�u�c�e� �t�h�e� �s�t�r�e�s�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �L�T�M� �m�a�t�e�r�i�a�l�s�.� 

�s�u�p�p�o�r�t�i�n�g� �w�i�r�e�,� �i�n�n�e�r� �c�i�r�c�l�e� 

� � 

�O� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�,� �o�u�t�e�r� �c�i�r�c�l�e� 

�F�i�g�.� �4�.�7� �P�a�t�t�e�r�n� �o�f� �t�h�e� �w�i�r�e� �b�u�n�d�l�e� �w�i�t�h� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� 

�T�h�e� �t�o�t�a�l� �f�a�i�l�u�r�e� �o�c�c�u�r�r�e�d� �a�t� �a� �l�o�a�d� �o�f� �4�1�0� �K�N� �o�r� �6�9�%� �o�f� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �m�a�x�i�m�u�m� 

�l�o�a�d� �c�a�p�a�c�i�t�y�.� �T�h�e� �f�i�r�s�t� �d�a�m�a�g�e� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �t�h�e� �l�o�a�d� �d�i�s�p�l�a�c�e�m�e�n�t� �d�i�a�g�r�a�m� �a�t� �a� �l�o�a�d� 

�o�f� �2�4�0� �k�N�.� �T�h�e� �f�a�i�l�u�r�e� �w�a�s� �a�g�a�i�n� �i�n�i�t�i�a�t�e�d� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �L�T�M�.� �I�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� 

�t�h�e� �h�i�g�h� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e�,� �a�c�t�i�n�g� �a�t� �t�h�e� �f�r�o�n�t� �o�f� �t�h�e� �L�T�M� �o�n� �t�h�e� �w�i�r�e�,� �a�n�d� �t�h�e� �i�n�c�o�n�s�i�s�t�e�n�c�y� 

�i�n� �s�t�i�f�f�n�e�s�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �a�l�u�m�i�n�u�m� �o�x�i�d�e� �f�i�l�l�e�r� �a�n�d� �t�h�e� �p�u�r�e� �r�e�s�i�n� �m�a�t�e�r�i�a�l� 

�i�s� �t�r�i�g�g�e�r�i�n�g� �t�h�e� �f�a�i�l�u�r�e�.� �T�h�e� �i�n�s�e�r�t�i�o�n� �o�f� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �i�n�c�r�e�a�s�e�s� �t�h�e� �l�o�a�d� �c�a�p�a�c�i�t�y� 

�o�f� �t�h�e� �w�i�r�e� �b�u�n�d�l�e�,� �b�u�t� �t�h�e� �r�e�s�u�l�t� �i�s� �s�t�i�l�l� �n�o�t� �s�a�t�i�s�f�a�c�t�o�r�y�.� �O�n�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �h�i�g�h� �r�a�d�i�a�l� 

�l�o�a�d� �a�t� �t�h�e� �f�r�o�n�t� �p�a�r�t� �o�f� �t�h�e� �L�T�M� �i�s� �t�h�e� �a�l�t�e�r�a�t�i�o�n� �o�f� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �L�T�M� �d�u�r�i�n�g� �t�h�e� 

�c�u�r�i�n�g� �c�y�c�l�e� �d�u�e� �t�o� �t�h�e� �s�h�r�i�n�k�a�g�e�.� �T�h�e� �L�T�M� �h�a�s� �c�o�n�t�a�c�t� �w�i�t�h� �t�h�e� �s�o�c�k�e�t� �o�n�l�y� �a�t� �t�h�e� �f�r�o�n�t� 

�p�a�r�t� �o�f� �t�h�e� �f�i�l�l�e�d� �a�r�e�a�,� �a�n�d� �t�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �L�T�M� �h�a�s� �n�o� �c�o�n�t�a�c�t� �a�t� �a�l�l�.� �A�l�s�o�,� �t�h�e� �f�r�o�n�t� 

�p�a�r�t� �w�i�t�h� �t�h�e� �p�u�r�e� �r�e�s�i�n� �d�o�e�s� �n�o�t� �h�a�v�e� �a�n�y� �c�o�n�t�a�c�t� �w�i�t�h� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �T�e�f�l�o�n� �f�i�l�m� 

�i�n�d�i�c�a�t�e�s� �t�h�i�s� �c�l�e�a�r�l�y�,� �s�e�e� �F�i�g�.� �4�.�1�8�.� �T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �h�a�p�p�e�n�s� �o�v�e�r� �a� 

�v�e�r�y� �s�h�o�r�t� �a�r�e�a� �a�n�d� �i�n�d�u�c�e�s� �a� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �t�h�e� �L�T�M� �m�a�t�e�r�i�a�l� �i�n�t�e�r�f�a�c�e�.� 
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�T�h�i�s� �s�t�r�e�s�s� �a�c�t�s� �a�s� �a� �s�h�e�a�r� �e�d�g�e� �o�n� �t�h�e� �o�u�t�e�r� �w�i�r�e�s�.� �F�i�g�u�r�e� �4�.�8� �s�h�o�w�s� �a�l�s�o� �s�c�h�e�m�a�t�i�c�a�l�l�y� 

�t�h�e� �s�h�r�i�n�k�a�g�e� �o�f� �t�h�e� �L�T�M� �i�n� �a� �t�y�p�i�c�a�l� �a�n�c�h�o�r�.� �A� �p�o�s�s�i�b�l�e� �s�o�l�u�t�i�o�n� �i�s� �t�o� �m�a�c�h�i�n�e� �t�h�e� �L�T�M� 

�o�u�t� �o�f� �a� �b�i�l�l�e�t� �i�n�s�t�e�a�d� �o�f� �u�s�i�n�g� �a� �c�a�s�t� �L�T�M�.� �T�h�e� �n�e�x�t� �t�e�s�t� �s�e�r�i�e�s� �d�e�s�c�r�i�b�e�s� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� 

�p�e�r�f�o�r�m�e�d� �w�i�t�h� �t�h�e� �m�a�c�h�i�n�e�d� �a�n�c�h�o�r� �t�y�p�e�.� 

�L�T�M� 
�p�u�r�e� �r�e�s�i�n� 

� � � � 
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�F�i�g�.� �4�.�8� �S�c�h�e�m�a�t�i�c� �g�e�o�m�e�t�r�y� �a�n�d� �e�x�a�g�g�e�r�a�t�e�d� �s�h�r�i�n�k�a�g�e� �f�o�r� �t�e�s�t� �s�e�r�i�e�s� �3� 

�T�e�s�t�s� �w�i�t�h� �a� �M�a�c�h�i�n�e�d� �L�T�M� 

�T�e�s�t� �S�e�r�i�e�s� �4� 

�I�n� �t�h�i�s� �t�e�s�t� �s�e�r�i�e�s�,� �t�h�e� �L�T�M� �w�a�s� �m�a�c�h�i�n�e�d� �o�u�t� �o�f� �a� �b�l�o�c�k� �o�f� �P�M�M�A� �(�a�c�r�y�l�-�g�l�a�s�s�)� �o�n� �a� 

�l�a�t�h�e�,� �s�e�e� �F�i�g�.� �4�.�1�9�.� �T�h�e� �g�e�o�m�e�t�r�y� �f�o�r� �t�h�e� �L�T�M� �c�o�n�e� �i�s� �m�o�d�i�f�i�e�d�.� �N�o�w� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� 

�t�h�e� �c�o�n�e� �i�s� �t�a�p�e�r�e�d� �o�f�f�.� �T�h�e� �g�o�a�l� �i�s� �t�o� �h�a�v�e� �a�n� �L�T�M� �i�n� �t�h�e� �s�o�c�k�e�t� �i�n� �t�h�e� �u�n�l�o�a�d�e�d� �s�t�a�t�e� 

�t�h�a�t� �h�a�s� �p�l�a�y� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �a�n�d� �f�i�t�s� �t�i�g�h�t�l�y� �a�t� �t�h�e� �r�e�a�r� �e�n�d�.� �T�h�i�s� �g�e�o�m�e�t�r�y� �r�e�d�u�c�e�s� �t�h�e� 

�d�e�s�t�r�u�c�t�i�v�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �a�n�c�h�o�r�.� �T�h�e� �w�i�r�e�s� �a�r�e� �b�o�n�d�e�d� �i�n�t�o� �t�h�e� 

�d�r�i�l�l�e�d� �h�o�l�e�s�.� �T�w�o� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �t�h�i�s� �s�e�t�u�p�.� �T�h�e�y� �d�i�f�f�e�r� �i�n� �t�h�e� 

�g�e�o�m�e�t�r�y� �o�f� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �o�u�t�s�i�d�e� �o�f� �t�h�e� �s�o�c�k�e�t� �i�s� �c�o�n�i�c�a�l� �f�o�r� �t�h�e� �s�e�c�o�n�d� �t�e�s�t�.� 

�W�i�t�h� �t�h�e� �c�y�l�i�n�d�r�i�c�a�l� �s�o�c�k�e�t�,� �t�h�e� �m�e�a�s�u�r�e�d� �f�a�i�l�u�r�e� �l�o�a�d� �w�a�s� �5�8�%�,� �w�h�e�r�e�a�s� �w�i�t�h� �t�h�e� 

�c�o�n�i�c�a�l� �s�o�c�k�e�t� �6�2�%� �o�f� �t�h�e� �m�a�x�i�m�u�m� �l�o�a�d� �c�o�u�l�d� �b�e� �r�e�a�c�h�e�d�.� �T�h�e� �i�n�c�r�e�a�s�e� �o�f� �4�%� �i�s� �d�u�e� �t�o� 

�t�h�e� �c�o�n�i�c�a�l� �s�h�a�p�e� �a�n�d� �t�h�e�r�e�f�o�r�e� �d�u�e� �t�o� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �s�t�i�f�f�n�e�s�s� �i�n� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� 

�s�o�c�k�e�t�.� �T�h�e� �f�a�i�l�u�r�e� �w�a�s� �a�g�a�i�n� �t�r�i�g�g�e�r�e�d� �b�y� �t�h�e� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �o�n� �t�h�e� �L�T�M� �i�n� �t�h�e� �f�r�o�n�t� 

�p�a�r�t� �o�f� �t�h�e� �a�n�c�h�o�r�.� �T�h�e� �L�T�M� �w�a�s� �s�u�f�f�e�r�i�n�g� �c�o�m�p�r�e�s�s�i�v�e� �f�a�i�l�u�r�e� �i�n� �t�h�e� �t�e�s�t�.� 

�T�e�s�t� �S�e�r�i�e�s� �5� 

�T�h�i�s� �t�e�s�t� �s�e�r�i�e�s� �d�i�f�f�e�r�s� �f�r�o�m� �t�e�s�t� �s�e�r�i�e�s� �4� �o�n�l�y� �i�n� �t�h�e� �m�a�t�e�r�i�a�l� �u�s�e�d� �f�o�r� �t�h�e� �L�T�M�;� �i�n� 

�t�h�i�s� �c�a�s�e� �P�C� �(�p�o�l�y�-�c�a�r�b�o�n�a�t�e�)� �w�a�s� �u�s�e�d�.� �T�h�e� �s�p�e�c�i�m�e�n� �w�i�t�h� �t�h�e� �c�y�l�i�n�d�r�i�c�a�l� �s�o�c�k�e�t� �f�a�i�l�e�d� 

�6�0



�a�t� �a� �l�o�a�d� �o�f� �3�2�0� �K�N� �w�h�e�r�e�a�s� �t�h�e� �s�p�e�c�i�m�e�n� �w�i�t�h� �t�h�e� �c�o�n�i�c�a�l� �s�o�c�k�e�t� �f�a�i�l�e�d� �a�t� �3�4�4� �k�N�.� �T�h�a�t� 

�i�s� �a�n� �i�n�c�r�e�a�s�e� �i�n� �f�a�i�l�u�r�e� �l�o�a�d� �o�f� �4�%� �f�o�r� �t�h�e� �s�o�c�k�e�t� �w�i�t�h� �t�h�e� �c�o�n�i�c�a�l� �s�u�r�f�a�c�e�.� �T�h�e� �f�a�i�l�u�r�e� 

�w�a�s� �a�g�a�i�n� �t�r�i�g�g�e�r�e�d� �b�y� �d�e�s�t�r�u�c�t�i�v�e� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �o�n� �t�h�e� �L�T�M�,� �s�i�m�i�l�a�r� �t�o� �t�h�e� �t�e�s�t� �s�e�r�i�e�s� �4�.� 

�I�t� �i�s� �a�p�p�a�r�e�n�t� �t�h�a�t� �t�h�e� �m�a�i�n� �p�r�o�b�l�e�m� �i�s� �t�h�e� �r�a�d�i�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �L�T�M� �m�a�t�e�r�i�a�l�.� �I�n� 

�o�n�e� �c�a�s�e� �t�h�e� �L�T�M� �i�s� �t�o� �s�t�i�f�f� �a�n�d� �t�h�e� �f�r�o�n�t� �e�n�d� �g�e�o�m�e�t�r�y� �a�c�t�s� �o�n� �t�h�e� �w�i�r�e�s� �l�i�k�e� �a� �s�h�e�a�r� 

�e�d�g�e�,� �s�e�e� �S�e�r�i�e�s� �2� �a�n�d� �3�.� �I�n� �t�h�e� �o�t�h�e�r� �c�a�s�e�,� �t�h�e� �L�T�M� �m�a�t�e�r�i�a�l� �d�o�e�s� �n�o�t� �p�r�o�v�i�d�e� �t�h�e� 

�n�e�c�e�s�s�a�r�y� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �t�o� �t�r�a�n�s�f�e�r� �t�h�e� �a�p�p�l�i�e�d� �a�x�i�a�l� �s�t�r�e�s�s�,� �s�e�e� �s�e�r�i�e�s� �1�,� �4� �a�n�d� �5�.� 

�I�n� �t�h�e� �n�e�x�t� �t�e�s�t� �s�e�r�i�e�s�,� �t�h�e� �L�T�M� �i�s� �m�a�d�e� �o�u�t� �o�f� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �p�l�a�s�t�i�c�,� �i�n� �o�n�e� �c�a�s�e� 

�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �a�n�d� �i�n� �t�h�e� �o�t�h�e�r� �c�a�r�b�o�n�/�e�p�o�x�y�.� 

�T�e�s�t� �S�e�r�i�e�s� �6� 

�O�n�l�y� �o�n�e� �t�e�s�t� �w�a�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �c�a�r�b�o�n� �f�i�b�e�r�/�e�p�o�x�y� �L�T�M�.� �T�h�e� �b�l�o�c�k� �w�a�s� 

�p�r�o�d�u�c�e�d� �b�y� �b�o�n�d�i�n�g� �u�n�i�d�i�r�e�c�t�i�o�n�a�l� �p�r�e�l�a�m�i�n�a�t�e�d� �p�l�a�t�e�s� �(�T�7�0�0�/�e�p�o�x�y�)� �o�f� �2�m�m� �t�h�i�c�k�n�e�s�s�.� 

�T�h�e� �c�o�n�e� �w�a�s� �m�a�c�h�i�n�e�d� �o�n� �a� �l�a�t�h�e� �w�i�t�h� �t�h�e� �a�x�i�s� �o�f� �t�h�e� �c�o�n�e� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �f�i�b�e�r� 

�d�i�r�e�c�t�i�o�n�.� �T�h�e� �w�i�r�e�s� �w�e�r�e� �b�o�n�d�e�d� �i�n�t�o� �t�h�e� �a�n�c�h�o�r� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�s�.� �T�h�e� 

�s�l�o�p�e� �o�f� �t�h�e� �c�o�n�e� �i�s� �l�i�n�e�a�r� �a�n�d� �s�l�i�g�h�t�l�y� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �s�l�o�p�e� �i�n�s�i�d�e� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �o�u�t�s�i�d�e� 

�o�f� �t�h�e� �s�o�c�k�e�t� �i�s� �c�y�l�i�n�d�r�i�c�a�l�,� �s�e�e� �F�i�g�.� �4�.�2�0�.� �T�h�e� �f�a�i�l�u�r�e� �o�c�c�u�r�r�e�d� �a�t� �6�4�%� �(�3�7�8� �K�N�)� �o�f� �t�h�e� 

�c�a�l�c�u�l�a�t�e�d� �m�a�x�i�m�u�m� �f�a�i�l�u�r�e� �l�o�a�d� �o�f� �t�h�e� �b�u�n�d�l�e�.� �T�h�i�s� �t�i�m�e�,� �t�h�e� �f�a�i�l�u�r�e� �w�a�s� �t�r�i�g�g�e�r�e�d� �b�y� �a�n� 

�i�n�t�e�r� �l�a�m�i�n�a�r� �s�h�e�a�r� �b�r�e�a�k� �d�o�w�n� �i�n� �t�h�e� �L�T�M�,� �s�e�e� �F�i�g�u�r�e� �4�.�2�1�.� �T�h�a�t� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� 

�b�o�n�d�i�n�g� �o�f� �t�h�e� �p�r�e�f�a�b�r�i�c�a�t�e�d� �l�a�m�i�n�a�t�e�s� �i�s� �t�o�o� �w�e�a�k� �a�n�d� �t�h�a�t� �t�h�e� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �i�s� �n�o�t� �h�i�g�h� 

�e�n�o�u�g�h� �t�o� �s�u�p�p�o�r�t� �o�r� �i�n�c�r�e�a�s�e� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �L�T�M�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �L�T�M� 

�m�a�t�e�r�i�a�l� �r�e�a�c�h�e�s� �i�t�s� �f�a�i�l�u�r�e� �s�t�r�a�i�n� �a�t� �t�h�e� �o�b�s�e�r�v�e�d� �f�a�i�l�u�r�e� �l�o�a�d�.� �I�n� �t�h�e� �n�e�x�t� �s�p�e�c�i�m�e�n� �a� 

�d�i�f�f�e�r�e�n�t� �L�T�M� �m�a�t�e�r�i�a�l� �w�a�s� �c�h�o�s�e�n� �t�o� �p�r�e�v�e�n�t� �a� �f�a�i�l�u�r�e� �d�u�e� �t�o� �t�h�e� �l�a�r�g�e� �w�i�r�e� �s�t�r�a�i�n� �a�t� �t�h�e� 

�f�r�o�n�t� �o�f� �t�h�e� �a�n�c�h�o�r�.� 

�T�w�o� �t�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �L�T�M�.� �T�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �L�T�M� 

�i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �o�n�e� �w�i�t�h� �t�h�e� �c�a�r�b�o�n�/�e�p�o�x�y� �m�a�t�e�r�i�a�l�.� �I�t� �i�s� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �t�h�e� 

�p�r�e�l�a�m�i�n�a�t�e�d� �g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �p�l�a�t�e�s� �a�r�e� �n�o�t� �u�n�i�d�i�r�e�c�t�i�o�n�a�l�.� �A�g�a�i�n� �a� �b�l�o�c�k� �i�s� �b�o�n�d�e�d� �a�n�d� 

�t�h�e�n� �m�a�c�h�i�n�e�d� �t�o� �a� �c�o�n�i�c�a�l� �s�h�a�p�e�.� �F�o�r� �t�h�e� �f�i�r�s�t� �t�e�s�t�,� �t�h�e� �o�u�t�s�i�d�e� �s�h�a�p�e� �o�f� �t�h�e� �s�o�c�k�e�t� �i�s� 

�c�y�l�i�n�d�r�i�c�a�l�.� �T�h�e� �s�l�o�p�e� �o�f� �t�h�e� �L�T�M� �c�o�n�e� �i�s� �s�l�i�g�h�t�l�y� �l�a�r�g�e�r� �t�h�a�n� �o�f� �t�h�e� �i�n�s�i�d�e� �o�f� �t�h�e� �s�o�c�k�e�t�.� 

�T�h�e� �w�i�r�e� �b�u�n�d�l�e� �b�r�e�a�k�s� �d�o�w�n� �a�t� �a� �l�o�a�d� �o�f� �5�1�6� �K�N�,� �t�h�a�t� �i�s� �8�7�%� �o�f� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�e�n�g�t�h�.� 

�T�h�e� �f�a�i�l�u�r�e� �i�s� �t�r�i�g�g�e�r�e�d� �b�y� �a�n� �a�x�i�a�l� �s�p�l�i�t� �o�f� �o�n�e� �o�f� �t�h�e� �a�n�c�h�o�r�s�.� �T�h�e� �s�a�m�e� �e�x�p�l�a�n�a�t�i�o�n� �a�s� 

�f�o�r� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �L�T�M� �h�o�l�d�s� �t�r�u�e� �f�o�r� �t�h�i�s� �f�a�i�l�u�r�e�.� 
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�T�h�e� �t�e�s�t� �w�e�r�e� �r�e�p�e�a�t�e�d� �w�i�t�h� �a� �m�o�d�i�f�i�e�d� �s�o�c�k�e�t�.� �T�h�e� �o�u�t�s�i�d�e� �g�e�o�m�e�t�r�y� �n�o�w� �h�a�d� �a� 

�c�o�n�i�c�a�l� �s�h�a�p�e� �a�n�d� �t�h�e� �i�n�s�i�d�e� �s�l�o�p�e� �w�a�s� �c�h�a�n�g�e�d� �t�o� �a�s�s�u�r�e� �t�h�a�t� �t�h�e� �a�n�c�h�o�r� �i�s� �i�n� �f�u�l�l� �c�o�n�t�a�c�t� 

�w�i�t�h� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �w�a�l�l� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �s�o�c�k�e�t� �w�a�s� �k�e�p�t� �c�o�n�s�t�a�n�t� �o�v�e�r� �t�h�e� �w�h�o�l�e� 

�l�e�n�g�t�h�.� �T�h�e� �t�e�s�t� �f�a�i�l�e�d�,� �u�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�r�o�u�g�h� �t�h�e� �b�r�e�a�k� �d�o�w�n� �o�f� �o�n�e� �o�f� �t�h�e� �s�o�c�k�e�t�s�.� �T�h�e� 

�s�o�c�k�e�t�s� �h�a�v�e� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �f�o�u�r� �h�o�l�e�s� �w�i�t�h� �i�n�s�i�d�e� �t�h�r�e�a�d�s� �t�h�a�t� �a�r�e� �u�s�e�d� �t�o� �f�i�x� �t�h�e� �w�i�r�e� 

�b�u�n�d�l�e�s� �f�o�r� �t�r�a�n�s�p�o�r�t�a�t�i�o�n�.� �T�h�e� �t�a�n�g�e�n�t�i�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �s�o�c�k�e�t� �e�x�c�e�e�d�e�d� �i�t�s� �s�t�r�e�n�g�t�h� �d�u�e� �t�o� 

�t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e�s�e� �h�o�l�e�s�.� �T�h�e� �s�o�c�k�e�t� �s�p�l�i�t� �o�p�e�n� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �a�n�d� 

�d�a�m�a�g�e�d� �t�h�e� �w�i�r�e�.� 

�4�.�2�.�7� �D�i�s�c�u�s�s�i�o�n� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �a�n�c�h�o�r�i�n�g� �a� �b�u�n�d�l�e� �o�f� �7� �w�i�r�e�s� �s�h�o�w� �s�e�v�e�r�a�l� �i�m�p�o�r�t�a�n�t� �p�o�i�n�t�s�:� 

�*� �T�h�e� �b�o�n�d� �b�e�t�w�e�e�n� �t�h�e� �w�i�r�e�s� �a�n�d� �t�h�e� �L�T�M� �p�e�r�f�o�r�m�e�d� �w�e�l�l� �i�n� �a�l�l� �o�f� �t�h�e� �t�e�s�t�s�.� �A�n� 

�i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �f�a�i�l�u�r�e� �w�a�s� �n�o�t� �o�b�s�e�r�v�e�d�.� �F�o�r� �a� �L�T�M� �m�a�d�e� �o�f� �l�a�m�i�n�a�t�e�d� �p�l�a�t�e�s� �o�f� 

�f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �p�l�a�s�t�i�c� �h�o�w�e�v�e�r�,� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �i�s� �n�o�t� 

�s�u�f�f�i�c�i�e�n�t� �t�o� �t�r�a�n�s�f�e�r� �t�h�e� �f�u�l�l� �l�o�a�d�;� �t�h�e� �c�o�n�e� �f�a�i�l�s� �i�n� �s�h�e�a�r�.� �T�h�e� �f�a�i�l�u�r�e� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� 

�t�o� �t�h�e� �i�n�s�u�f�f�i�c�i�e�n�t� �r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h�,� �a�n�d� �t�o� �t�h�e� �b�o�n�d�i�n�g� �o�f� 

�t�h�e� �p�l�a�t�e�s�.� 

�¢� �T�h�e� �u�n�f�i�l�l�e�d� �e�p�o�x�y� �L�T�M� �d�o�e�s� �n�o�t� �p�r�o�v�i�d�e� �t�h�e� �n�e�c�e�s�s�a�r�y� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h�.� �T�h�e� 

�L�T�M� �i�s� �c�r�u�s�h�e�d� �d�u�r�i�n�g� �t�h�e� �t�e�s�t�.� �T�h�e� �c�r�a�c�k�s� �w�h�i�c�h� �a�r�e� �c�r�e�a�t�e�d� �r�e�s�u�l�t� �i�n� �d�a�m�a�g�e� �o�f� �t�h�e� 

�w�i�r�e�s� �a�n�d� �r�e�d�u�c�e� �t�h�e�i�r� �s�t�r�e�n�g�t�h� �t�r�i�g�g�e�r�i�n�g� �t�h�e� �f�a�i�l�u�r�e� �o�f� �t�h�e� �w�i�r�e�s�.� 

�¢� �T�h�e� �f�i�l�l�e�r� �i�m�p�r�o�v�e�s� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �s�o�c�k�e�t� �b�u�t� �c�r�e�a�t�e�s� �s�o�m�e� �s�i�g�n�i�f�i�c�a�n�t� �p�r�o�b�l�e�m�s�.� 

�T�h�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�s�s� �o�f� �t�h�e� �e�p�o�x�y� �c�a�n� �b�e� �i�n�c�r�e�a�s�e�d� �b�y� �a�d�d�i�n�g� �a�l�u�m�i�n�u�m� �o�x�i�d�e� 

�g�r�a�n�u�l�e�s� �a�s� �a� �f�i�l�l�e�r�.� �A�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t�,� �h�o�w�e�v�e�r�,� �i�t� �i�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� �u�s�e� 

�t�h�e� �s�a�m�e� �f�i�l�l�e�r�.� �T�h�e� �h�i�g�h� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �a�l�u�m�i�n�u�m� �o�x�i�d�e� �a�c�t�s� �a�t� �t�h�e� �l�o�a�d� �e�n�t�r�y� �a�r�e�a� �a�s� 

�s�h�e�a�r� �e�d�g�e� �o�n� �t�h�e� �w�i�r�e� �a�n�d� �'�c�u�t�s�'� �i�t�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �p�r�o�b�l�e�m� �i�s� �t�h�e� �u�n�c�o�n�t�r�o�l�l�a�b�l�e� 

�s�h�r�i�n�k�a�g�e� �o�f� �a� �c�a�s�t� �a�n�c�h�o�r�.� �T�h�i�s� �c�a�n� �l�e�a�d� �t�o� �a�n� �i�l�l�-�d�e�f�i�n�e�d� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� �t�h�e� �s�o�c�k�e�t� 

�a�n�d� �t�h�e� �L�T�M� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�o� �a�n� �u�n�k�n�o�w�n� �s�t�a�t�e� �o�f� �s�t�r�e�s�s�.� �A�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� 

�t�h�e� �f�i�l�l�e�d� �a�n�d� �t�h�e� �u�n�f�i�l�l�e�d� �L�T�M�,� �a�n� �a�r�e�a� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �e�x�i�s�t�s� �t�h�a�t� 

�d�a�m�a�g�e�s� �t�h�e� �w�i�r�e�s�.� 

�6�2



�I�t� �i�s� �o�b�v�i�o�u�s� �t�h�a�t� �t�h�e� �c�h�o�i�c�e� �o�f� �m�a�t�e�r�i�a�l� �f�o�r� �t�h�e� �L�T�M� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� 

�a�n�c�h�o�r�,� �w�h�e�r�e� �a�s� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �c�o�n�e� �i�s� �s�e�c�o�n�d�a�r�y�.� �D�e�s�p�i�t�e� �t�h�e� �p�r�o�m�i�s�i�n�g� �t�e�s�t�s� �w�i�t�h� 

�t�h�e� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �p�l�a�s�t�i�c� �L�T�M�,� �t�h�i�s� �d�e�s�i�g�n� �i�s� �n�o�t� �f�e�a�s�i�b�l�e� �f�o�r� �a�n� �i�n�d�u�s�t�r�i�a�l� �u�s�e� �d�u�e� �t�o� �t�h�e� 

�h�i�g�h� �p�r�o�d�u�c�t�i�o�n� �c�o�s�t�s� �o�f� �t�h�e� �a�n�c�h�o�r�.� 

�S�e�v�e�r�a�l� �p�o�i�n�t�s� �b�e�c�o�m�e� �c�l�e�a�r� �f�r�o�m� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �m�a�t�e�r�i�a�l� �f�o�r� �t�h�e� �L�T�M� �s�h�o�u�l�d� 

�h�a�v�e� �a� �s�i�m�i�l�a�r� �f�a�i�l�u�r�e� �s�t�r�a�i�n� �t�o� �t�h�e� �w�i�r�e�s�,� �t�h�a�t� �i�s� �2�.�1�%�.� �T�h�e� �r�a�d�i�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �L�T�M� 

�s�h�o�u�l�d� �n�o�t� �b�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t� �t�o� �t�h�e� �r�a�d�i�a�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �w�i�r�e� �t�o� �p�r�e�v�e�n�t� �s�t�r�e�s�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �d�u�e� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �p�r�o�p�e�r�t�i�e�s�.� �T�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �i�n�d�u�c�e�d� �b�y� �t�h�e� �s�l�o�p�e� 

�o�f� �t�h�e� �s�o�c�k�e�t� �h�a�s� �t�o� �b�e� �o�p�t�i�m�i�z�e�d�.� �T�h�i�s� �c�a�n� �b�e� �d�o�n�e� �b�y� �c�h�a�n�g�i�n�g� �t�h�e� �s�l�o�p�e�.� �T�h�e� �s�t�i�f�f�n�e�s�s� 

�o�f� �t�h�e� �L�T�M� �s�h�o�u�l�d� �b�e� �c�o�m�p�l�i�a�n�t� �a�t� �t�h�e� �l�o�a�d� �e�n�t�r�a�n�c�e� �a�n�d� �s�t�i�f�f� �a�t� �t�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� 

�s�o�c�k�e�t�.� �A� �l�a�r�g�e�r� �c�r�o�s�s� �s�e�c�t�i�o�n� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �L�T�M� �h�e�l�p�s� �t�o� �r�e�d�u�c�e� �s�t�r�e�s�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �d�u�e� �t�o� �t�h�e� �f�r�o�n�t� �e�n�d� �e�d�g�e� �o�f� �t�h�e� �s�o�c�k�e�t�.� �I�f� �t�h�i�s� �c�r�o�s�s� �s�e�c�t�i�o�n� �i�s� �t�o�o� �l�a�r�g�e�,� 

�c�r�e�e�p� �c�o�u�l�d� �r�e�d�u�c�e� �t�h�e� �l�o�n�g�-�t�e�r�m� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �a�n�c�h�o�r�.� 

�4�.�3� �A�n�c�h�o�r�a�g�e� �o�f� �1�9� �S�i�n�g�l�e� �W�i�r�e�s� 

�4�.�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�A�f�t�e�r� �p�e�r�f�o�r�m�i�n�g� �s�e�v�e�r�a�l� �t�e�s�t� �w�i�t�h� �a�n�c�h�o�r�i�n�g� �a� �b�u�n�d�l�e� �o�f� �7� �w�i�r�e�s�,� �t�h�e� �n�e�x�t� �s�t�e�p� �w�a�s� �t�o� 

�s�h�o�w� �t�h�a�t� �t�h�e� �s�a�m�e� �c�o�n�c�e�p�t� �a�s� �u�s�e�d� �b�e�f�o�r�e� �c�a�n� �b�e� �a�p�p�l�i�e�d� �s�u�c�c�e�s�s�f�u�l�l�y� �t�o� �a� �l�a�r�g�e�r� �b�u�n�d�l�e�.� 

�T�h�e�r�e�f�o�r�e�,� �1�9� �w�i�r�e�s� �w�e�r�e� �a�r�r�a�n�g�e�d� �c�o�n�c�e�n�t�r�i�c�a�l�l�y�,� �s�e�e� �F�i�g�u�r�e� �4�.�2�3�.� �T�h�e� �s�a�m�e� �m�a�t�e�r�i�a�l�s� 

�a�n�d� �t�h�e� �s�a�m�e� �s�c�h�e�m�a�t�i�c� �s�e�t� �u�p� �a�r�e� �u�s�e�d� �a�s� �b�e�f�o�r�e� �i�n� �t�h�e� �c�a�s�t� �a�n�c�h�o�r�.� �T�h�e� �s�i�z�e� �o�f� �t�h�e� 

�a�n�c�h�o�r� �i�s� �n�o�w� �l�a�r�g�e�r�,� �a�d�a�p�t�e�d� �t�o� �t�h�e� �l�a�r�g�e�r� �w�i�r�e�,� �b�u�t� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �i�n�s�i�d�e� �s�o�c�k�e�t� �r�e�m�a�i�n�s� 

�1�:�7�.� �T�h�e� �g�e�o�m�e�t�r�y� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�.�2�2�.� �T�h�e� �L�T�M� �c�o�n�s�i�s�t�e�d� �o�f� �a�n� �e�p�o�x�y� �r�e�s�i�n� 

�s�y�s�t�e�m�,� �p�a�r�t�i�a�l�l�y� �f�i�l�l�e�d� �w�i�t�h� �a�l�u�m�i�n�u�m� �o�x�i�d�e� �g�r�a�n�u�l�e�s�,� �s�e�e� �T�a�b�l�e� �4�.�1� �f�o�r� �t�h�e� �m�a�t�e�r�i�a�l� 
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�p�r�o�p�e�r�t�i�e�s�.� 

�.� �3�5�0� �~� 

�1�0�0� �S�e� �S�S� 
�S�l�o� �P�P�T� �e�i�n�e�n� �e�i�c�e�s� 

�a�n� �|� �h�a� �S�S� �S�E�R� �b�o� �"� �|� �=� �L� 
�L�e� �w�l� �>�|� 
�|� �4�3�0� �|� �3�4�0� �|� 

�F�i�g�.� �4�.�2�2� �G�e�o�m�e�t�r�y� �o�f� �t�h�e� �a�n�c�h�o�r� �f�o�r� �1�9� �w�i�r�e� �b�u�n�d�l�e�s�,� �d�i�m�e�n�s�i�o�n�s� �i�n� �m�m� 

�6�3



�T�h�e�r�e� �w�e�r�e� �s�e�v�e�r�a�l� �v�a�r�i�a�t�i�o�n�s� �p�e�r�f�o�r�m�e�d�.� �T�w�o� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s� �f�o�r� �t�h�e� �w�i�r�e� �w�e�r�e� 

�i�n�v�e�s�t�i�g�a�t�e�d�.� �T�h�e� �m�a�n�u�f�a�c�t�u�r�e�r� �o�f� �t�h�e� �w�i�r�e�s�,� �A�K�Z�O�,� �c�h�a�n�g�e�d� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �p�r�o�c�e�s�s�.� 

�T�h�e� �i�n�f�o�r�m�a�t�i�o�n� �f�r�o�m� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r� �s�t�a�t�e�s� �n�o� �c�h�a�n�g�e�s� �i�n� �u�s�e�d� �m�a�t�e�r�i�a�l�s�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �t�h�e� �'�n�e�w�'� �w�i�r�e�s� �i�s� �s�l�i�g�h�t�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�e�  ��o�l�d�'� �o�n�e�s�,� �t�h�e� �s�u�r�f�a�c�e� �i�s� 

�m�o�r�e� �s�h�i�n�y� �f�o�r� �e�x�a�m�p�l�e�.� �I�t� �i�s� �s�h�o�w�n� �l�a�t�e�r�,� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� 

�t�h�e�  ��o�l�d �� �a�n�d� �t�h�e� �'�n�e�w�'� �w�i�r�e�s� �i�n� �t�h�e�i�r� �p�e�r�f�o�r�m�a�n�c�e�.� �A�d�d�i�t�i�o�n�a�l� �v�a�r�i�a�t�i�o�n�s� �a�r�e� �p�e�r�f�o�r�m�e�d� 

�w�i�t�h� �t�h�e� �i�n�s�e�r�t�e�d� �w�i�r�e�s� �a�n�d� �t�h�e� �c�o�l�l�a�r� �o�f� �p�u�r�e� �e�p�o�x�y� �r�e�s�i�n� �s�y�s�t�e�m�.� 

�T�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �a�n�c�h�o�r� �f�o�l�l�o�w�s� �e�x�a�c�t�l�y� �t�h�e� �s�t�e�p�s� �d�e�s�c�r�i�b�e�d� �i�n� �s�e�c�t�i�o�n� �4�.�2�.�3� �a�n�d� 

�i�n� �F�i�g�u�r�e� �4�.�1�.� �T�h�e� �w�i�r�e�s� �a�r�e� �c�u�t� �t�o� �l�e�n�g�t�h� �a�n�d� �c�l�e�a�n�e�d� �w�i�t�h� �a�c�e�t�o�n�e�.� �A�f�t�e�r� �a�r�r�a�n�g�i�n�g� 

�t�h�e�m� �i�n�t�o� �t�h�e� �p�l�a�c�e�m�e�n�t� �d�i�s�c� �a�n�d� �e�n�d� �c�a�p� �o�f� �t�h�e� �s�o�c�k�e�t�,� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �a�r�e� �a�d�d�e�d�.� 

�T�h�e� �f�i�l�l�e�r� �i�s� �p�o�u�r�e�d� �i�n�t�o� �t�h�e� �s�o�c�k�e�t�,� �a�n�d� �t�h�e� �e�n�t�i�r�e� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �a�n�c�h�o�r� �i�s� �p�r�e�h�e�a�t�e�d� 

�t�o� �6�0� �°�C� �b�e�f�o�r�e� �t�h�e� �r�e�s�i�n� �i�s� �f�i�l�l�e�d� �i�n�.� �A�f�t�e�r� �c�u�r�i�n�g� �t�h�e� �a�n�c�h�o�r�,� �t�h�e� �w�i�r�e� �b�u�n�d�l�e� �i�s� �t�u�r�n�e�d� 

�a�n�d� �t�h�e� �s�e�c�o�n�d� �a�n�c�h�o�r� �i�s� �f�a�b�r�i�c�a�t�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� 

�4�.�3�.�2� �E�x�p�e�r�i�m�e�n�t�s� 

�T�h�e� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �t�e�s�t�e�d� �w�i�t�h� �a�n� �I�n�s�t�r�o�n� �1�3�4�6� �t�e�n�s�i�l�e� �t�e�s�t� �m�a�c�h�i�n�e�.� �B�o�t�h� �s�i�d�e�s� �o�f� 

�t�h�e� �w�i�r�e� �b�u�n�d�l�e� �w�e�r�e� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �t�e�s�t�i�n�g� �m�a�c�h�i�n�e� �w�i�t�h� �t�h�e� �t�h�r�e�a�d�e�d� �p�o�r�t�i�o�n� �o�f� �t�h�e� �r�e�a�r� 

�e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t�.� �A�l�l� �d�e�g�r�e�e�s� �o�f� �f�r�e�e�d�o�m� �w�e�r�e� �f�i�x�e�d�.� �A�g�a�i�n�,� �a� �T�e�f�l�o�n� �f�i�l�m� �o�f� �0�.�5�m�m� 

�t�h�i�c�k�n�e�s�s� �w�a�s� �i�n�s�e�r�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �s�o�c�k�e�t� �a�n�d� �t�h�e� �L�T�M� �c�o�n�e� �t�o� �p�r�e�v�e�n�t� �s�t�r�e�s�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �d�u�e� �t�o� �p�a�r�t�i�c�l�e�s� �a�n�d� �t�o� �r�e�d�u�c�e� �f�r�i�c�t�i�o�n�.� 

�T�h�e� �q�u�a�s�i�-�s�t�a�t�i�c� �l�o�a�d� �w�a�s� �a�p�p�l�i�e�d� �w�i�t�h� �a� �c�o�n�s�t�a�n�t� �d�i�s�p�l�a�c�e�m�e�n�t� �v�e�l�o�c�i�t�y� �o�f� �2�m�m�/�m�i�n� 

�u�n�t�i�l� �t�h�e� �c�o�l�l�a�p�s�e� �o�f� �t�h�e� �b�u�n�d�l�e�.� �T�h�e� �p�r�i�m�a�r�y� �o�u�t�p�u�t� �o�f� �t�h�e� �t�e�s�t� �w�a�s� �a� �l�o�a�d� �d�i�s�p�l�a�c�e�m�e�n�t� 

�c�u�r�v�e�.� �S�e�c�o�n�d�a�r�y� �i�n�f�o�r�m�a�t�i�o�n� �w�a�s� �g�a�i�n�e�d� �b�y� �t�h�e� �s�t�r�a�i�n� �g�a�g�e�s� �t�h�a�t� �w�e�r�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� 

�s�t�e�e�l� �s�o�c�k�e�t�.� �A�g�a�i�n�,� �a�n� �a�c�o�u�s�t�i�c� �e�m�i�s�s�i�o�n� �m�e�a�s�u�r�e�m�e�n�t� �w�a�s� �p�e�r�f�o�r�m�e�d�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g�,� 

�a� �s�u�m�m�a�r�i�z�e�d� �d�e�s�c�r�i�p�t�i�o�n� �i�s� �g�i�v�e�n� �o�f� �e�a�c�h� �t�e�s�t�.� 

�4�.�3�.�3� �R�e�s�u�l�t�s� 

�F�o�r� �a�l�l� �o�f� �t�h�e� �t�e�s�t�s�,� �t�h�e� �s�a�m�e� �s�o�c�k�e�t� �w�a�s� �u�s�e�d�.� �T�h�e� �s�o�c�k�e�t� �g�e�o�m�e�t�r�y� �i�s� �g�i�v�e�n� �i�n� 

�F�i�g�u�r�e� �4�.�2�2�.� �T�h�e� �r�e�s�i�n� �s�y�s�t�e�m� �u�s�e�d� �f�o�r� �t�h�e� �L�T�M� �i�s� �c�o�m�p�o�s�e�d� �o�f� �4� �d�i�f�f�e�r�e�n�t� �c�o�m�p�o�n�e�n�t�s�.� 

�T�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �s�y�s�t�e�m� �c�a�n� �b�e� �c�o�n�t�r�o�l�l�e�d� �w�i�t�h�i�n� �a� �c�e�r�t�a�i�n� �r�a�n�g�e�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� 
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�t�e�s�t�s� �t�h�e� �r�e�s�i�n� �s�y�s�t�e�m� �h�a�s� �b�e�e�n� �m�o�d�i�f�i�e�d� �i�n� �o�r�d�e�r� �t�o� �f�i�n�d� �t�h�e� �m�o�s�t� �s�u�i�t�a�b�l�e� �p�r�o�p�e�r�t�i�e�s�.� 

�A�l�s�o�,� �t�h�e�r�e� �a�r�e� �t�w�o� �t�e�s�t�s� �w�i�t�h�o�u�t� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �b�e�t�w�e�e�n� �t�h�e� �w�i�r�e�s�,� �t�w�o� �t�e�s�t�s� 

�w�i�t�h�o�u�t� �t�h�e� �p�u�r�e� �r�e�s�i�n� �c�o�l�l�a�r� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �a�n�c�h�o�r�,� �a�n�d� �t�w�o� �t�e�s�t�s� �u�s�e� �t�h�e�  ��n�e�w �� 

�c�a�r�b�o�n� �f�i�b�e�r� �w�i�r�e�s�.� �T�a�b�l�e� �4�.�3� �g�i�v�e�s� �a�n� �o�v�e�r�v�i�e�w� �o�f� �t�h�e� �t�e�s�t�s� �w�h�i�c�h� �w�e�r�e� �p�e�r�f�o�r�m�e�d�.� 

�T�a�b�l�e� �4�.�3� �O�v�e�r�v�i�e�w� �o�f� �t�h�e� �t�e�s�t� �m�a�t�r�i�x� 

� � 

� � 

� � 

�T�e�s�t� �I� �I� �T�i�l� �I�V� �V�v� �V�I� 

�w�i�r�e� �t�y�p�e�  ��o�l�d ��  ��n�e�w �� �|�  ��o�l�d�  ��o�l�d ��  ��o�l�d ��  ��n�e�w�'� 

�r�e�s�i�n� �s�y�s�t�e�m� �s�t�a�n�d�.� �|� �m�o�d�.� �|� �s�t�a�n�d�.� �|� �s�t�a�n�d�.� �|� �s�t�a�n�d�.� �|� �s�t�a�n�d�.� 
� � 

�c�o�l�l�a�r�  ��|� �}� �4�]�  ��|� �-� �-� 

�s�u�p�.� �w�i�r�e�s� �1�]� �J� �J�  ��|� �-� �-� 

�f�a�i�l�u�r�e� �l�o�a�d� �[�K�N�]� �}� �8�1�5� �6�5�5� �8�0�0� �8�4�5� �7�0�5� �6�5�5� 

� � 

� � � � � � � � � � � � � � � � � � � � 

�T�h�e� �t�h�e�o�r�e�t�i�c�a�l� �f�a�i�l�u�r�e� �l�o�a�d� �f�o�r� �1�9� �w�i�r�e�s� �i�s� �8�5�5� �K�N�.� �T�h�e� �t�e�s�t� �r�e�s�u�l�t�s� �a�r�e� �p�r�o�m�i�s�i�n�g�;� 

�T�h�r�e�e� �e�x�p�e�r�i�m�e�n�t�s� �d�e�l�i�v�e�r�e�d� �r�e�s�u�l�t�s� �a�b�o�v�e� �t�h�e� �d�e�m�a�n�d�e�d� �9�2�%� �o�f� �t�h�e� �m�a�x�i�m�u�m� �f�a�i�l�u�r�e� 

�l�o�a�d�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�r�e� �a�b�s�o�l�u�t�e�l�y� �r�e�p�e�a�t�a�b�l�e�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �g�i�v�e�s� �a� �s�h�o�r�t� �d�e�s�c�r�i�p�t�i�o�n� �o�f� 

�e�a�c�h� �t�e�s�t� �a�n�d� �i�t�s� �r�e�s�u�l�t�s�.� 

�T�e�s�t� �I� 
� � 

�T�h�e� �s�a�m�p�l�e� �o�f� �t�h�e� �f�i�r�s�t� �t�e�s�t� �i�s� �m�a�d�e� �w�i�t�h� �t�h�e�  ��o�l�d �� �w�i�r�e� �t�y�p�e� �a�n�d� �c�o�n�t�a�i�n�s� �t�h�e� 

�s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s�,� �s�e�e� �F�i�g�.� �4�.�2�3�.� �T�h�e� �a�n�c�h�o�r� �h�a�s� �a� �p�u�r�e� �r�e�s�i�n� �c�o�l�l�a�r� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �a�n�d� �i�s� 

�p�a�r�t�i�a�l�l�y� �f�i�l�l�e�d� �w�i�t�h� �a�l�u�m�i�n�u�m� �o�x�i�d�e� �g�r�a�n�u�l�e�s�,� �s�e�e� �F�i�g�.� �4�.�2�4�.� �T�h�e� �a�n�c�h�o�r� �i�s� �c�u�r�e�d� �f�o�r� �6� 

�h�o�u�r�s� �a�t� �1�2�0�°� �C�.� �T�h�e� �f�a�i�l�u�r�e� �o�c�c�u�r�r�e�d� �a�t� �9�6�%� �o�f� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �m�a�x�i�m�u�m� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� 

�o�f� �t�h�e� �b�u�n�d�l�e�.� �A�t� �7�4�5� �k�N� �a�n�d� �7�5�5� �k�N�,� �f�i�r�s�t� �f�a�i�l�u�r�e�s� �c�a�n� �b�e� �o�b�s�e�r�v�e�d� �f�r�o�m� �t�h�e� �l�o�a�d� 

�d�i�s�p�l�a�c�e�m�e�n�t� �d�i�a�g�r�a�m�.� �A� �c�l�o�s�e�r� �i�n�s�p�e�c�t�i�o�n� �o�f� �t�h�e� �a�n�c�h�o�r� �s�h�o�w�s� �t�h�a�t� �t�h�e� �h�i�g�h� �a�x�i�a�l� �s�t�r�a�i�n� 

�o�f� �t�h�e� �w�i�r�e�s� �l�e�a�d�s� �t�o� �c�i�r�c�u�m�f�e�r�e�n�c�i�a�l� �c�r�a�c�k�s� �i�n� �t�h�e� �c�o�l�l�a�r� �a�n�d� �t�h�e� �u�n�f�i�l�l�e�d� �m�a�t�r�i�x�,� �s�e�e� �F�i�g�.� 

�4�.�2�5�.� �H�o�w�e�v�e�r�,� �a� �c�l�e�a�r� �s�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �f�i�l�l�e�d� �a�n�d� �u�n�f�i�l�l�e�d� �p�a�r�t� �o�f� �t�h�e� �L�T�M� �i�s� �n�o�t� �v�i�s�i�b�l�e�.� 

�T�h�e� �b�r�e�a�k� �a�p�p�e�a�r�s� �t�o� �b�e� �t�r�i�g�g�e�r�e�d� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t�.� �D�u�e� �t�o� �t�h�e� �h�i�g�h� �r�e�l�e�a�s�e� 

�o�f� �e�n�e�r�g�y� �a�t� �t�h�e� �b�r�e�a�k� �i�t�s�e�l�f�,� �t�h�e� �a�n�c�h�o�r� �i�s� �d�e�s�t�r�o�y�e�d� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d�.� �T�h�i�s� �i�s� �a� �s�e�c�o�n�d�a�r�y� 

�d�e�s�t�r�u�c�t�i�o�n� �w�h�i�c�h� �m�a�k�e�s� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�r�m�i�n�e� �a�f�t�e�r�w�a�r�d�s� �t�h�e� �r�e�a�s�o�n� �f�o�r� �f�a�i�l�u�r�e�.� 
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�T�e�s�t� �I�l� 

�I�n� �t�h�e� �s�e�c�o�n�d� �t�e�s�t�,� �t�h�e� �'�n�e�w�'� �w�i�r�e� �t�y�p�e� �i�s� �u�s�e�d�,� �t�h�e� �r�e�s�i�n� �s�y�s�t�e�m� �i�s� �s�l�i�g�h�t�l�y� �m�o�d�i�f�i�e�d� 

�a�n�d� �t�h�e� �f�i�l�l�e�r� �i�s� �c�h�a�n�g�e�d� �t�o� �a�n�o�t�h�e�r� �m�a�n�u�f�a�c�t�u�r�e�r�.� �T�h�e� �g�e�o�m�e�t�r�y� �a�n�d� �t�h�e� �s�e�t� �u�p� �a�r�e� 

�s�i�m�i�l�a�r� �t�o� �T�e�s�t� �I�.� �T�h�e� �f�a�i�l�u�r�e� �i�s� �c�a�t�a�s�t�r�o�p�h�i�c�,� �w�i�t�h�o�u�t� �a� �w�a�r�n�i�n�g�,� �a�t� �a� �l�o�a�d� �o�f� �6�5�5� �k�N�.� �T�h�i�s� 

�i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �7�7�%� �o�f� �t�h�e� �m�a�x�i�m�u�m� �l�o�a�d� �c�a�p�a�c�i�t�y�.� �T�h�e� �a�l�l� �w�i�r�e�s� �f�a�i�l� �o�u�t�s�i�d�e� �t�h�e� �a�n�c�h�o�r�,� 

�e�x�c�e�p�t� �f�o�r� �o�n�e� �w�i�r�e� �w�h�i�c�h� �b�r�e�a�k�s� �i�n�s�i�d�e� �t�h�e� �L�T�M�.� 

�T�e�s�t� �I�]� 

�T�h�e� �s�a�m�e� �r�e�s�i�n� �s�y�s�t�e�m� �a�n�d� �t�h�e� �w�i�r�e�s� �a�s� �i�n� �T�e�s�t� �I� �a�r�e� �u�s�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� 

�r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �o�f� �t�h�e� �r�e�s�u�l�t�s�.� �T�h�e� �a�l�u�m�i�n�u�m� �o�x�i�d�e� �f�i�l�l�e�r� �i�s� �d�e�l�i�v�e�r�e�d� �f�r�o�m� �t�h�e� �n�e�w� 

�p�r�o�d�u�c�e�r�,� �a�s� �i�n� �T�e�s�t� �I�I�.� �T�h�e� �f�a�i�l�u�r�e� �o�c�c�u�r�s� �i�n� �s�t�e�p�s� �a�s� �b�e�f�o�r�e� �i�n� �T�e�s�t� �I�.� �T�h�e� �u�l�t�i�m�a�t�e� �b�r�e�a�k� 

�d�o�w�n� �i�s� �a�t� �a� �l�o�a�d� �o�f� �8�0�0� �K�N� �o�r� �9�4� �%� �o�f� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�e�n�g�t�h�.� �I�n� �o�r�d�e�r� �t�o� �h�a�v�e� �a� 

�S�t�a�t�i�s�t�i�c�a�l� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �t�h�e� �o�b�t�a�i�n�e�d� �r�e�s�u�l�t�s�,� �a� �t�h�i�r�d� �t�e�s�t� �i�s� �p�e�r�f�o�r�m�e�d�.� 

�T�e�s�t� �I�V� 

�T�e�s�t� �I�V� �h�a�d� �a�n� �i�d�e�n�t�i�c�a�l� �s�e�t�-�u�p� �a�s� �T�e�s�t� �I�I�I�.� �T�h�e� �f�a�i�l�u�r�e� �h�a�p�p�e�n�e�d� �a�t� �8�4�5� �K�N� �w�h�i�c�h� �i�s� 

�9�8�%� �o�f� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �p�o�s�s�i�b�l�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �b�u�n�d�l�e�.� �A�g�a�i�n�,� �t�h�e�r�e� �w�a�s� �n�o� �o�b�v�i�o�u�s� �s�p�l�i�t� 

�o�f� �t�h�e� �f�i�l�l�e�d� �a�n�d� �u�n�f�i�l�l�e�d� �r�e�g�i�o�n� �o�f� �t�h�e� �L�T�M�.� �T�h�e� �p�u�r�e� �r�e�s�i�n� �p�a�r�t� �o�f� �t�h�e� �L�T�M� �s�t�a�r�t�e�d� 

�c�r�a�c�k�i�n�g� �a�s� �s�o�o�n� �a�s� �t�h�e� �l�o�a�d� �w�a�s� �a�p�p�l�i�e�d� �a�n�d� �a� �d�e�l�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �w�i�r�e�s� �i�n� �t�h�e� �c�o�l�l�a�r� 

�c�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d�.� �I�t� �i�s� �n�o�t� �k�n�o�w�n� �i�f� �t�h�e� �c�r�a�c�k�s� �i�n� �t�h�e� �f�r�o�n�t� �p�a�r�t� �o�f� �t�h�e� �L�T�M� �i�n�s�i�d�e� �t�h�e� 

�s�o�c�k�e�t� �w�e�r�e� �c�r�e�a�t�e�d� �w�h�i�l�e� �l�o�a�d�i�n�g� �t�h�e� �s�p�e�c�i�m�e�n� �o�r� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �r�e�c�o�i�l� �a�t� �t�h�e� �b�r�e�a�k�.� 

�H�o�w�e�v�e�r�,� �s�i�n�c�e� �a�l�l� �t�h�e� �c�r�a�c�k�s� �a�r�e� �c�i�r�c�u�m�f�e�r�e�n�c�i�a�l� �i�t� �b�e�c�o�m�e�s� �c�l�e�a�r� �t�h�a�t� �t�h�e�y� �w�e�r�e� �n�o�t� 

�c�r�e�a�t�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �e�x�c�e�e�d�i�n�g� �t�h�e� �r�a�d�i�a�l� �s�t�r�e�n�g�t�h�.� �I�t� �s�e�e�m�s� �t�h�a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �i�n�s�i�d�e� �t�h�e� 

�L�T�M� �b�e�t�w�e�e�n� �t�h�e� �f�i�l�l�e�d� �a�n�d� �u�n�f�i�l�l�e�d� �r�e�g�i�o�n� �d�o�e�s� �n�o�t� �c�r�e�a�t�e� �a� �d�e�s�t�r�u�c�t�i�v�e� �s�t�r�e�s�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�.� �I�n� �a� �n�e�x�t� �s�t�e�p�,� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �a�n�d� �t�h�e� �c�o�l�l�a�r� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� 

�a�n�c�h�o�r� �s�e�t� �u�p�.� 

�T�e�s�t� �V� 

�T�h�i�s� �e�x�p�e�r�i�m�e�n�t� �u�s�e�d� �t�h�e� �s�a�m�e� �a�r�r�a�n�g�e�m�e�n�t� �a�s� �T�e�s�t� �I�,� �I�I�I� �&� �I�V�.� �I�t� �i�s� �d�i�f�f�e�r�e�n�t� �i�n� �t�h�e� 

�r�e�m�o�v�a�l� �o�f� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �a�n�d� �t�h�e� �p�u�r�e� �r�e�s�i�n� �e�x�t�e�n�s�i�o�n� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �L�T�M� 
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�(�c�o�l�l�a�r�)�.� �I�t� �b�e�c�o�m�e�s� �o�b�v�i�o�u�s� �t�h�a�t� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �a�d�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �t�o� �t�h�e� �l�o�a�d� 

�c�a�p�a�c�i�t�y� �o�f� �t�h�e� �a�n�c�h�o�r�.� �T�h�e� �f�a�i�l�u�r�e� �o�c�c�u�r�r�e�d� �a�t� �7�0�5� �K�N� �o�f� �t�e�n�s�i�l�e� �l�o�a�d� �w�h�i�c�h� �i�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �8�2� �%� �o�f� �t�h�e� �m�a�x�i�m�u�m� �s�t�r�e�n�g�t�h�.� �T�h�e�r�e� �w�a�s� �n�o� �p�r�i�o�r� �d�a�m�a�g�e� �v�i�s�i�b�l�e�,� �t�h�e� 

�b�r�e�a�k� �d�o�w�n� �w�a�s� �c�a�t�a�s�t�r�o�p�h�i�c�.� 

�T�e�s�t� �V�I� 

�I�n� �o�r�d�e�r� �t�o� �e�s�t�a�b�l�i�s�h� �t�h�e� �s�t�a�t�e�m�e�n�t� �t�h�a�t� �t�h�e� �w�i�r�e�s� �o�f� �t�y�p�e� �'�n�e�w�'� �p�e�r�f�o�r�m�e�d� �l�e�s�s� �w�e�l�l� 

�t�h�a�n� �t�h�e� �w�i�r�e�s� �o�f� �t�y�p�e�  ��o�l�d ��,� �a�n� �i�d�e�n�t�i�c�a�l� �t�e�s�t� �t�o� �T�e�s�t� �V� �i�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �'�n�e�w�'� �w�i�r�e�s�.� 

�T�h�e� �w�i�r�e� �b�u�n�d�l�e� �c�o�l�l�a�p�s�e�s� �a�t� �6�5�5� �K�N� �w�h�i�c�h� �i�s� �o�n�l�y� �7�7�%� �o�f� �t�h�e� �m�a�x�i�m�u�m� �l�o�a�d� �c�a�p�a�c�i�t�y�.� 

�N�o� �d�a�m�a�g�e� �p�r�i�o�r� �t�o� �c�o�l�l�a�p�s�e� �i�s� �v�i�s�i�b�l�e� �o�n� �t�h�e� �l�o�a�d� �d�i�s�p�l�a�c�e�m�e�n�t� �p�l�o�t�s�.� 

�4�.�3�.�4� �C�o�n�c�l�u�s�i�o�n�s� 

�I�t� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�h�a�t� �a� �b�u�n�d�l�e� �o�f� �1�9� �w�i�r�e�s� �c�a�n� �b�e� �s�u�c�c�e�s�s�f�u�l�l�y� �a�n�c�h�o�r�e�d� �u�s�i�n�g� �t�h�e� 

�d�e�v�e�l�o�p�e�d� �s�y�s�t�e�m�.� �T�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �i�n� �b�e�t�w�e�e�n� �t�h�e� �w�i�r�e�s� �a�n�d� �t�h�e� �e�x�t�e�n�s�i�o�n� �o�f� �t�h�e� 

�p�u�r�e� �r�e�s�i�n� �r�e�g�i�o�n� �i�n� �f�r�o�n�t� �o�f� �t�h�e� �L�T�M� �a�r�e� �e�s�s�e�n�t�i�a�l� �t�o� �r�e�a�c�h� �a� �s�t�r�e�n�g�t�h� �a�b�o�v�e� �t�h�e� �9�2� �%� 

�m�a�r�k�.� �D�u�r�i�n�g� �t�h�e� �t�e�s�t� �i�t� �c�a�n� �b�e� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�h�e� �m�a�t�r�i�x� �c�o�l�l�a�r� �a�n�d� �t�h�e� �w�i�r�e�s� �d�e�l�a�m�i�n�a�t�e� 

�a�n�d� �c�i�r�c�u�m�f�e�r�e�n�c�i�a�l� �c�r�a�c�k�s� �a�p�p�e�a�r� �i�n� �t�h�e� �c�o�l�l�a�r�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �f�a�i�l�u�r�e� �s�t�r�a�i�n� �o�f� 

�t�h�e� �m�a�t�r�i�x� �i�s� �n�o�t� �s�u�f�f�i�c�i�e�n�t�l�y� �h�i�g�h�.� �T�h�e� �o�b�t�a�i�n�e�d� �r�e�s�u�l�t�s�,� �h�o�w�e�v�e�r�,� �s�h�o�w� �t�h�a�t� �t�h�e� 

�d�e�b�o�n�d�i�n�g� �a�n�d� �c�r�a�c�k�i�n�g� �d�o�e�s� �n�o�t� �i�n�f�l�u�e�n�c�e� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �b�u�n�d�l�e�.� 

�T�w�o� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �w�i�r�e�s�,� �t�y�p�e� �'�n�e�w�'� �a�n�d� �t�y�p�e�  ��o�l�d �� �a�r�e� �c�o�m�p�a�r�e�d�.� �T�h�e� 

�m�a�n�u�f�a�c�t�u�r�e�r� �o�f� �t�h�e� �w�i�r�e�s� �a�s�s�u�r�e�s� �t�h�a�t� �t�h�e�y� �a�r�e� �i�d�e�n�t�i�c�a�l�.� �V�i�s�u�a�l� �i�n�s�p�e�c�t�i�o�n� �d�i�s�c�l�o�s�e�s� �a� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �s�u�r�f�a�c�e� �f�i�n�i�s�h�i�n�g� �a�n�d� �t�h�e� �t�e�s�t�s� �i�n�d�i�c�a�t�e� �c�l�e�a�r�l�y� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�t�h�e�i�r� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r�.� 

�T�h�e� �o�b�s�e�r�v�a�t�i�o�n� �o�f� �t�h�e� �d�e�b�o�n�d�i�n�g� �a�n�d� �c�r�a�c�k�i�n�g� �o�f� �t�h�e� �c�o�l�l�a�r� �d�u�r�i�n�g� �t�h�e� �t�e�s�t� �l�e�a�d�s� �t�o� 

�t�h�e� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �c�a�n� �b�e� �l�e�f�t� �o�u�t�.� �T�h�e� �r�e�s�u�l�t�s� �s�h�o�w� �t�h�e� �c�o�n�t�r�a�r�y�.� 

�W�i�t�h�o�u�t� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s�,� �t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �f�i�l�l�e�d� 

�a�n�d� �t�h�e� �u�n�f�i�l�l�e�d� �L�T�M� �b�e�c�o�m�e�s� �s�o� �d�e�s�t�r�u�c�t�i�v�e�,� �t�h�a�t� �i�t� �t�r�i�g�g�e�r�s� �t�h�e� �f�a�i�l�u�r�e� �o�f� �t�h�e� �b�u�n�d�l�e�.� �A� 
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�c�o�m�p�u�t�e�r� �t�o�m�o�g�r�a�p�h�y� �i�s� �d�o�n�e� �w�i�t�h� �o�n�e� �o�f� �t�h�e� �a�n�c�h�o�r�s� �u�s�e�d� �f�o�r� �T�e�s�t� �V� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�e�x�a�c�t� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �b�r�e�a�k�s� �o�f� �t�h�e� �w�i�r�e�s�.� �F�i�g�u�r�e� �4�.�2�6� �s�h�o�w�s� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �z�o�n�e� �b�e�t�w�e�e�n� 

�t�h�e� �f�i�l�l�e�d� �a�n�d� �u�n�f�i�l�l�e�d� �r�e�g�i�o�n� �o�f� �t�h�e� �L�T�M�.� �T�h�e� �d�a�r�k� �s�p�o�t�s� �i�n�d�i�c�a�t�e� �t�h�e� �h�o�l�e�s� �o�f� �t�h�e� 

�m�i�s�s�i�n�g� �w�i�r�e�s�.� �T�h�e� �s�e�r�i�e�s� �o�f� �c�o�m�p�u�t�e�r� �t�o�m�o�g�r�a�p�h�i�c� �i�m�a�g�e�s� �s�h�o�w�s� �t�h�a�t� �t�h�e� �b�r�e�a�k�s� �t�a�k�e� 

�p�l�a�c�e� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� 

�T�h�e� �a�c�o�u�s�t�i�c� �e�m�i�s�s�i�o�n� �m�e�a�s�u�r�e�m�e�n�t� �f�o�r� �T�e�s�t� �V�I� �d�o�e�s� �n�o�t� �r�e�v�e�a�l� �n�e�w� �i�n�f�o�r�m�a�t�i�o�n�.� 

�T�h�e� �c�u�r�v�e�s� �s�h�o�w� �a�n� �i�n�c�r�e�a�s�e� �i�n� �e�m�i�s�s�i�o�n� �r�a�t�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �l�o�a�d�,� �b�u�t� �t�h�e�r�e� �i�s� �n�o� 

�w�a�r�n�i�n�g� �t�h�a�t� �i�n�d�i�c�a�t�e�s� �t�h�e� �n�e�a�r� �f�a�i�l�u�r�e�.� �I�n� �t�h�i�s� �w�a�y�,� �t�h�e� �a�c�o�u�s�t�i�c� �m�e�a�s�u�r�e�m�e�n�t� �i�s� �n�o�t� �a� 

�u�s�e�f�u�l� �t�o�o�l� �t�o� �m�o�n�i�t�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� �F�i�g�u�r�e� �4�.�2�7� �s�h�o�w�s� �a� �t�y�p�i�c�a�l� �c�u�r�v�e� �o�f� �e�m�i�s�s�i�o�n� �r�a�t�e� 

�v�e�r�s�u�s� �t�i�m�e�.� 

�I�t� �i�s� �m�e�n�t�i�o�n�e�d� �a�b�o�v�e� �t�h�a�t� �s�o�m�e� �o�f� �t�h�e� �t�e�s�t�s� �a�r�e� �m�o�n�i�t�o�r�e�d� �u�s�i�n�g� �s�t�r�a�i�n� �g�a�g�e�s�.� �T�h�e� 

�g�a�g�e�s� �a�r�e� �f�i�x�e�d� �o�n� �t�h�e� �s�t�e�e�l� �s�o�c�k�e�t� �a�n�d� �o�n� �t�h�e� �w�i�r�e�s�.� �F�i�g�u�r�e� �4�.�2�8� �s�h�o�w�s� �t�h�e� �a�r�r�a�n�g�e�m�e�n�t� 

�o�f� �t�h�e� �g�a�g�e�s�.� �T�h�e� �r�e�s�u�l�t�s� �g�i�v�e� �d�i�r�e�c�t� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �t�h�e� �s�t�a�t�e� �o�f� �s�t�r�a�i�n� �a�t� �t�h�e� �p�o�i�n�t�s� 

�w�h�e�r�e� �t�h�e� �g�a�g�e�s� �a�r�e� �f�i�x�e�d� �t�o� �t�h�e� �s�o�c�k�e�t�.� �T�h�e� �r�e�s�u�l�t�s� �d�o� �n�o�t� �p�r�o�v�i�d�e� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �t�h�e� 

�s�t�a�t�e� �o�f� �s�t�r�a�i�n� �o�r� �s�t�r�e�s�s� �i�n�s�i�d�e� �t�h�e� �c�y�l�i�n�d�e�r�.� �I�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �u�s�e� �t�h�e� �r�e�s�u�l�t�s� �a�s� �b�o�u�n�d�a�r�y� 

�c�o�n�d�i�t�i�o�n�s� �f�o�r� �a� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s� �a�n�d� �o�b�t�a�i�n� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n�s�i�d�e� �t�h�e� �s�o�c�k�e�t�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �t�h�a�t� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �a�p�p�l�y�i�n�g� �t�h�i�s� �m�e�t�h�o�d� �d�o�e�s� �n�o�t� �j�u�s�t�i�f�y� 

�t�h�e� �e�f�f�o�r�t�.� 

�4�.�4� �S�u�m�m�a�r�y� 

�T�h�e� �t�e�s�t� �r�e�s�u�l�t�s� �s�u�p�p�o�r�t� �s�e�v�e�r�a�l� �s�t�a�t�e�m�e�n�t�s� �a�b�o�u�t� �t�h�e� �f�e�a�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �p�r�o�j�e�c�t�.� �I�t� �i�s� 

�d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �b�u�n�d�l�e�s� �o�f� �1�9� �w�i�r�e�s� �c�a�n� �b�e� �s�u�c�c�e�s�s�f�u�l�l�y� �p�r�o�d�u�c�e�d� �a�n�d� �t�e�s�t�e�d�.� �I�t� �a�l�s�o� 

�s�h�o�w�s� �t�h�a�t� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �r�e�p�e�a�t�a�b�l�e�.� �T�h�e�r�e� �a�r�e� �h�o�w�e�v�e�r� �s�o�m�e� �d�i�f�f�i�c�u�l�t�i�e�s� �t�h�a�t� �m�u�s�t� �s�t�i�l�l� 

�b�e� �o�v�e�r�c�o�m�e�.� 

�T�h�e� �d�i�f�f�e�r�e�n�t� �e�x�p�e�r�i�m�e�n�t�s� �i�n�d�i�c�a�t�e� �t�h�e� �s�i�g�n�i�f�i�c�a�n�c�e� �i�n� �m�a�t�e�r�i�a�l� �c�h�o�i�c�e� �f�o�r� �b�o�t�h� �t�h�e� 

�w�i�r�e�s� �a�n�d� �t�h�e� �L�T�M�.� �E�v�e�n� �a� �s�l�i�g�h�t� �v�a�r�i�a�t�i�o�n� �i�n� �t�h�e� �m�a�t�e�r�i�a�l� �p�a�r�a�m�e�t�e�r�s� �m�i�g�h�t� �l�e�a�d� �t�o� �a� 

�r�e�d�u�c�t�i�o�n� �o�f� �l�o�a�d� �c�a�p�a�c�i�t�y�.� �T�h�i�s� �c�a�n� �b�e� �a� �f�u�r�t�h�e�r� �p�r�o�b�l�e�m� �i�n� �q�u�a�l�i�t�y� �c�o�n�t�r�o�l�.� 
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�T�h�e� �u�s�e� �o�f� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �w�i�r�e�s� �s�a�t�i�s�f�i�e�s� �t�h�e� �n�e�e�d� �t�o� �r�e�d�u�c�e� �t�h�e� �a�v�e�r�a�g�e� �s�t�r�e�s�s� �l�e�v�e�l� �i�n� 

�t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �a�n�c�h�o�r� �a�n�d� �h�e�l�p�s� �t�o� �t�r�a�n�s�f�e�r� �t�h�e� �s�t�r�e�s�s� �t�h�r�o�u�g�h� �t�h�e� �i�n�t�e�r�f�a�c�e�.� 

�H�o�w�e�v�e�r�,� �i�t� �i�s� �e�s�s�e�n�t�i�a�l� �t�o� �d�e�v�e�l�o�p� �a�n� �L�T�M� �w�i�t�h� �a� �v�a�r�i�a�b�l�e� �s�t�i�f�f�n�e�s�s�.� �T�h�i�s� �c�a�n� �b�e� �d�o�n�e� �b�y� 

�c�o�a�t�i�n�g� �t�h�e� �f�i�l�l�e�r� �w�i�t�h� �t�h�e� �s�a�m�e� �r�e�s�i�n� �s�y�s�t�e�m� �t�h�a�t� �i�s� �u�s�e�d� �f�o�r� �t�h�e� �L�T�M�.� �D�i�f�f�e�r�e�n�t� �s�i�z�e�s� �o�f� 

�c�o�a�t�i�n�g� �w�i�l�l� �r�e�s�u�l�t� �i�n� �a� �d�i�f�f�e�r�e�n�t� �p�a�c�k�a�g�e� �d�e�n�s�i�t�y� �o�f� �t�h�e� �a�l�u�m�i�n�u�m� �o�x�i�d�e� �g�r�a�n�u�l�e�s� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �t�o� �a� �d�i�f�f�e�r�e�n�t� �s�t�i�f�f�n�e�s�s�.� 

�T�h�r�o�u�g�h�o�u�t� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �i�t� �h�a�s� �b�e�c�o�m�e� �c�l�e�a�r� �t�h�a�t� �t�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� �i�n�f�o�r�m�a�t�i�o�n� 

�o�b�t�a�i�n�e�d� �i�s� �r�e�l�a�t�i�v�e�l�y� �p�o�o�r� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �c�o�s�t�s� �a�n�d� �e�f�f�o�r�t� �o�f� �t�h�e� �t�e�s�t�s�.� �A� �s�t�a�t�e�m�e�n�t� �c�a�n� 

�b�e� �m�a�d�e� �a�b�o�u�t� �t�h�e� �f�a�i�l�u�r�e� �l�o�a�d�.� �T�h�e� �l�o�a�d� �d�i�s�p�l�a�c�e�m�e�n�t� �c�u�r�v�e� �g�i�v�e�s� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� 

�i�r�r�e�g�u�l�a�r�i�t�i�e�s� �d�u�r�i�n�g� �t�h�e� �l�o�a�d�i�n�g� �p�e�r�i�o�d�.� �A�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �t�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �f�a�i�l�u�r�e� �i�s� 

�d�i�f�f�i�c�u�l�t�.� �T�h�e� �r�e�l�e�a�s�e� �o�f� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �l�e�a�d�s� �t�o� �a� �s�u�d�d�e�n� �r�e�c�o�i�l� �t�h�a�t� �d�a�m�a�g�e�s� �t�h�e� 

�a�n�c�h�o�r� �t�o� �a�n� �e�x�t�e�n�t� �w�h�e�r�e� �i�t� �i�s� �n�o�t� �c�l�e�a�r� �a�n�y�m�o�r�e� �w�h�i�c�h� �d�a�m�a�g�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �t�e�s�t� �a�n�d� 

�w�h�i�c�h� �f�r�o�m� �t�h�e� �r�e�c�o�i�l�.� �A�d�d�i�t�i�o�n�a�l� �m�e�t�h�o�d�s� �o�f� �g�a�t�h�e�r�i�n�g� �i�n�f�o�r�m�a�t�i�o�n� �l�i�k�e� �a�c�o�u�s�t�i�c� 

�e�m�i�s�s�i�o�n� �m�e�a�s�u�r�e�m�e�n�t� �o�r� �s�t�r�a�i�n� �g�a�g�e�s� �d�o� �n�o�t� �d�i�s�c�l�o�s�e� �m�o�r�e� �i�n�f�o�r�m�a�t�i�o�n� �a�n�d� �h�a�v�e� �b�e�e�n� 

�p�r�o�v�e�n� �t�o� �b�e� �i�n�e�f�f�i�c�i�e�n�t�.� 
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�C�H�A�P�T�E�R� �5�.� �N�U�M�E�R�I�C�A�L� �A�N�A�L�Y�S�I�S� 

�5�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a�n� �a�n�c�h�o�r� �s�y�s�t�e�m� �o�f� �o�r�t�h�o�t�r�o�p�i�c� �w�i�r�e�s� �r�a�i�s�e�s� �s�e�v�e�r�a�l� �p�r�o�b�l�e�m�s� 

�r�e�l�a�t�e�d� �t�o� �t�h�e� �t�h�r�e�e� �d�i�m�e�n�s�i�o�n�a�l� �s�t�r�e�s�s� �a�n�d� �s�t�r�a�i�n� �f�i�e�l�d�s� �i�n� �t�h�e� �a�n�c�h�o�r�.� �D�u�e� �t�o� �t�h�e� �l�a�c�k� �o�f� 

�e�f�f�i�c�i�e�n�t� �m�e�a�s�u�r�e�m�e�n�t� �m�e�t�h�o�d�s�,� �e�x�p�e�r�i�m�e�n�t�s� �d�o� �n�o�t� �p�r�o�v�i�d�e� �r�e�s�u�l�t�s� �t�h�a�t� �l�e�a�d� �t�o� �a� 

�d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �s�t�r�e�s�s� �a�n�d� �s�t�r�a�i�n� �f�i�e�l�d�s�.� �T�h�e� �a�n�a�l�y�t�i�c�a�l� �s�o�l�u�t�i�o�n� �t�h�a�t� �d�e�s�c�r�i�b�e�s� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�t�r�e�s�s�e�s� �a�n�d� �s�t�r�a�i�n�s� �g�i�v�e�s� �a�l�l� �t�h�e� �n�e�c�e�s�s�a�r�y� �i�n�f�o�r�m�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� 

�m�a�t�h�e�m�a�t�i�c�a�l� �d�i�f�f�i�c�u�l�t�i�e�s� �p�r�e�v�e�n�t� �m�o�d�e�l�i�n�g� �t�h�e� �e�x�a�c�t� �g�e�o�m�e�t�r�y� �t�h�a�t� �i�s� �u�s�e�d� �i�n� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e�r�e�f�o�r�e�,� �a� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �M�e�t�h�o�d� �a�n�a�l�y�s�i�s� �(�F�E�M�)� �i�s� �p�e�r�f�o�r�m�e�d� �t�o� �v�e�r�i�f�y� 

�t�h�e� �o�b�t�a�i�n�e�d� �a�n�a�l�y�t�i�c�a�l� �r�e�s�u�l�t�s�.� 

�T�h�e�r�e� �a�p�p�e�a�r�s� �t�o� �b�e� �v�e�r�y� �l�i�t�t�l�e� �p�u�b�l�i�s�h�e�d� �o�n� �t�h�e� �n�u�m�e�r�i�c�a�l� �a�n�a�l�y�s�i�s� �o�f� �w�i�r�e� �a�n�c�h�o�r�s�.� 

�T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �b�o�o�k�s� �a�v�a�i�l�a�b�l�e� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�w�i�s�t�e�d� �s�t�e�e�l� �c�a�b�l�e�s�.� 

�H�o�w�e�v�e�r�,� �n�o�n�e� �o�f� �t�h�e�m� �d�e�s�c�r�i�b�e�s� �t�h�e� �a�n�c�h�o�r� �s�y�s�t�e�m� �o�r� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �i�t�.� �A� �n�u�m�e�r�i�c�a�l� 

�a�n�a�l�y�s�i�s� �o�f� �a�n� �i�s�o�t�r�o�p�i�c� �a�n�c�h�o�r� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �K�i�m� �[�!�7�]� �w�h�o� �m�o�d�e�l�s� �a� �s�i�n�g�l�e� �w�i�r�e� 

�e�m�b�e�d�d�e�d� �i�n� �a� �c�o�n�i�c�a�l� �a�n�c�h�o�r� �s�i�m�i�l�a�r� �t�o� �t�h�e� �o�n�e� �u�s�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �a�n�a�l�y�s�i�s�.� �K�i�m�'�s� �m�o�d�e�l� 

�i�s� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l�,� �i�.�e�.� �a�x�i�s�y�m�m�e�t�r�i�c�,� �a�n�d� �d�o�e�s� �n�o�t� �i�n�c�l�u�d�e� �o�r�t�h�o�t�r�o�p�i�c� �m�a�t�e�r�i�a�l� �f�o�r� �t�h�e� 

�w�i�r�e�.� �T�h�e� �r�e�s�u�l�t�s� �K�i�m� �o�b�t�a�i�n�s� �a�r�e� �t�h�e�r�e�f�o�r�e� �n�o�t� �a�p�p�l�i�c�a�b�l�e� �t�o� �t�h�e� �g�i�v�e�n� �p�r�o�b�l�e�m�.� �I�n� �t�h�e� 

�c�a�s�e� �o�f� �a�n�c�h�o�r�i�n�g� �a�n� �o�r�t�h�o�t�r�o�p�i�c� �w�i�r�e� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �b�u�i�l�d� �a� �n�e�w� �m�o�d�e�l� �t�h�a�t� �c�o�n�s�i�d�e�r�s� �t�h�e� 

�a�n�i�s�o�t�r�o�p�y� �o�f� �t�h�e� �w�i�r�e� �a�n�d� �a�n�c�h�o�r� �m�a�t�e�r�i�a�l�s�,� �a�n�d� �t�h�a�t� �a�l�s�o� �d�e�s�c�r�i�b�e�s� �t�h�e� �c�o�r�r�e�c�t� �b�o�u�n�d�a�r�y� 

�c�o�n�d�i�t�i�o�n�s�.� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �s�t�u�d�y� �i�s� �t�o� �d�e�v�e�l�o�p� �a�n�d� �c�o�n�d�u�c�t� �a� �l�i�n�e�a�r� �e�l�a�s�t�i�c� �f�i�n�i�t�e� �e�l�e�m�e�n�t� 

�a�n�a�l�y�s�i�s� �t�h�a�t� �d�e�s�c�r�i�b�e�s� �r�e�a�l�i�s�t�i�c�a�l�l�y� �t�h�e� �g�e�o�m�e�t�r�y� �u�s�e�d�.� �S�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �m�o�d�e�l�s� �a�n�d� �t�w�o� 

�d�i�f�f�e�r�e�n�t� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e�s� �a�r�e� �u�s�e�d�.� �F�i�r�s�t�,� �a�n� �a�x�i�s�y�m�m�e�t�r�i�c� �a�n�a�l�y�s�i�s� �i�s� 

�p�e�r�f�o�r�m�e�d� �w�i�t�h� �a� �l�o�a�d�e�d� �s�i�n�g�l�e� �c�e�n�t�e�r� �w�i�r�e� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �m�e�s�h� �s�i�z�e�s�.� �T�h�i�s� �p�r�o�v�i�d�e�s� 

�i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �d�e�p�e�n�d�e�n�c�y� �o�f� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �u�s�e�d� �m�e�s�h� �s�i�z�e� �i�n� �t�h�e� �a�n�a�l�y�s�i�s�.� �I�n�a� 

�s�u�b�s�e�q�u�e�n�t� �a�n�a�l�y�s�i�s�,� �a� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e� �t�u�b�e� �i�s� �a�d�d�e�d� �t�o� �t�h�e� �e�x�i�s�t�i�n�g� �m�o�d�e�l�.� �I�n� �o�n�e� �c�a�s�e� 

�t�h�i�s� �t�u�b�e� �i�s� �n�o�t� �l�o�a�d�e�d� �w�h�e�r�e�a�s� �i�n� �t�h�e� �o�t�h�e�r� �c�a�s�e� �t�h�e� �t�u�b�e� �i�s� �l�o�a�d�e�d�.� �T�h�i�s� �s�h�o�w�s� �t�h�e� 

�i�n�f�l�u�e�n�c�e� �o�f� �a�n� �a�d�d�e�d�,� �l�o�a�d�e�d� �t�u�b�e� �o�n� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�.� �A�l�l� �t�h�e� �a�n�a�l�y�s�e�s� �d�e�s�c�r�i�b�e�d� 
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�a�b�o�v�e� �a�r�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �t�w�o� �d�i�f�f�e�r�e�n�t� �s�e�t�s� �o�f� �m�a�t�e�r�i�a�l�,� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �a�n�d� �c�a�r�b�o�n�/�e�p�o�x�y� 

�u�s�i�n�g� �t�h�e� �A�B�A�Q�U�S� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �c�o�d�e� �t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� �P�A�T�R�A�N� �p�r�e�-� �a�n�d� �p�o�s�t�-� 

�p�r�o�c�e�s�s�o�r�.� �T�h�e�s�e� �a�r�e� �p�r�e�l�i�m�i�n�a�r�y� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �t�h�a�t� �p�r�o�v�i�d�e� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �h�o�w� �a� �F�E�M� 

�m�o�d�e�l� �h�a�s� �t�o� �b�e� �b�u�i�l�t� �i�n� �o�r�d�e�r� �t�o� �m�a�p� �r�e�a�l�i�s�t�i�c�a�l�l�y� �t�h�e� �a�n�c�h�o�r� �u�s�e�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �I�n�a� 

�t�h�i�r�d� �a�n�a�l�y�s�i�s�,� �a� �s�y�m�m�e�t�r�i�c� �w�i�r�e� �o�f� �1�9� �l�o�a�d�e�d� �w�i�r�e�s� �i�s� �m�o�d�e�l�e�d�.� �T�h�e� �g�e�o�m�e�t�r�y� �i�s� �s�i�m�i�l�a�r� �t�o� 

�t�h�e� �o�n�e� �u�s�e�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �p�r�e�v�i�o�u�s�l�y� �o�b�t�a�i�n�e�d� �i�n�f�o�r�m�a�t�i�o�n� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� 

�o�p�t�i�m�i�z�e� �t�h�i�s� �m�o�d�e�l�.� �T�h�e� �a�n�c�h�o�r� �s�y�s�t�e�m� �i�s� �d�e�s�c�r�i�b�e�d� �a�s� �t�w�o� �c�o�n�t�a�c�t� �b�o�d�i�e�s�.� �F�o�r� �t�h�i�s� 

�a�n�a�l�y�s�i�s� �t�h�e� �M�A�R�C� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �c�o�d�e� �i�s� �u�s�e�d� �t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� �M�E�N�T�A�T� �p�r�e�-� �a�n�d� �p�o�s�t�-� 

�p�r�o�c�e�s�s�o�r�.� 

�5�.�2� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �M�o�d�e�l�s� 

�5�.�2�.�1� �P�r�e�l�i�m�i�n�a�r�y� �M�o�d�e�l� �[� 

�T�h�e� �f�i�r�s�t� �a�n�a�l�y�s�i�s� �i�s� �p�e�r�f�o�r�m�e�d� �i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �h�o�w� �t�h�e� �m�o�d�e�l� 

�b�e�h�a�v�e�s� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �m�e�s�h� �s�i�z�e�s�.� �T�h�e� �a�n�a�l�y�s�i�s� �i�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �A�B�A�Q�U�S� �F�E�M� 

�c�o�d�e� �a�n�d� �P�A�T�R�A�N� �p�r�e�-� �a�n�d� �p�o�s�t�-�p�r�o�c�e�s�s�o�r� �c�o�d�e�.� �T�h�e� �a�u�t�h�o�r� �w�o�u�l�d� �l�i�k�e� �t�o� �t�h�a�n�k� �D�r�.� �T�s�a�i� 

�f�o�r� �h�i�s� �h�e�l�p� �f�o�r� �t�h�i�s� �a�n�a�l�y�s�i�s�.� �F�i�v�e� �d�i�f�f�e�r�e�n�t� �c�a�s�e�s� �a�r�e� �m�o�d�e�l�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�-� �C�a�s�e� �I�:� �G�l�o�b�a�l� �a�n�a�l�y�s�i�s�,� �i�n�c�l�u�d�i�n�g� �a� �l�o�a�d�e�d� �s�i�n�g�l�e� �c�e�n�t�e�r� �w�i�r�e� �e�m�b�e�d�d�e�d� �i�n� �a� �L�o�a�d� 

�T�r�a�n�s�f�e�r� �M�e�d�i�a� �(�L�T�M�)� �w�h�i�c�h� �s�i�t�s� �i�n� �a� �s�t�e�e�l� �s�o�c�k�e�t�,� �s�e�e� �F�i�g�u�r�e� �5�.�1�.� �T�h�i�s� �a�n�a�l�y�s�i�s� 

�g�i�v�e�s� �a� �g�e�n�e�r�a�l� �o�v�e�r�v�i�e�w� �o�f� �t�h�e� �s�t�r�e�s�s� �a�n�d� �s�t�r�a�i�n� �c�o�n�d�i�t�i�o�n�s� �i�n�s�i�d�e� �t�h�e� �a�n�c�h�o�r�.� 

�-� �C�a�s�e� �I�I�:� �L�o�c�a�l� �a�n�a�l�y�s�i�s�,� �r�e�d�u�c�e�d� �m�o�d�e�l� �w�i�t�h� �t�h�e� �s�a�m�e� �m�e�s�h� �s�i�z�e� �a�s� �i�n� �C�a�s�e� �I� �(�c�o�u�r�s�e� 

�m�e�s�h�)�,� �i�n�c�l�u�d�i�n�g� �o�n�l�y� �t�h�e� �l�o�a�d�e�d� �s�i�n�g�l�e� �w�i�r�e� �a�n�d� �t�h�e� �L�T�M�,� �s�e�e� �F�i�g�u�r�e� �5�.�2�.� �T�h�i�s� 

�a�n�a�l�y�s�i�s� �i�s� �t�o� �v�e�r�i�f�y� �t�h�e� �u�s�e� �o�f� �a� �r�e�d�u�c�e�d� �m�o�d�e�l�.� 

�-� �C�a�s�e� �I�I�:� �L�o�c�a�l� �a�n�a�l�y�s�i�s�,� �r�e�d�u�c�e�d� �m�o�d�e�l� �w�i�t�h� �a� �r�e�f�i�n�e�d� �m�e�s�h�,� �i�n�c�l�u�d�i�n�g� �a� �l�o�a�d�e�d� 

�s�i�n�g�l�e� �w�i�r�e� �a�n�d� �L�T�M�,� �s�e�e� �F�i�g�u�r�e� �5�.�2�.� �T�h�i�s� �a�n�a�l�y�s�i�s� �s�h�o�w�s� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� 

�m�e�s�h� �s�i�z�e� �o�n� �t�h�e� �r�e�s�u�l�t�s�.� 

�-� �C�a�s�e� �I�V�:� �L�o�c�a�l� �a�n�a�l�y�s�i�s�,� �r�e�d�u�c�e�d� �m�o�d�e�l� �w�i�t�h� �a� �r�e�f�i�n�e�d� �m�e�s�h�,� �i�n�c�l�u�d�i�n�g� �a� �l�o�a�d�e�d� 

�s�i�n�g�l�e� �c�e�n�t�e�r� �w�i�r�e�,� �n�o�n�-�l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e�s� �a�n�d� �L�T�M�,� �s�e�e� �F�i�g�u�r�e� �5�.�2�.� �T�h�i�s� 

�a�n�a�l�y�s�i�s� �i�n�v�e�s�t�i�g�a�t�e�s� �t�h�e� �c�h�a�n�g�e� �i�n� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �d�u�e� �t�o� �t�h�e� �i�n�s�e�r�t�i�o�n� �o�f� �a� �t�u�b�e�.� 

�-� �C�a�s�e� �V�:� �L�o�c�a�l� �a�n�a�l�y�s�i�s�,� �r�e�d�u�c�e�d� �m�o�d�e�l� �w�i�t�h� �a� �r�e�f�i�n�e�d� �m�e�s�h�,� �i�n�c�l�u�d�i�n�g� �a� �l�o�a�d�e�d� 

�s�i�n�g�l�e� �c�e�n�t�e�r� �w�i�r�e�,� �l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e� �a�n�d� �L�T�M�,� �s�e�e� �F�i�g�u�r�e� �5�.�2�.� �T�h�i�s� 

�a�n�a�l�y�s�i�s� �p�r�o�v�i�d�e�s� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �a�n�c�h�o�r� �s�y�s�t�e�m� �w�h�e�n� �t�h�e� �t�u�b�e� 

�i�s� �l�o�a�d�e�d�.� 
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�T�h�e� �g�e�o�m�e�t�r�y� �m�o�d�e�l�e�d� �t�s� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l�,� �e�x�p�l�o�i�t�i�n�g� �t�h�e� �a�x�i�s�y�m�m�e�t�r�y� �o�f� �t�h�e� 

�p�r�o�b�l�e�m�.� �L�i�n�e�a�r� �e�l�a�s�t�i�c�,� �a�x�i�s�y�m�m�e�t�r�i�c� �c�o�n�s�t�a�n�t�-�s�t�r�a�i�n� �e�l�e�m�e�n�t�s� �a�r�e� �u�s�e�d� �f�o�r� �t�h�e� �n�u�m�e�r�i�c�a�l� 

�a�n�a�l�y�s�i�s�.� �I�n� �o�r�d�e�r� �t�o� �m�a�i�n�t�a�i�n� �t�h�e� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �m�o�d�e�l�,� �t�h�e� �s�i�x� �s�u�r�r�o�u�n�d�i�n�g� �w�i�r�e�s� �a�r�e� 

�m�a�p�p�e�d� �i�n�t�o� �a� �c�y�l�i�n�d�r�i�c�a�l� �t�u�b�e� �w�i�t�h� �t�h�e� �s�a�m�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �a�r�e�a� �a�s� �t�h�e� �t�o�t�a�l� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

�a�r�e�a� �o�f� �t�h�e� �s�i�x� �w�i�r�e�s� �a�n�d� �t�h�e� �s�a�m�e� �c�e�n�t�e�r�l�i�n�e� �d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �m�a�i�n� �a�x�i�s�.� �T�h�e� �c�y�l�i�n�d�r�i�c�a�l� 

�t�u�b�e� �i�s� �c�a�l�l�e�d� �t�h�e� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e�.� �T�h�e� �b�o�n�d�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �w�i�r�e�s� �a�n�d� �t�h�e� �L�I�M� �i�s� 

�a�s�s�u�m�e�d� �t�o� �b�e� �p�e�r�f�e�c�t� �a�n�d� �i�n�f�i�n�i�t�e�l�y� �t�h�i�n�,� �a�n�d� �t�h�e� �s�o�c�k�e�t� �a�n�d� �t�h�e� �L�T�M� �h�a�v�e� �f�u�l�l� �c�o�n�t�a�c�t� 

�a�l�o�n�g� �t�h�e� �l�i�n�e� �c�-�c� �i�n� �F�i�g�.� �5�.�1�.� �T�h�e� �w�i�r�e�s� �a�n�d� �t�h�e� �L�T�M� �a�r�e� �m�a�d�e� �o�f� �c�a�r�b�o�n�/�e�p�o�x�y� �m�a�t�e�r�i�a�l� 

�s�y�s�t�e�m�s�.� �T�h�e� �L�T�M� �c�o�n�s�i�s�t�s� �o�f� �u�n�i�d�i�r�e�c�t�i�o�n�a�l� �C�F�R�P� �w�i�t�h� �t�h�e� �f�i�b�e�r�s� �o�r�i�e�n�t�e�d� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� 

�l�o�a�d� �d�i�r�e�c�t�i�o�n�.� �T�h�e� �L�T�M� �i�s� �m�a�c�h�i�n�e�d� �f�r�o�m� �a� �l�a�m�i�n�a�t�e�d� �b�l�o�c�k� �o�f� �m�a�t�e�r�i�a�l� �c�o�n�s�i�s�t�i�n�g� �o�f� 

�T�3�0�0� �f�i�b�e�r�s� �a�n�d� �a�n� �e�p�o�x�y� �m�a�t�r�i�x�.� �T�h�e� �C�F�R�P� �w�i�r�e� �i�s� �p�u�l�t�r�u�d�e�d� �f�r�o�m� �T�7�0�0� �f�i�b�e�r�s� �i�n� �a�n� 

�e�p�o�x�y� �m�a�t�r�i�x�.� �T�h�e� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.�1� �i�n� �t�h�e� �a�p�p�e�n�d�i�x�.� �T�h�e� 

�b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�1� �a�n�d� �5�.�2�.� �T�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t� �h�a�s� �a� 

�t�h�r�e�a�d� �t�o� �b�e� �c�o�n�n�e�c�t�e�d� �t�o� �a� �s�u�p�p�o�r�t� �s�t�r�u�c�t�u�r�e�.� �T�h�a�t� �i�s� �t�h�e� �F�E�M� �n�o�d�e�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�i�s� 

�a�r�e�a� �h�a�v�e� �n�o� �d�e�g�r�e�e�s� �o�f� �f�r�e�e�d�o�m�.� �T�h�e� �w�i�r�e� �i�s� �l�o�a�d�e�d� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �w�i�t�h� �a�n� �u�n�i�f�o�r�m� 

�s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �o�v�e�r� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �t�h�e� �w�i�r�e�.� �T�h�e� �F�E�M� �n�o�d�e�s� �a�l�o�n�g� �t�h�e� �c�o�n�t�a�c�t� �l�i�n�e� 

�c�-�c� �b�e�t�w�e�e�n� �t�h�e� �s�o�c�k�e�t� �a�n�d� �t�h�e� �L�T�M� �b�e�l�o�n�g� �t�o� �b�o�t�h�,� �t�h�e� �s�o�c�k�e�t� �a�n�d� �t�h�e� �L�T�M�.� �B�y� �u�s�i�n�g� �a� 

�c�o�m�m�o�n� �n�o�d�e� �t�h�e� �n�o� �s�l�i�p� �c�o�n�d�i�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �b�o�d�i�e�s� �i�s� �c�o�n�s�i�d�e�r�e�d�.� 
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�~�L�X�A�A�N�A�N� �A�A�A� �A� �A�N� �a�f� �S�S�S�A� �S� �A�S�S�A�D� �A�A�A� �N�G�S� �S�A�A�T� 

�F�h� �+� �=� �$�+� �S�E�E�R�A� 
�1�0� �5�0� �6�0� �1�1�5� �W�i�r�e� �5� 

� � 

�F�i�g�.� �5�.�1� �G�e�o�m�e�t�r�y� �o�f� �M�o�d�e�l� �I� �a�n�d� �C�a�s�e� �I�,� �d�i�m�e�n�s�i�o�n�s� �a�r�e� �i�n� �m�m� 

�5�.�2�.�2� �R�e�s�u�l�t�s� �f�o�r� �M�o�d�e�l� �I� 

�T�h�e� �o�u�t�p�u�t� �p�l�o�t�s� �o�f� �t�h�e� �a�n�a�l�y�s�i�s� �a�r�e� �s�h�o�w�n� �i�n� �t�h�e� �a�p�p�e�n�d�i�x�.� �F�o�r� �a� �c�o�m�p�l�e�t�e� �l�i�s�t� �o�f� 

�f�i�g�u�r�e�s� �a�n�d� �p�l�o�t�s� �r�e�f�e�r� �t�o� �[�2�1�,�2�2�]�,� �T�h�e� �f�i�g�u�r�e�s� �l�i�s�t�e�d� �i�n� �t�h�e� �a�p�p�e�n�d�i�x� �a�r�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �f�o�r� �a�l�l� 

�p�l�o�t�s�.� �T�h�e� �a�n�a�l�y�s�i�s� �o�f� �C�a�s�e� �I� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �t�r�a�n�s�f�e�r� �o�f� �s�t�r�e�s�s� �i�s� �h�i�g�h�l�y� �l�o�c�a�l�i�z�e�d� �t�o� �t�h�e� 

�f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �a�n�c�h�o�r�,� �s�e�e� �F�i�g�u�r�e� �5�.�5�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �i�s� �h�i�g�h�e�r� �t�h�a�n� �a�l�l� 
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�t�h�e� �o�t�h�e�r� �s�t�r�e�s�s�e�s�.� �9�0�%� �o�f� �t�h�e� �a�x�i�a�l� �l�o�a�d� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �f�r�o�m� �t�h�e� �w�i�r�e� �t�o� �t�h�e� �L�T�M� �b�y� �s�h�e�a�r� 

�i�n� �t�h�e� �f�i�r�s�t� �7�0� �m�m� �s�t�a�r�t�i�n�g� �f�o�r�m� �t�h�e� �r�e�-�e�n�t�r�a�n�t� �p�o�i�n�t�.� �T�h�e� �c�o�r�n�e�r� �b�e�t�w�e�e�n� �t�h�e� �l�o�a�d�e�d� �w�i�r�e� 

�a�n�d� �t�h�e� �L�T�M� �i�s� �a� �l�o�c�a�t�i�o�n� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �d�u�e� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �t�h�e�o�r�e�t�i�c�a�l�l�y� 

�d�e�f�i�n�e�d� �s�i�n�g�u�l�a�r�i�t�y� �a�t� �t�h�i�s� �p�o�i�n�t� �(�a�t� �z�=�1�1�0� �m�m�)�.� �A� �v�e�r�y� �f�i�n�e� �m�e�s�h� �i�s� �r�e�q�u�i�r�e�d� �t�o� �d�e�t�e�r�m�i�n�e� 

�t�h�e� �t�r�e�n�d� �o�f� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�i�s� �s�i�n�g�u�l�a�r�i�t�y�.� �A�l�o�n�g� �t�h�e� �c�o�n�t�a�c�t� �l�i�n�e� 

�(�c�-�c�)� �b�e�t�w�e�e�n� �t�h�e� �L�T�M� �a�n�d� �t�h�e� �s�o�c�k�e�t�,� �t�h�e� �s�t�r�e�s�s� �m�a�g�n�i�t�u�d�e� �i�s� �n�e�g�l�i�g�i�b�l�e�,� �s�e�e� �F�i�g�u�r�e� �5�.�6�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�o�r� �C�a�s�e� �I� �i�n�d�i�c�a�t�e� �c�l�e�a�r�l�y� �t�h�a�t� �i�t� �i�s� �j�u�s�t�i�f�i�a�b�l�e� �t�o� �r�e�d�u�c�e� �t�h�e� �g�l�o�b�a�l� 

�m�o�d�e�l� �t�o� �a� �l�o�c�a�l� �m�o�d�e�l�,� �c�o�n�s�i�d�e�r�i�n�g� �o�n�l�y� �t�h�e� �f�r�o�n�t� �p�a�r�t� �o�f� �t�h�e� �a�n�c�h�o�r�,� �s�e�e� �F�i�g�u�r�e� �5�.�2�3�.� 

�C�a�s�e� �I�I�,� �F�i�g�u�r�e� �5�.�2�,� �i�s� �d�e�s�i�g�n�e�d� �t�o� �v�a�l�i�d�a�t�e� �t�h�e� �r�e�d�u�c�t�i�o�n� �f�r�o�m� �t�h�e� �g�l�o�b�a�l� �m�o�d�e�l� �t�o� �t�h�e� 

�l�o�c�a�l� �m�o�d�e�l�.� �T�h�e� �s�a�m�e� �m�e�s�h� �s�i�z�e� �i�s� �u�s�e�d� �a�s� �i�n� �C�a�s�e� �I�.� �T�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �a�r�e� 

�m�o�d�i�f�i�e�d�.� �T�h�e� �b�a�c�k� �s�i�d�e� �o�f� �t�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �o�f� �t�h�e� �L�T�M� �i�s� �n�o�w� �c�o�n�s�t�r�a�i�n�e�d� �t�o� �s�l�i�d�e� 

�a�l�o�n�g� �i�t�s� �p�l�a�n�e�.� �T�h�i�s� �a�l�l�o�w�s� �f�r�e�e� �c�o�n�t�r�a�c�t�i�o�n� �o�f� �t�h�e� �L�T�M� �b�u�t� �n�o� �m�o�v�e�m�e�n�t� �i�n� �a�x�i�a�l� 

�d�i�r�e�c�t�i�o�n�.� �F�r�o�m� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �c�o�n�t�o�u�r� �p�l�o�t�,� �F�i�g�.� �5�.�2�4�,� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �f�u�l�l�-� 

�f�i�e�l�d� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �r�e�p�r�o�d�u�c�i�b�l�e� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e� �r�e�d�u�c�t�i�o�n� �i�s� �a�c�c�e�p�t�a�b�l�e�.� �I�n� �a� �n�e�x�t� 

�s�t�e�p� �t�h�e� �m�e�s�h� �o�f� �t�h�e� �r�e�d�u�c�e�d� �m�o�d�e�l� �i�s� �r�e�f�i�n�e�d�.� 
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�+� �1� �4�1� 
�l�a�!�  ��b� �L�d�  ��S�b� �i�b� 
�T� �|�|� �1�3�.�4�3� �|�_�|� �1�3�.�4�3� �7� �|�_�j� �1�3�.�4�3� 

�6�0� �*� �o�|� �2� �6�o�|� �4�7� 
�t� �r� �r� �1� �r� 

�c�a�s�e� �I�]� �&� �I�H� �c�a�s�e� �I�V� �c�a�s�e� �V� 

�F�i�g�.� �5�.�2� �M�o�d�e�l�e�d� �g�e�o�m�e�t�r�i�e�s� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �c�a�s�e�s�,� �d�i�m�e�n�s�i�o�n�s� �i�n� �m�m� 

�C�o�m�p�a�r�e�d� �t�o� �t�h�e� �r�e�s�u�l�t�s� �o�f� �C�a�s�e� �I�I� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �C�a�s�e� �I�I�I�,� �F�i�g�u�r�e� �5�.�2�,� �i�s� 

�s�m�o�o�t�h�e�r�,� �s�e�e� �F�i�g�.� �5�.�7� �(�b�)�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�t�r�e�s�s�e�s� �i�s� �s�i�m�i�l�a�r� �s�u�f�f�i�c�i�e�n�t�l�y� �f�a�r� �a�w�a�y� 

�f�r�o�m� �t�h�e� �r�e�g�i�o�n� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �s�i�n�g�u�l�a�r�i�t�y� �f�o�r� �b�o�t�h� �c�a�s�e�s�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� 
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�t�h�e� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �r�e�g�i�o�n� �o�f� �t�h�e� �s�i�n�g�u�l�a�r�i�t�y� �h�a�v�e� �n�o� �p�h�y�s�i�c�a�l� �m�e�a�n�i�n�g� �s�i�n�c�e� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� 

�o�f� �c�o�n�t�i�n�u�u�m� �m�e�c�h�a�n�i�c�s� �w�i�l�l� �n�o�t� �h�o�l�d� �a�t� �t�h�i�s� �p�o�i�n�t�.� �H�o�w�e�v�e�r�,� �a� �r�e�f�i�n�e�m�e�n�t� �o�f� �t�h�e� �m�e�s�h� 

�r�e�d�u�c�e�s� �t�h�e� �r�e�g�i�o�n� �o�f� �u�n�c�e�r�t�a�i�n�t�y�.� 

�I�n� �C�a�s�e� �I�V�,� �F�i�g�u�r�e� �5�.�2�,� �a� �n�o�n�-�l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e� �i�s� �a�d�d�e�d� �t�o� �t�h�e� �a�n�c�h�o�r�.� 

�A�g�a�i�n�,� �a�n� �i�n�f�i�n�i�t�e�l�y� �t�h�i�n� �a�n�d� �p�e�r�f�e�c�t� �b�o�n�d�i�n�g� �i�s� �a�s�s�u�m�e�d�.� �T�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �C�a�s�e� 

�I�V� �d�o�e�s� �n�o�t� �s�h�o�w� �a�n�y� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �C�a�s�e� 

�I�I�I�,� �s�e�e� �F�i�g�u�r�e� �5�.�7� �(�b�)�.� �I�t� �c�a�n� �b�e� �s�t�a�t�e�d� �t�h�a�t� �t�h�e� �i�n�s�e�r�t�i�o�n� �o�f� �t�h�e� �n�o�n� �l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� 

�w�i�r�e� �d�o�e�s� �n�o�t� �c�h�a�n�g�e� �t�h�e� �s�t�r�e�s�s� �f�i�e�l�d� �o�f� �t�h�e� �a�n�c�h�o�r�.� 

�W�h�e�n� �t�h�e� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e� �i�s� �l�o�a�d�e�d�,� �t�h�e� �s�t�r�e�s�s� �f�i�e�l�d� �c�h�a�n�g�e�s� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �T�h�e� 

�a�n�a�l�y�s�i�s� �o�f� �C�a�s�e� �V�,� �F�i�g�u�r�e� �5�.�2�,� �s�h�o�w�s� �t�h�a�t� �i�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �a�l�r�e�a�d�y� �e�x�i�s�t�i�n�g� �s�t�r�e�s�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �r�e�-�e�n�t�r�a�n�t� �p�o�i�n�t�,� �t�h�e�r�e� �a�r�e� �t�w�o� �m�o�r�e� �p�o�i�n�t�s� �o�f� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�c�a�u�s�e�d� �b�y� �t�h�e� �r�e�-�e�n�t�r�a�n�t� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e�,� �s�e�e� �F�i�g�u�r�e� �5�.�8� �(�a�)� �a�t� 

�Z�=�1�0�0� �m�m� �a�n�d� �a�t� �z�=�7�8� �m�m�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� 

�t�h�e� �l�o�a�d�e�d� �c�e�n�t�e�r� �w�i�r�e� �a�n�d� �t�h�e� �L�T�M� �i�s� �i�n�c�r�e�a�s�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� 

�w�i�r�e�,� �s�e�e� �F�i�g�.� �5�.�8� �(�b�)�.� �I�n� �c�o�m�p�a�r�i�s�o�n� �t�o� �C�a�s�e� �I�V�,� �t�h�e� �r�a�d�i�a�l� �a�n�d� �t�a�n�g�e�n�t�i�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� 

�c�e�n�t�e�r� �w�i�r�e� �i�s� �n�o�w� �f�l�u�c�t�u�a�t�i�n�g� �b�e�t�w�e�e�n� �c�o�m�p�r�e�s�s�i�o�n� �a�n�d� �t�e�n�s�i�o�n�,� �s�e�e� �F�i�g�u�r�e�s� �5�.�8� �(�a�)� �a�n�d� 

�(�d�)�.� 

�T�h�e� �a�n�a�l�y�s�e�s� �p�e�r�f�o�r�m�e�d� �g�i�v�e� �s�e�v�e�r�a�l� �i�n�s�i�g�h�t�s� �i�n�t�o� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�.� �F�o�r� �t�h�e� 

�g�e�o�m�e�t�r�y� �u�s�e�d� �i�t� �i�s� �a�c�c�e�p�t�a�b�l�e� �t�o� �r�e�d�u�c�e� �t�h�e� �m�o�d�e�l� �a�n�d� �p�e�r�f�o�r�m� �t�h�e� �a�n�a�l�y�s�i�s� �w�i�t�h� �o�n�l�y� �t�h�e� 

�f�r�o�n�t�-�p�a�r�t� �o�f� �t�h�e� �a�n�c�h�o�r�.� �T�h�e� �n�e�w� �a�p�p�l�i�e�d� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n� �d�o�e�s� �n�o�t� �a�f�f�e�c�t� �t�h�e� �g�e�n�e�r�a�l� 

�s�t�r�e�s�s� �f�i�e�l�d�.� �A� �r�e�f�i�n�e�m�e�n�t� �o�f� �t�h�e� �m�e�s�h� �s�i�z�e� �l�e�a�d�s� �t�o� �a� �s�m�o�o�t�h�e�r� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� 

�r�e�d�u�c�e�s� �t�h�e� �a�r�e�a� �t�h�a�t� �i�s� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �s�i�n�g�u�l�a�r�i�t�y�.� �F�o�r� �a� �n�o�n�-�l�o�a�d�e�d� �s�m�e�a�r�e�d� 

�o�u�t�e�r� �w�i�r�e�,� �t�h�e� �s�t�r�e�s�s� �f�i�e�l�d� �i�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�f�f�e�c�t�e�d�.� �F�o�r� �a� �l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e�,� 

�t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �a�l�l� �s�t�r�e�s�s� �c�o�m�p�o�n�e�n�t�s� �e�x�c�e�p�t� �f�o�r� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �i�n�c�r�e�a�s�e� �a�l�o�n�g� �t�h�e� �c�e�n�t�e�r� 

�w�i�r�e�.� �T�w�o� �n�e�w� �p�o�i�n�t�s� �w�i�t�h� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�r�e� �c�r�e�a�t�e�d� �a�t� �t�h�e� �r�e�-�e�n�t�r�a�n�t� �p�o�i�n�t�s� �o�f� 

�t�h�e� �l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e�.� 

�I�n� �a� �n�e�x�t� �s�t�e�p�,� �t�h�e� �s�a�m�e� �g�e�o�m�e�t�r�y� �i�s� �u�s�e�d� �t�o� �p�e�r�f�o�r�m� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�w�o� �d�i�f�f�e�r�e�n�t� 

�m�a�t�e�r�i�a�l� �s�e�t�s� �f�o�r� �t�h�e� �L�T�M�,� �a� �c�a�r�b�o�n�/�e�p�o�x�y� �s�y�s�t�e�m� �a�n�d� �a�n� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �s�y�s�t�e�m�.� �T�h�e� 

�m�a�t�e�r�i�a�l� �f�o�r� �t�h�e� �w�i�r�e�s� �i�s� �t�h�e� �s�a�m�e� �a�s� �i�n� �M�o�d�e�l� �I�.� �T�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �a�r�e� �t�h�e�n� �c�o�m�p�a�r�e�d� �t�o� 

�t�h�e� �r�e�s�u�l�t�s� �o�f� �M�o�d�e�l� �I�.� 

�7�A



�5�.�2�.�3� �M�o�d�e�l� �I�I� 

�T�h�e� �s�e�c�o�n�d� �a�n�a�l�y�s�i�s� �i�s� �p�e�r�f�o�r�m�e�d� �i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �h�o�w� �t�h�e� �m�o�d�e�l� 

�b�e�h�a�v�e�s� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �o�r�t�h�o�t�r�o�p�i�c� �m�a�t�e�r�i�a�l�s� �u�s�e�d� �f�o�r� �t�h�e� �L�T�M�.� �T�h�e� �a�n�a�l�y�s�i�s� �i�s� �p�e�r�f�o�r�m�e�d� 

�u�s�i�n�g� �t�h�e� �A�B�A�Q�U�S� �F�E�M� �c�o�d�e� �a�n�d� �P�A�T�R�A�N� �p�r�e�-� �a�n�d� �p�o�s�t�-�p�r�o�c�e�s�s�o�r� �c�o�d�e�.� 

�T�h�r�e�e� �c�a�s�e�s� �w�i�t�h� �t�w�o� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s� �f�o�r� �t�h�e� �L�T�M� �a�r�e� �p�e�r�f�o�r�m�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�-� �C�a�s�e� �V�I�:� �G�l�o�b�a�l� �a�n�a�l�y�s�i�s�,� �i�n�c�l�u�d�i�n�g� �a� �l�o�a�d�e�d� �s�i�n�g�l�e� �c�e�n�t�e�r� �w�i�r�e� �e�m�b�e�d�d�e�d� �i�n� �a� 

�L�o�a�d� �T�r�a�n�s�f�e�r� �M�e�d�i�a� �(�L�T�M�)� �w�h�i�c�h� �s�i�t�s� �i�n� �a� �s�t�e�e�l� �s�o�c�k�e�t�.� �T�h�e� �g�e�o�m�e�t�r�y� �i�s� �s�i�m�i�l�a�r� �t�o� 

�C�a�s�e� �I�.� 

�-� �C�a�s�e� �V�I�I�:� �L�o�c�a�l� �a�n�a�l�y�s�i�s�,� �r�e�d�u�c�e�d� �m�o�d�e�l� �w�i�t�h� �a� �r�e�f�i�n�e�d� �m�e�s�h� �s�i�z�e� �(�a�s� �i�n� �C�a�s�e� �I�I�)�,� 

�i�n�c�l�u�d�i�n�g� �t�h�e� �l�o�a�d�e�d� �s�i�n�g�l�e� �c�e�n�t�e�r� �w�i�r�e�,� �n�o�n�-�l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e�s� �a�n�d� �L�T�M�.� 

�-� �C�a�s�e� �V�I�I�:� �L�o�c�a�l� �a�n�a�l�y�s�i�s�,� �r�e�d�u�c�e�d� �m�o�d�e�l� �w�i�t�h� �a� �r�e�f�i�n�e�d� �m�e�s�h� �(�a�s� �i�n� �C�a�s�e� �V�)�,� 

�i�n�c�l�u�d�i�n�g� �a� �l�o�a�d�e�d� �s�i�n�g�l�e� �w�i�r�e�,� �l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e� �a�n�d� �L�T�M�.� 

�O�n�c�e� �a�g�a�i�n� �t�h�e� �g�e�o�m�e�t�r�y� �i�s� �t�w�o� �d�i�m�e�n�s�i�o�n�a�l�,� �e�x�p�l�o�i�t�i�n�g� �a�x�i�s�y�m�m�e�t�r�y�.� �S�e�e� �F�i�g�u�r�e�s� 

�5�.�1� �a�n�d� �5�.�2�.� �L�i�n�e�a�r� �e�l�a�s�t�i�c�,� �a�x�i�s�y�m�m�e�t�r�i�c� �c�o�n�s�t�a�n�t�-�s�t�r�a�i�n� �e�l�e�m�e�n�t�s� �a�r�e� �u�s�e�d� �f�o�r� �t�h�e� 

�n�u�m�e�r�i�c�a�l� �a�n�a�l�y�s�i�s�.� �T�h�e� �s�i�x� �s�u�r�r�o�u�n�d�i�n�g� �w�i�r�e�s� �a�r�e� �m�a�p�p�e�d� �i�n�t�o� �a� �c�y�l�i�n�d�r�i�c�a�l� �t�u�b�e� �a�s� 

�d�e�s�c�r�i�b�e�d� �i�n� �s�e�c�t�i�o�n� �5�.�2�.�1�.� �T�h�e� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �f�o�r� �t�h�e� �w�i�r�e�,� �t�h�e� �L�T�M� �a�n�d� �t�h�e� �s�t�e�e�l� 

�s�o�c�k�e�t� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.�2� �a�n�d� �T�a�b�l�e� �5�.�3� �i�n� �t�h�e� �a�p�p�e�n�d�i�x�.� �O�n�e� �m�a�t�e�r�i�a�l� �u�s�e�d� �f�o�r� �t�h�e� 

�L�T�M� �i�s� �a�g�a�i�n� �a� �c�a�r�b�o�n�/�e�p�o�x�y� �s�y�s�t�e�m�,� �b�u�t� �w�i�t�h� �a� �r�e�d�u�c�e�d� �f�i�b�e�r� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �c�o�m�p�a�r�e�d� �t�o� 

�t�h�e� �L�T�M� �m�a�t�e�r�i�a�l� �i�n� �M�o�d�e�l� �I�.� �T�h�e� �o�t�h�e�r� �L�T�M� �m�a�t�e�r�i�a�l� �i�s� �a�n� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �m�a�t�e�r�i�a�l� 

�s�y�s�t�e�m�.� �A�l�l� �t�h�r�e�e� �s�y�s�t�e�m�s�,� �t�h�e� �c�a�r�b�o�n�/�e�p�o�x�y� �s�y�s�t�e�m� �w�i�t�h� �6�0�%� �f�i�b�e�r� �v�o�l�u�m�e�,� �t�h�e� 

�c�a�r�b�o�n�/�e�p�o�x�y� �s�y�s�t�e�m� �w�i�t�h� �5�1�%� �f�i�b�e�r� �v�o�l�u�m�e� �a�n�d� �t�h�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �s�y�s�t�e�m� �a�r�e� 

�c�o�m�p�a�r�e�d�.� �T�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �t�h�o�s�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �5�.�1� �a�n�d� �5�.�2� �a�n�d� �a�r�e� 

�s�i�m�i�l�a�r� �t�o� �t�h�e� �o�n�e�s� �u�s�e�d� �i�n� �M�o�d�e�l� �I�.� 

�5�.�2�.�4� �R�e�s�u�l�t�s� �f�o�r� �M�o�d�e�l� �I�I� 

�I�n� �t�h�e� �g�l�o�b�a�l� �a�n�a�l�y�s�i�s�,� �C�a�s�e� �V�I�,� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �w�i�r�e� �t�r�a�n�s�f�e�r�s� �t�o� �t�h�e� 

�E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �L�T�M� �m�o�r�e� �s�l�o�w�l�y� �t�h�a�n� �t�o� �t�h�e� �c�a�r�b�o�n�/�e�p�o�x�y� �L�T�M�,� �s�e�e� �F�i�g�u�r�e� �5�.�9� �(�a�)�.� 

�T�h�a�t� �i�s�,� �t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �f�o�r� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �a�t� �t�h�e� �r�e�-�e�n�t�r�a�n�t� �c�o�r�n�e�r� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� 

�b�e�t�w�e�e�n� �t�h�e� �w�i�r�e� �a�n�d� �t�h�e� �L�T�M� �i�s� �l�e�s�s� �s�e�v�e�r�e� �f�o�r� �t�h�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �L�T�M� �t�h�a�n� �f�o�r� �t�h�e� 

�7�5



�c�a�r�b�o�n�/�e�p�o�x�y� �L�T�M�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �o�f� �s�t�r�e�s�s� �t�r�a�n�s�f�e�r� �r�a�t�e� �i�s� �s�m�a�l�l�e�r� �a�l�o�n�g� �l�i�n�e� �b�-�b�,� �s�e�e� 

�F�i�g�u�r�e� �5�.�9� �(�b�)�.� �E�v�e�n� �f�o�r� �t�h�e� �m�o�r�e� �g�r�a�d�u�a�l� �t�r�a�n�s�f�e�r� �o�f� �a�x�i�a�l� �s�t�r�e�s�s� �f�r�o�m� �t�h�e� �w�i�r�e� �t�o� �t�h�e� �L�T�M� 

�f�o�r� �t�h�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �i�t� �i�s� �s�t�i�l�l� �v�a�l�i�d� �t�o� �r�e�d�u�c�e� �t�h�e� �m�o�d�e�l�.� �F�r�o�m� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� 

�c�o�n�t�o�u�r� �p�l�o�t�s� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �f�u�l�l�-�f�i�e�l�d� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �r�e�p�r�o�d�u�c�i�b�l�e� �f�o�r� �a� 

�r�e�d�u�c�e�d� �m�o�d�e�l�,� �s�e�e� �F�i�g�.� �5�.�2�5�.� 

�I�n� �t�h�e� �r�e�d�u�c�e�d� �m�o�d�e�l� �w�i�t�h� �t�h�e� �n�o�n�-�l�o�a�d�e�d� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e� �(�C�a�s�e� �V�I�I�)� �i�t� �c�a�n� �b�e� �s�e�e�n� 

�t�h�a�t� �t�h�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �L�T�M� �s�y�s�t�e�m� �i�s� �m�o�r�e� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �t�h�e� �s�m�e�a�r�e�d� 

�o�u�t�e�r� �w�i�r�e� �t�h�a�n� �t�h�e� �c�a�r�b�o�n�/�e�p�o�x�y� �L�T�M�.� �T�h�e� �r�a�d�i�a�l�-� �a�n�d� �t�h�e� �s�h�e�a�r�-�s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �a�l�o�n�g� 

�t�h�e� �i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �c�e�n�t�e�r� �w�i�r�e� �a�n�d� �t�h�e� �L�T�M� �s�h�o�w� �a� �l�o�c�a�l� �i�n�c�r�e�a�s�e� �i�n� �m�a�g�n�i�t�u�d�e� �f�o�r� �t�h�e� �E�-� 

�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �a�t� �t�h�e� �a�x�i�a�l� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �r�e�-�e�n�t�r�a�n�t� �p�o�i�n�t� �o�f� �t�h�e� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e�,� �s�e�e� 

�F�i�g�u�r�e�s� �5�.�1�0� �a�n�d� �5�.�2�6�.� �F�o�r� �t�h�e� �c�a�r�b�o�n�/�e�p�o�x�y� �L�T�M� �t�h�i�s� �l�o�c�a�l� �c�h�a�n�g�e� �i�n� �s�t�r�e�s�s� �m�a�g�n�i�t�u�d�e� 

�c�a�n� �n�o�t� �b�e� �s�e�e�n�.� 

�F�o�r� �C�a�s�e� �V�I�I�I�,� �w�h�e�r�e� �t�h�e� �s�m�e�a�r�e�d� �o�u�t�e�r� �w�i�r�e� �i�s� �l�o�a�d�e�d�,� �t�h�e� �s�t�r�e�s�s� �f�i�e�l�d�s� �s�h�o�w� 

�s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �f�o�r� �t�h�e� �t�w�o� �L�T�M� �s�y�s�t�e�m�s�.� �T�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �a�x�i�a�l�,� �r�a�d�i�a�l� 

�a�n�d� �s�h�e�a�r� �s�t�r�e�s�s� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �c�e�n�t�e�r� �w�i�r�e� �a�n�d� �t�h�e� �L�T�M�,� �F�i�g�u�r�e�s� �5�.�1�1� �(�a�)�,� 

�5�.�1�1� �(�b�)� �a�n�d� �5�.�1�1� �(�c�)�,� �s�h�o�w�s� �l�e�s�s� �s�e�n�s�i�t�i�v�i�t�y� �f�o�r� �t�h�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �L�T�M� �t�h�a�n� �f�o�r� �t�h�e� 

�c�a�r�b�o�n�/�e�p�o�x�y� �s�y�s�t�e�m�.� �T�h�a�t� �i�s�,� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �a�l�s�o� �t�h�e� 

�f�l�u�c�t�u�a�t�i�o�n� �i�s� �r�e�d�u�c�e�d� �f�o�r� �t�h�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �L�T�M�,� �s�e�e� �F�i�g�u�r�e�s� �5�.�1�1� �(�c�)�.� 

�T�h�e� �o�p�t�i�m�u�m� �l�o�a�d� �t�r�a�n�s�f�e�r� �m�e�d�i�u�m� �h�a�s� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�e� �s�t�i�f�f�n�e�s�s� �o�f� 

�t�h�e� �L�T�M� �v�a�r�i�e�s� �a�l�o�n�g� �t�h�e� �a�x�i�a�l� �d�i�r�e�c�t�i�o�n�.� �A�t� �t�h�e� �l�o�a�d� �e�n�t�r�y� �a�r�e�a� �i�t� �i�s� �l�e�s�s� �s�t�i�f�f� �t�h�a�n� �t�o�w�a�r�d�s� 

�t�h�e� �r�e�a�r� �e�n�d�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� �a� �s�m�a�l�l�e�r� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �m�a�g�n�i�t�u�d�e� �a�t� �t�h�e� �l�o�a�d� �e�n�t�r�a�n�c�e�.� 

�T�o� �e�n�s�u�r�e� �a� �p�r�o�p�e�r� �l�o�a�d� �t�r�a�n�s�f�e�r�,� �t�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �L�T�M� �i�n�c�r�e�a�s�e�s� �t�o�w�a�r�d�s� �t�h�e� �r�e�a�r� �e�n�d� �i�n� 

�o�r�d�e�r� �t�o� �t�r�a�n�s�f�e�r� �t�h�e� �l�o�a�d� �t�h�r�o�u�g�h� �r�a�d�i�a�l� �s�t�r�e�s�s� �a�l�o�n�g� �t�h�e� �L�T�M� �s�u�r�f�a�c�e� �t�o� �t�h�e� �s�o�c�k�e�t� �a�n�d� �t�o� 

�p�r�e�v�e�n�t� �a� �c�r�u�s�h�i�n�g� �o�f� �t�h�e� �L�T�M�.� �A�t� �t�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �L�T�M�,� �a� �s�m�a�l�l� �a�r�e�a� �o�f� �r�e�d�u�c�e�d� 

�s�t�i�f�f�n�e�s�s� �e�x�i�s�t�s� �t�o� �a�d�j�u�s�t� �t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�h�i�c�h� �1�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �n�o�t�c�h� �g�e�o�m�e�t�r�y�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �M�o�d�e�l� �I�I� �s�h�o�w� �t�h�a�t� �t�h�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �L�T�M� �h�a�s� �b�e�t�t�e�r� 

�l�o�a�d� �t�r�a�n�s�f�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �t�h�a�n� �t�h�e� �c�a�r�b�o�n�/�e�p�o�x�y� �L�T�M�.� �T�h�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �L�T�M� �i�s� 

�l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �r�e�g�i�o�n�s� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �t�o� �i�n�c�o�n�s�i�s�t�e�n�c�i�e�s� �o�f� �m�a�t�e�r�i�a�l� �o�r� 

�g�e�o�m�e�t�r�y�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �t�w�o� �d�i�f�f�e�r�e�n�t� �c�a�r�b�o�n�/�e�p�o�x�y� �L�T�M� �(�6�0�%� �f�i�b�e�r� �v�o�l�u�m�e� 

�f�r�a�c�t�i�o�n� �f�o�r� �M�o�d�e�l� �I�I�T� �a�n�d� �5�1�%� �f�i�b�e�r� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �f�o�r� �M�o�d�e�l� �D� �i�n�d�i�c�a�t�e�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�,� �s�e�e� �F�i�g�.� �5�.�1�1�.� �F�o�r� �a� �c�o�m�p�l�e�t�e� �l�i�s�t� �o�f� �f�i�g�u�r�e�s� �a�n�d� �p�l�o�t�s� 

�r�e�f�e�r� �t�o� �[�2�1�,�2�2�]�,� 
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�5�.�2�.�5� �M�o�d�e�l� �I�I�I� 

�A� �t�h�i�r�d� �a�n�a�l�y�s�i�s� �i�s� �p�e�r�f�o�r�m�e�d� �i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �a� �m�o�r�e� �r�e�a�l�i�s�t�i�c� �p�i�c�t�u�r�e� �o�f� �t�h�e� �a�c�t�u�a�l�l�y� 

�u�s�e�d� �g�e�o�m�e�t�r�y�,� �m�o�d�e�l�i�n�g� �a� �1�9� �w�i�r�e� �a�n�c�h�o�r�.� �T�h�e� �g�e�o�m�e�t�r�y� �i�s� �m�o�d�i�f�i�e�d� �t�o� �m�a�t�c�h� �t�h�e� 

�g�e�o�m�e�t�r�y� �u�s�e�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �F�i�g�u�r�e� �5�.�3� �s�h�o�w�s� �t�h�e� �a�n�a�l�y�z�e�d� �g�e�o�m�e�t�r�y�.� �A� �9�0�°� 

�s�e�g�m�e�n�t� �i�s� �m�o�d�e�l�e�d� �e�x�p�l�o�i�t�i�n�g� �a�x�i�s�y�m�m�e�t�r�y�.� �T�h�e� �a�n�a�l�y�s�i�s� �i�s� �f�u�l�l�y� �t�h�r�e�e�-�d�i�m�e�n�s�i�o�n�a�l�,� 

�i�n�c�l�u�d�i�n�g� �7� �w�i�r�e�s�,� �a�n� �i�s�o�t�r�o�p�i�c� �L�T�M� �a�n�d� �a� �s�t�e�e�l� �s�o�c�k�e�t�.� �T�w�o� �c�a�s�e�s� �a�r�e� �p�e�r�f�o�r�m�e�d� �w�i�t�h� 

�d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �f�o�r� �t�h�e� �L�T�M�.� �I�n� �C�a�s�e� �I�X�,� �t�h�e� �L�T�M� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� �d�i�f�f�e�r�e�n�t� 

�s�e�c�t�i�o�n�s� �w�i�t�h� �t�w�o� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �d�i�f�f�e�r�e�n�t� �e�l�a�s�t�i�c� �p�r�o�p�e�r�t�i�e�s�,� �s�e�e� �F�i�g�u�r�e� 

�5�.�4� �(�a�)� �a�n�d� �F�i�g�u�r�e� �5�.�1�2�.� �C�a�s�e� �[�I�X� �i�s� �m�o�d�e�l�e�d� �t�o� �s�i�m�u�l�a�t�e� �t�h�e� �a�n�c�h�o�r� �t�h�a�t� �h�a�s� �b�e�e�n� �u�s�e�d� �i�n� 

�t�h�e� �e�x�p�e�r�i�m�e�n�t�s�.� �W�i�t�h� �t�h�e� �t�w�o� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s� �f�o�r� �t�h�e� �L�T�M� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �m�e�d�i�a� �i�s� 

�e�x�p�e�c�t�e�d� �t�o� �f�u�l�f�i�l�l� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �o�f� �a�n� �i�d�e�a�l� �L�T�M� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �s�e�c�t�i�o�n� �5�.�3�.�2�.� �I�n� �C�a�s�e� �X� 

�t�h�e� �L�T�M� �i�s� �m�o�d�e�l�e�d� �a�s� �a� �s�e�q�u�e�n�c�e� �o�f� �3�0� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s� �w�i�t�h� �s�t�e�p�w�i�s�e� �l�i�n�e�a�r� �e�l�a�s�t�i�c� 

�p�r�o�p�e�r�t�i�e�s� �t�o� �p�r�e�v�e�n�t� �t�h�e� �s�t�r�o�n�g� �d�i�s�c�o�n�t�i�n�u�i�t�y� �i�n� �e�l�a�s�t�i�c� �p�r�o�p�e�r�t�i�e�s� �i�n� �t�h�e� �L�T�M�.� �S�e�e� �F�i�g�u�r�e�s� 

�5�.�4� �(�b�)� �a�n�d� �5�.�1�3�.� 
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�F�i�g�.� �5�.�3� �(�a�)� �G�e�o�m�e�t�r�y� �o�f� �M�o�d�e�l� �I�I�I�,� �d�i�m�e�n�s�i�o�n�s� �i�n� �m�m� 

� � 

�F�i�g�.� �5�.�3�(�b�)� �G�e�o�m�e�t�r�y� �o�f� �M�o�d�e�l� �I�I�,� �d�i�m�e�n�s�i�o�n�s� �i�n� �m�m� 
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�T�h�e� �a�n�a�l�y�s�i�s� �i�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �c�o�n�t�a�c�t� �m�o�d�e�l� �w�h�e�r�e� �t�h�e� �w�i�r�e�s� �a�n�d� �t�h�e� �L�T�M� �a�r�e� 

�c�o�n�s�i�d�e�r�e�d� �a�s� �b�o�d�y� �1� �a�n�d� �t�h�e� �s�o�c�k�e�t� �a�s� �b�o�d�y� �2�,� �i�.�e�.� �t�h�e� �t�w�o� �b�o�d�i�e�s� �c�a�n� �s�l�i�d�e� �w�i�t�h�o�u�t� 

�f�r�i�c�t�i�o�n� �a�l�o�n�g� �t�h�e� �c�o�n�t�a�c�t� �s�u�r�f�a�c�e�.� �P�e�r�f�e�c�t� �a�n�d� �i�n�f�i�n�i�t�e�l�y� �t�h�i�n� �b�o�n�d�i�n�g� �i�s� �a�s�s�u�m�e�d� �b�e�t�w�e�e�n� 

�t�h�e� �w�i�r�e�s� �a�n�d� �t�h�e� �L�T�M�.� �8�-�n�o�d�e� �l�i�n�e�a�r� �e�l�a�s�t�i�c� �b�r�i�c�k� �e�l�e�m�e�n�t�s� �a�r�e� �u�s�e�d� �t�h�r�o�u�g�h� �o�u�t� �t�h�e� 

�a�n�a�l�y�s�i�s�.� �T�h�e� �q�u�a�r�t�e�r� �m�o�d�e�l� �i�s� �m�a�p�p�e�d� �i�n�t�o� �3�6�0�0� �e�l�e�m�e�n�t�s�.� �T�h�e� �n�u�m�b�e�r� �o�f� �e�l�e�m�e�n�t�s� �i�s� 

�c�o�n�s�t�r�a�i�n�e�d� �b�y� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �S�U�N�-�S�p�a�r�c� �1�0� �u�s�e�d� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s�.� �A�n� �a�x�i�a�l� �s�t�r�e�s�s� �o�f� 

�1�5�0�0� �M�P�a� �i�s� �a�p�p�l�i�e�d� �u�s�i�n�g� �a� �r�a�m�p� �f�u�n�c�t�i�o�n� �w�i�t�h� �1�0�0� �s�t�e�p�s�.� �T�h�e� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �a�r�e� 

�g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.�2�.� �T�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �M�A�R�C� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �c�o�d�e� 

�t�o�g�e�t�h�e�r� �w�i�t�h� �M�E�N�T�A�T� �p�r�e�-� �a�n�d� �p�o�s�t�-�p�r�o�c�e�s�s�i�n�g� �s�o�f�t�w�a�r�e�.� 

� � 

�1�d� �C�o� �K�A�N� 
�L�T�M�,� �m�a�t�r�i�x� �p�u�r�e� �L�T�M�,� �m�a�t�r�i�x� �f�i�l�l�e�d� �c�a�b�l�e� �s�o�c�k�e�t� 

�F�i�g�.� �5�.�4� �(�a�)� �U�s�e�d� �m�a�t�e�r�i�a�l�s� �o�f� �C�a�s�e� �I�X�,� �w�i�t�h� �t�w�o� �d�i�f�f�e�r�e�n�t� �s�t�i�f�f� �L�T�M� �m�a�t�e�r�i�a�l�s� 

� � 

�Z�z� 

�L�N� �I�E�D� �C�d� 
�L�T�M�,� �m�a�t�r�i�x� �w�i�t�h� �s�t�e�p�w�i�s�e� �c�o�n�s�t�a�n�t� �E�-�m�o�d�u�l�u�s� �c�a�b�l�e� �s�o�c�k�e�t� 

�F�i�g�.� �5�.�4� �(�b�)� �U�s�e�d� �m�a�t�e�r�i�a�l�s� �o�f� �C�a�s�e� �X�,� �w�i�t�h� �3�0� �d�i�f�f�e�r�e�n�t� �s�t�i�f�f� �L�T�M� �m�a�t�e�r�i�a�l�s� 

�T�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �F�i�g�u�r�e� �5�.�4�.� �T�h�e� �r�e�a�r� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t� �h�a�s� �a� 

�t�h�r�e�a�d� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e� �F�E�M� �n�o�d�e�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� �a�t� �t�h�e� �r�e�a�r� �e�n�d� �a�r�e� �f�u�l�l�y� �c�o�n�s�t�r�a�i�n�e�d�.� 

�T�h�e� �l�o�a�d� �i�s� �a�p�p�l�i�e�d� �a�s� �u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �s�t�r�e�s�s� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �w�i�r�e�s�.� �T�h�e� �c�o�n�t�a�c�t� 
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�s�u�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �L�T�M� �a�n�d� �t�h�e� �s�o�c�k�e�t� �i�s� �f�r�i�c�t�i�o�n�l�e�s�s�,� �w�h�i�c�h� �a�l�l�o�w�s� �t�h�e� �L�T�M� �t�o� �s�l�i�d�e� �i�n� 

�a�x�i�a�l� �d�i�r�e�c�t�i�o�n� �i�n�s�i�d�e� �t�h�e� �s�o�c�k�e�t�.� 

�5�.�2�.�6� �R�e�s�u�l�t�s� �f�o�r� �M�o�d�e�l� �I�I�I� 

�I�n� �C�a�s�e� �I�X� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �o�f� �t�h�e� �c�e�n�t�e�r� �w�i�r�e� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� 

�a�l�o�n�g� �l�i�n�e�s� �f�u�r�t�h�e�r� �a�w�a�y� �f�r�o�m� �t�h�e� �c�e�n�t�e�r� �l�i�n�e�,� �s�e�e� �F�i�g�.� �5�.�1�4�.� �T�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �f�a�l�l�s� �a�l�m�o�s�t� 

�l�i�n�e�a�r�l�y� �a�t� �t�h�e� �p�o�i�n�t� �z�=�5�0� �m�m� �f�o�r� �a�l�l� �t�h�e� �w�i�r�e�s�.� 

�T�h�e� �p�l�o�t� �o�f� �t�h�e� �d�e�f�o�r�m�e�d� �g�e�o�m�e�t�r�y� �s�h�o�w�s� �t�h�a�t� �t�h�e� �e�n�t�r�a�n�c�e� �r�e�g�i�o�n� �o�f� �t�h�e� �w�i�r�e�s� �w�i�t�h� �t�h�e� 

�L�T�M� �i�s� �p�u�l�l�e�d� �a� �s�m�a�l�l� �d�i�s�t�a�n�c�e� �o�u�t� �o�f� �t�h�e� �s�o�c�k�e�t�,� �s�e�e� �F�i�g�u�r�e� �5�.�1�6�.� �T�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� 

 ��f�r�e�e �� �a�r�e�a� �i�s� �t�e�n�s�i�l�e�,� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �d�e�b�o�n�d�i�n�g� �c�a�n� �b�e� �i�n�i�t�i�a�t�e�d� �i�n� �t�h�i�s� �r�e�g�i�o�n�,� �s�e�e� 

�F�i�g�u�r�e� �5�.�1�7� �(�a�)� �a�t� �z�=�1�8� �m�m�.� �A�t� �t�h�e� �e�n�t�r�a�n�c�e� �r�e�g�i�o�n� �o�f� �t�h�e� �p�a�r�t�i�a�l�l�y� �p�u�l�l�e�d� �o�u�t� �L�T�M�,� �t�h�e� 

�f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t� �i�n�d�u�c�e�s� �a� �h�i�g�h� �r�a�d�i�a�l� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�u�e� �t�o� �i�t�s� 

�n�o�t�c�h� �g�e�o�m�e�t�r�y�,� �s�e�e� �F�i�g�.� �5�.�1�7� �(�a�)� �a�t� �z�=�2�3� �m�m�.� �A�t� �z�=�1�8� �m�m� �i�s� �a� �l�o�c�a�l� �s�h�e�a�r� �s�t�r�e�s�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�,� �s�e�e� �F�i�g�.� �1�7� �(�b�)�.� �T�h�i�s� �s�u�p�p�o�r�t�s� �a� �p�o�s�s�i�b�l�e� �d�e�b�o�n�d�i�n�g� �i�n� �t�h�i�s� �a�r�e�a�.� �A�g�a�i�n�,� �i�t� 

�c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �h�i�g�h�e�s�t� �s�t�r�e�s�s� �m�a�g�n�i�t�u�d�e� �i�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �o�u�t�e�r� �w�i�r�e� �a�n�d� �t�h�e� 

�m�a�t�r�i�x�.� 

�D�u�e� �t�o� �t�h�e� �c�o�a�r�s�e� �m�e�s�h� �a�n�d� �t�h�e� �s�p�e�c�i�f�i�c�s� �o�f� �t�h�e� �M�A�R�C� �s�u�b�r�o�u�t�i�n�e� �f�o�r� �c�o�n�t�a�c�t� �b�o�d�i�e�s�,� 

�t�h�e� �r�e�s�u�l�t� �o�f� �t�h�e� �F�E�-�a�n�a�l�y�s�i�s� �a�l�o�n�g� �t�h�e� �l�i�n�e� �o�f� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� �t�h�e� �L�T�M� �a�n�d� �t�h�e� �s�o�c�k�e�t� �a�r�e� 

�n�o�t� �s�m�o�o�t�h�.� �F�i�g�u�r�e� �5�.�1�5� �i�s� �a� �g�o�o�d� �e�x�a�m�p�l�e� �o�f� �t�h�e� �n�o�n�-�u�n�i�f�o�r�m� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�.� �T�h�e� 

�c�o�n�t�o�u�r� �p�l�o�t� �o�f� �t�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�,� �s�e�e� �F�i�g�u�r�e� �5�.�2�7�,� �i�n�d�i�c�a�t�e�s� �c�l�e�a�r�l�y� �t�h�e� �l�o�c�a�l� 

�s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �c�o�n�t�a�c�t� �l�i�n�e� �o�f� �t�h�e� �t�w�o� �d�i�f�f�e�r�e�n�t� �L�T�M� �m�a�t�e�r�i�a�l�s�.� �T�h�e� �s�t�r�e�s�s�e�s� �i�n� 

�t�h�i�s� �a�r�e�a� �a�r�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �t�h�a�n� �a�t� �t�h�e� �e�n�t�r�a�n�c�e� �r�e�g�i�o�n�.� �D�u�e� �t�o� �t�h�e� �c�o�a�r�s�e� �m�e�s�h�,� �t�h�e� 

�l�i�n�e� �p�l�o�t�s� �d�o� �n�o�t� �r�e�f�l�e�c�t� �t�h�a�t� �a�c�c�u�r�a�t�e�l�y�,� �s�e�e� �f�o�r� �e�x�a�m�p�l�e� �F�i�g�.� �5�.�1�7� �a�t� �z�=�5�5� �m�m�.� �I�t� �i�s� 

�a�p�p�a�r�e�n�t� �t�h�a�t� �a� �f�a�i�l�u�r�e� �w�i�l�l� �b�e� �t�r�i�g�g�e�r�e�d� �b�y� �t�h�e� �s�t�r�e�s�s�e�s� �i�n� �t�h�i�s� �a�r�e�a� �a�n�d� �n�o�t� �b�y� �t�h�e� �n�o�t�c�h� 

�g�e�o�m�e�t�r�y� �a�t� �t�h�e� �e�n�t�r�a�n�c�e� �o�f� �t�h�e� �s�o�c�k�e�t�.� �I�n� �a�d�d�i�t�i�o�n�,� �F�i�g�u�r�e� �5�.�2�7� �s�h�o�w�s� �a�l�s�o� �t�h�a�t� �t�h�e� �f�a�i�l�u�r�e� 

�w�i�l�l� �b�e� �i�n�i�t�i�a�t�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �t�w�o� �L�T�M� �m�a�t�e�r�i�a�l�s� �a�n�d� �t�h�e� �s�o�c�k�e�t�.� 

�I�n� �C�a�s�e� �X�,� �t�h�e� �L�T�M� �i�s� �m�o�d�e�l�e�d� �w�i�t�h� �3�0� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s�,� �s�e�e� �F�i�g�.� �5�.�1�3�.� �A�s� �i�n� �C�a�s�e� 

�I�X�,� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �a�x�i�a�l� �s�t�r�e�s�s� �o�f� �t�h�e� �c�e�n�t�e�r� �w�i�r�e� �i�s� �h�i�g�h�e�r� �t�h�a�n� �a�l�o�n�g� �a�x�i�s� �p�a�r�a�l�l�e�l� 

�l�i�n�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �r�a�d�i�u�s�,� �s�e�e� �F�i�g�.� �5�.�1�8�.� �F�i�g�u�r�e� �5�.�1�9� �s�h�o�w�s� �t�h�e� �n�o�n� �s�m�o�o�t�h� �s�t�r�e�s�s� 
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�d�i�s�t�r�i�b�u�t�i�o�n� �a�l�o�n�g� �t�h�e� �c�o�n�t�a�c�t� �l�i�n�e� �o�f� �b�o�t�h� �b�o�d�i�e�s�.� �T�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �i�s� �m�a�x�i�m�u�m� �a�t� �t�h�e� �l�o�a�d� 

�e�n�t�r�y� �r�e�g�i�o�n�,� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �c�o�n�t�a�c�t� �b�o�d�i�e�s�,� �s�e�e� �F�i�g�u�r�e� �2�.�2�0� �(�a�)�.� 

�F�u�r�t�h�e�r� �a�w�a�y� �f�r�o�m� �t�h�e� �f�r�o�n�t� �e�n�d�,� �t�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �b�e�c�o�m�e�s� �a�l�m�o�s�t� �c�o�n�s�t�a�n�t� �i�n� 

�t�h�e� �r�a�d�i�a�l� �d�i�r�e�c�t�i�o�n�.� �F�i�g�u�r�e� �5�.�2�0� �(�b�)� �s�h�o�w�s� �a�g�a�i�n� �t�h�a�t� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �i�s� �m�a�x�i�m�u�m� �a�l�o�n�g� 

�t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �o�u�t�e�r� �m�o�s�t� �w�i�r�e� �a�n�d� �t�h�e� �m�a�t�r�i�x�.� 

�T�h�e� �a�r�e�a� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �t�w�o� �d�i�f�f�e�r�e�n�t� �L�T�M� 

�m�a�t�e�r�i�a�l�s� �i�n� �C�a�s�e� �I�X� �d�o�e�s� �n�o�t� �e�x�i�s�t� �i�n� �C�a�s�e� �X�,� �s�e�e� �F�i�g�.� �5�.�2�8�.� �T�h�i�s� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �f�a�i�l�u�r�e� 

�w�i�l�l� �b�e� �t�r�i�g�g�e�r�e�d� �b�y� �t�h�e� �n�o�t�c�h� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �l�o�a�d� �e�n�t�r�a�n�c�e� �c�o�r�n�e�r� �o�f� �t�h�e� �s�o�c�k�e�t�.� �A�t� �t�h�e� 

�r�e�a�r� �e�n�d� �o�f� �t�h�e� �s�o�c�k�e�t� �a�n�o�t�h�e�r� �a�r�e�a� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �e�x�i�s�t�s�,� �F�i�g�.� �5�.�2�9�.� �I�t� �i�s� 

�d�o�m�i�n�a�t�e�d� �b�y� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s�.� �T�h�i�s� �s�h�e�a�r� �s�t�r�e�s�s� �c�a�n� �i�n�i�t�i�a�t�e� �d�e�b�o�n�d�i�n�g� �a�l�o�n�g� �t�h�e� �o�u�t�e�r� 

�w�i�r�e�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �c�o�n�t�o�u�r� �p�l�o�t� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �o�v�e�r�a�l�l� �s�t�r�e�s�s� �l�e�v�e�l� �i�n� �t�h�i�s� 

�a�r�e�a� �i�s� �l�o�w�e�r� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �l�e�v�e�l� �a�t� �t�h�e� �f�r�o�n�t� �e�n�d� �o�f� �t�h�e� �a�n�c�h�o�r�.� 

�A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �t�w�o� �C�a�s�e�s� �I�X� �a�n�d� �X� �l�e�a�d�s� �t�o� �t�h�e� �f�o�l�l�o�w�i�n�g� �o�b�s�e�r�v�a�t�i�o�n�s�:� �t�h�e� 

�a�v�e�r�a�g�e� �a�x�i�a�l�,� �r�a�d�i�a�l� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s� �f�o�r� �C�a�s�e� �X� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�0�%� �l�o�w�e�r� �t�h�a�n� �f�o�r� �C�a�s�e� 

�I�X�,� �F�i�g�.� �5�.�2�1�.� �D�u�e� �t�o� �t�h�e� �c�o�a�r�s�e� �m�e�s�h� �a�n�d� �t�h�e� �l�i�m�i�t�a�t�i�o�n�s� �o�f� �t�h�e� �M�A�R�C� �s�u�b�r�o�u�t�i�n�e� �f�o�r� 

�c�o�n�t�a�c�t� �b�o�d�i�e�s�,� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �F�E�-�a�n�a�l�y�s�i�s� �d�o� �n�o�t� �g�i�v�e� �q�u�a�n�t�i�t�a�t�i�v�e� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �t�h�e� 

�s�t�r�e�s�s�e�s� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �t�w�o� �c�o�n�t�a�c�t� �b�o�d�i�e�s�,� �F�i�g�.� �5�.�2�2�.� �T�h�e� �m�a�g�n�i�t�u�d�e�s� �o�f� �s�t�r�e�s�s� 

�i�n� �t�h�e� �a�r�e�a� �o�f� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�t� �t�h�e� �l�o�a�d� �e�n�t�r�a�n�c�e� �a�r�e� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�w�e�r� �f�o�r� �C�a�s�e� �X� 

�t�h�a�n� �f�o�r� �C�a�s�e� �I�X�,� �F�i�g�.� �5�.�2�1�.� 

�T�h�e� �r�e�s�u�l�t�s� �s�h�o�w� �t�w�o� �t�r�e�n�d�s�.� �T�h�e� �u�s�e� �o�f� �a�n� �L�T�M� �w�i�t�h� �a� �'�v�a�r�i�a�b�l�e�'� �Y�o�u�n�g�'�s� �m�o�d�u�l�u�s� 

�l�e�a�d�s� �t�o� �a�n� �o�v�e�r�a�l�l� �s�t�r�e�s�s� �r�e�d�u�c�t�i�o�n� �o�f� �3�0�%�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �d�i�f�f�e�r�e�n�t� 

�L�T�M� �m�a�t�e�r�i�a�l�s� �i�s� �m�u�c�h� �l�e�s�s� �s�e�v�e�r�e� �f�o�r� �C�a�s�e� �X� �w�h�e�r�e� �3�0� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s� �a�r�e� �m�o�d�e�l�e�d�.� 

�I�n� �c�a�s�e� �[�I�X� �w�h�e�r�e� �o�n�l�y� �t�w�o� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s� �f�o�r� �t�h�e� �L�T�M� �a�r�e� �u�s�e�d�,� �t�h�e� �s�t�e�p� �i�n� �s�t�i�f�f�n�e�s�s� �a�t� 

�t�h�e� �i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �t�w�o� �m�a�t�e�r�i�a�l�s� �l�e�a�d�s� �t�o� �a� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �T�h�e� �s�e�c�o�n�d� �t�r�e�n�d� �c�a�n� �b�e� 

�s�e�e�n� �f�r�o�m� �t�h�e� �c�o�n�t�o�u�r� �p�l�o�t�s�.� �T�h�e� �r�a�d�i�a�l� �a�n�d� �s�h�e�a�r� �s�t�r�e�s�s� �l�e�v�e�l� �o�f� �t�h�e� �m�o�s�t� �o�u�t�e�r� �w�i�r�e�s� �i�s� 

�h�i�g�h�e�r� �t�h�a�n� �f�o�r� �t�h�e� �w�i�r�e�s� �i�n�s�i�d�e� �t�h�e� �b�u�n�d�l�e�.� �T�h�a�t� �m�e�a�n�s� �t�h�a�t� �t�h�e� �f�a�i�l�u�r�e� �w�i�l�l� �b�e� �t�r�i�g�g�e�r�e�d� �a�t� 

�t�h�e� �i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �o�u�t�e�r� �m�o�s�t� �w�i�r�e�s� �a�n�d� �t�h�e� �L�T�M�.� �F�o�r� �a� �c�o�m�p�l�e�t�e� �l�i�s�t� �o�f� �f�i�g�u�r�e�s� �a�n�d� �p�l�o�t�s� 

�r�e�f�e�r� �t�o� �[�2�3�]�,� 

�8�0



�5�.�3�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �M�o�d�e�l� �I�I�I� �w�i�t�h� �M�o�d�e�l� �I� �&� �I�I� 

�I�t� �i�s� �n�o�t� �m�e�a�n�i�n�g�f�u�l� �t�o� �c�o�m�p�a�r�e� �t�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �a�n�a�l�y�s�i�s� �w�i�t�h� �t�h�e� �r�e�s�u�l�t�s� �o�f� �M�o�d�e�l� �I� 

�a�n�d� �M�o�d�e�l� �H�l�.� �T�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �l�o�a�d� �e�n�t�r�a�n�c�e� �r�e�g�i�o�n� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r�e�n�t�.� �I�n� �M�o�d�e�l� 

�I�I�I�,� �t�h�e� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �f�r�o�n�t� �e�n�d� �e�d�g�e� �o�f� �t�h�e� �s�o�c�k�e�t�,� �a�c�t�i�n�g� �a�s� �a� �n�o�t�c�h� 

�o�n� �t�h�e� �L�T�M�.� �I�n� �t�h�e� �o�t�h�e�r� �t�w�o� �m�o�d�e�l�s� �t�h�e� �L�T�M� �i�t�s�e�l�f� �a�c�t�s� �a�s� �a� �n�o�t�c�h� �o�n� �t�h�e� �w�i�r�e�s� �a�t� �t�h�e� �l�o�a�d� 

�e�n�t�r�a�n�c�e� �f�r�o�m� �t�h�e� �w�i�r�e� �i�n�t�o� �t�h�e� �L�T�M�.� 

�I�n� �a�d�d�i�t�i�o�n�,� �i�n� �M�o�d�e�l� �I� �a�n�d� �I�I� �t�h�e� �g�e�o�m�e�t�r�y� �i�s� �r�e�d�u�c�e�d� �t�o� �a� �l�o�c�a�l� �a�n�a�l�y�s�i�s� �w�i�t�h� �m�o�d�i�f�i�e�d� 

�b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s�.� �D�u�e� �t�o� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �M�o�d�e�l� �I�J� �i�t� �d�o�e�s� �n�o�t� �s�e�e�m� �t�o� �b�e� 

�a�p�p�r�o�p�r�i�a�t�e� �t�o� �r�e�d�u�c�e� �t�h�e� �g�l�o�b�a�l� �g�e�o�m�e�t�r�y�.� �T�o� �m�o�d�e�l� �a� �r�e�d�u�c�e�d� �g�e�o�m�e�t�r�y� �t�h�e� �b�o�u�n�d�a�r�y� 

�c�o�n�d�i�t�i�o�n�s� �h�a�v�e� �t�o� �b�e� �m�o�d�i�f�i�e�d� �s�o� �t�h�a�t� �t�h�e� �v�a�l�u�e�s� �o�f� �d�i�s�p�l�a�c�e�m�e�n�t� �a�n�d� �s�t�r�e�s�s� �a�l�o�n�g� �t�h�e� �n�e�w� 

�b�o�u�n�d�a�r�y� �a�r�e� �g�i�v�e�n� �f�o�r� �e�a�c�h� �n�e�w� �l�o�a�d� �s�t�e�p�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �i�n� �n�u�m�b�e�r� �o�f� �e�l�e�m�e�n�t�s� �d�o�e�s� �n�o�t� 

�j�u�s�t�i�f�y� �t�h�e� �e�n�o�r�m�o�u�s� �a�d�d�i�t�i�o�n�a�l� �a�m�o�u�n�t� �o�f� �c�o�m�p�u�t�i�n�g� �t�i�m�e� �a�n�d� �e�f�f�o�r�t� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �n�e�w� 

�b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s�.� 

�F�o�r� �a� �g�l�o�b�a�l� �o�v�e�r�v�i�e�w� �i�t� �s�e�e�m�s� �t�o� �b�e� �a�p�p�r�o�p�r�i�a�t�e� �t�o� �'�s�m�e�a�r�'� �t�h�e� �o�u�t�e�r� �w�i�r�e�s� �o�f� �t�h�e� 

�b�u�n�d�l�e� �t�o� �a� �c�y�l�i�n�d�r�i�c�a�l� �t�u�b�e� �w�i�t�h� �s�i�m�i�l�a�r� �c�r�o�s�s� �s�e�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �r�e�a�l�i�z�e� 

�t�h�a�t� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �s�i�n�g�l�e� �w�i�r�e�s� �i�s� �a�b�o�u�t� �f�i�v�e� �t�i�m�e�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �s�m�e�a�r�e�d� 

�w�i�r�e�s�.� �S�i�n�c�e� �t�h�e� �s�u�r�f�a�c�e� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �l�o�a�d� �t�r�a�n�s�f�e�r� �f�r�o�m� �t�h�e� �w�i�r�e�s� �i�n�t�o� �t�h�e� �L�T�M�,� �i�t� 

�b�e�c�o�m�e�s� �c�l�e�a�r� �t�h�a�t� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �a� �m�o�d�e�l� �w�i�t�h� �s�m�e�a�r�e�d� �w�i�r�e�s� �c�a�n� �n�o�t� �g�i�v�e� 

�a�c�c�u�r�a�t�e� �n�u�m�b�e�r�s� �f�o�r� �t�h�e� �s�t�r�e�s�s�e�s�.� �I�t� �p�r�o�v�i�d�e�s� �o�n�l�y� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �a�r�e�a�s� 

�w�i�t�h� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� �a� �g�e�n�e�r�a�l� �o�v�e�r�v�i�e�w� �o�f� �t�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�.� 

�5�.�4� �S�u�m�m�a�r�y� 

�A� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s� �i�s� �a� �t�o�o�l� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �s�t�r�e�s�s�e�s� �a�n�d� �s�t�r�a�i�n�s� �i�n� �a� �g�e�o�m�e�t�r�i�c�a�l�l�y� 

�d�e�f�i�n�e�d� �s�o�l�i�d� �w�i�t�h� �g�i�v�e�n� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s�.� �I�t� �p�r�o�v�i�d�e�s� �a�n� 

�i�n�s�i�g�h�t� �o�v�e�r� �t�h�e� �s�t�r�e�s�s� �a�n�d� �s�t�r�a�i�n� �d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� �a� �g�i�v�e�n� �l�o�a�d�.� �I�n� �t�h�e� �p�r�e�v�i�o�u�s� �a�n�a�l�y�z�e�d� 

�c�a�s�e�s� �o�f� �a�n� �a�n�c�h�o�r�i�n�g� �s�y�s�t�e�m�,� �s�e�v�e�r�a�l� �p�o�i�n�t�s� �h�a�v�e� �t�o� �b�e� �c�o�n�s�i�d�e�r�e�d�.� �T�h�e� �g�e�o�m�e�t�r�y� �c�a�n� �b�e� 

�m�o�d�e�l�e�d� �o�n�l�y� �w�i�t�h� �a� �c�e�r�t�a�i�n� �n�u�m�b�e�r� �o�f� �e�l�e�m�e�n�t�s�,� �r�e�s�t�r�i�c�t�e�d� �b�y� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �u�s�e�d� 

�c�o�m�p�u�t�e�r� �s�y�s�t�e�m�.� �T�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �c�a�n� �n�o�t� �b�e� �m�o�d�e�l�e�d� �c�o�r�r�e�c�t�l�y� �s�i�n�c�e� �t�h�e�y� �a�r�e� �n�o�t� 

�k�n�o�w�n� �c�o�m�p�l�e�t�e�l�y�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �b�o�d�i�e�s� �i�s� �a�s�s�u�m�e�d� �t�o� �b�e� 

�8�1



�f�r�i�c�t�i�o�n�l�e�s�s�,� �w�h�i�c�h� �d�o�e�s� �n�o�t� �r�e�p�r�e�s�e�n�t� �t�h�e� �r�e�a�l�i�t�y�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �r�e�-� 

�e�n�t�r�a�n�t� �a�r�e�a� �c�r�e�a�t�e�s� �a� �t�h�e�o�r�e�t�i�c�a�l� �s�i�n�g�u�l�a�r�i�t�y�,� �s�i�m�i�l�a�r� �t�o� �t�h�e� �o�n�e� �i�n� �a� �c�r�a�c�k� �t�i�p� �b�u�t� �o�f� �d�i�f�f�e�r�e�n�t� 

�o�r�d�e�r�.� 

�T�h�e� �a�b�o�v�e� �m�e�n�t�i�o�n�e�d� �d�i�f�f�i�c�u�l�t�i�e�s� �a�n�d� �s�h�o�r�t� �c�o�m�i�n�g�s� �i�n�f�l�u�e�n�c�e� �d�i�r�e�c�t�l�y� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� 

�t�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �u�s�e�d� �t�o� �g�i�v�e� �a�n� �i�n�s�i�g�h�t� �o�f� �t�h�e� �s�t�r�e�s�s� 

�f�i�e�l�d� �d�i�s�t�r�i�b�u�t�i�o�n�,� �t�h�e� �a�c�t�u�a�l� �m�a�g�n�i�t�u�d�e�s� �o�f� �s�t�r�e�s�s�e�s� �a�n�d� �s�t�r�a�i�n�s� �a�r�e� �n�o�t� �m�e�a�n�i�n�g�f�u�l�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �o�r�d�e�r� �o�f� �t�h�e� �o�b�t�a�i�n�e�d� �s�t�r�e�s�s�e�s� �a�n�d� �s�t�r�a�i�n�s� �c�a�n� �b�e� �a�s�s�u�m�e�d� �t�o� �b�e� �c�o�r�r�e�c�t�.� 

�T�h�e� �a�n�a�l�y�s�e�s� �p�e�r�f�o�r�m�e�d� �l�e�a�d� �t�o� �s�e�v�e�r�a�l� �c�o�n�c�l�u�s�i�o�n�s�.� �F�r�o�m� �M�o�d�e�l� �I� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� 

�t�h�e�r�e� �a�r�e� �t�w�o� �z�o�n�e�s� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �B�o�t�h� �a�r�e�a�s� �a�r�e� �l�o�c�a�t�e�d� �a�t� �t�h�e� �r�e�-�e�n�t�r�a�n�t� 

�p�o�i�n�t�s� �o�f� �t�h�e� �w�i�r�e�s� �t�o� �t�h�e� �L�T�M�.� �T�h�e� �r�e�a�r� �p�a�r�t� �o�f� �t�h�e� �a�n�c�h�o�r� �d�o�e�s� �n�o�t� �e�x�p�e�r�i�e�n�c�e� �h�i�g�h� 

�s�t�r�e�s�s�e�s�.� �T�h�e�r�e�f�o�r�e� �o�n�l�y� �t�h�e� �f�r�o�n�t� �p�a�r�t� �i�s� �m�o�d�e�l�e�d� �w�i�t�h� �a� �r�e�f�i�n�e�d� �m�e�s�h� �s�i�z�e�.� �I�t� �b�e�c�o�m�e�s� 

�o�b�v�i�o�u�s� �t�h�a�t� �f�o�r� �a� �s�u�c�c�e�s�s�f�u�l� �d�e�s�i�g�n� �o�f� �a�n� �a�n�c�h�o�r� �s�p�e�c�i�a�l� �a�t�t�e�n�t�i�o�n� �i�s� �n�e�e�d�e�d� �f�o�r� �t�h�e� �l�o�a�d� 

�e�n�t�r�a�n�c�e� �r�e�g�i�o�n�.� 

�I�n� �M�o�d�e�l� �I�I�,� �t�w�o� �d�i�f�f�e�r�e�n�t� �o�r�t�h�o�t�r�o�p�i�c� �L�T�M� �m�a�t�e�r�i�a�l�s� �a�r�e� �u�s�e�d�,� �t�w�o� �c�a�r�b�o�n�/�e�p�o�x�y� 

�s�y�s�t�e�m�s� �a�n�d� �o�n�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �s�y�s�t�e�m�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� 

�E�-�g�l�a�s�s� �/� �p�o�l�y�e�s�t�e�r� �s�y�s�t�e�m� �i�s� �l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �a�r�e�a�s� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �T�h�e� 

�m�a�g�n�i�t�u�d�e�s� �o�f� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �r�e�g�i�o�n� �o�f� �s�i�n�g�u�l�a�r�i�t�i�e�s� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�w�e�r� �t�h�e�n� �f�o�r� �t�h�e� 

�c�a�r�b�o�n�/�e�p�o�x�y� �s�y�s�t�e�m�s�.� �A�l�s�o� �t�h�e� �f�l�u�c�t�u�a�t�i�o�n� �o�f� �s�t�r�e�s�s�e�s�,� �c�o�m�p�r�e�s�s�i�o�n� �a�n�d� �t�e�n�s�i�o�n�,� �i�s� �f�o�r� 

�t�h�e� �E�-�g�l�a�s�s�/�p�o�l�y�e�s�t�e�r� �s�y�s�t�e�m� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�.� 

�T�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �s�u�c�c�e�s�s�f�u�l�l�y� �u�s�e�d� �a�n�c�h�o�r� �t�y�p�e�s� �i�s� �a�n�a�l�y�z�e�d� �i�n� �M�o�d�e�l� �I�I�I�.� �T�h�e�r�e�,� 

�t�w�o� �d�i�f�f�e�r�e�n�t� �L�T�M� �t�y�p�e�s� �a�r�e� �u�s�e�d�,� �o�n�e� �w�i�t�h� �t�w�o� �d�i�f�f�e�r�e�n�t� �s�t�i�f�f� �m�a�t�e�r�i�a�l�s� �a�n�d� �o�n�e� �s�i�m�u�l�a�t�i�n�g� 

�a� �v�a�r�i�a�b�l�e� �s�t�i�f�f� �L�T�M� �b�y� �u�s�i�n�g� �3�0� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s�.� �F�o�r� �b�o�t�h� �c�a�s�e�s�,� �t�h�e� �s�t�r�e�s�s�e�s� �a�r�e� �h�i�g�h�e�r� 

�a�l�o�n�g� �t�h�e� �o�u�t�e�r� �w�i�r�e�s� �t�h�e�n� �a�l�o�n�g� �t�h�e� �i�n�n�e�r� �w�i�r�e�s�.� �T�h�e� �L�T�M� �i�s� �p�u�l�l�e�d� �a� �s�m�a�l�l� �d�i�s�t�a�n�c�e� �o�u�t� �o�f� 

�t�h�e� �s�o�c�k�e�t�.� �A�t� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �s�o�c�k�e�t�,� �a� �r�e�g�i�o�n� �o�f� �h�i�g�h� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �e�x�i�s�t�s�.� �T�h�e� 

�e�d�g�e� �a�c�t�s� �a�s� �a� �n�o�t�c�h� �a�t� �t�h�i�s� �p�o�i�n�t�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �a� �h�i�g�h� �s�h�e�a�r� �s�t�r�e�s�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �t�h�i�s� �a�r�e�a�.� 

�W�h�e�r�e� �t�h�e� �L�T�M� �i�s� �p�u�l�l�e�d� �o�u�t� �o�f� �t�h�e� �s�o�c�k�e�t�,� �t�h�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �i�n� �t�h�e� �L�T�M� �i�s� �t�e�n�s�i�l�e�.� �T�h�a�t� �c�a�n� 

�r�e�s�u�l�t� �i�n� �d�e�b�o�n�d�i�n�g�.� �I�n� �t�h�e� �c�a�s�e� �w�h�e�r�e� �t�h�e� �L�T�M� �i�s� �m�o�d�e�l�e�d� �w�i�t�h� �t�w�o� �d�i�f�f�e�r�e�n�t� �m�a�t�e�r�i�a�l�s�,� �a�n� 

�a�d�d�i�t�i�o�n�a�l� �a�r�e�a� �o�f� �h�i�g�h� �s�t�r�e�s�s�e�s� �e�x�i�s�t�s� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �o�f� �t�h�e� �t�w�o� �m�a�t�e�r�i�a�l�s�.� �E�x�p�e�r�i�m�e�n�t�s� 

�s�h�o�w� �t�h�a�t� �t�h�i�s� �i�n�t�e�r�f�a�c�e� �a�r�e�a� �l�e�a�d�s� �t�o� �f�a�i�l�u�r�e�.� 
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�T�h�e� �a�n�a�l�y�s�i�s� �p�e�r�f�o�r�m�e�d� �g�i�v�e�s� �s�e�v�e�r�a�l� �h�i�n�t�s� �f�o�r� �t�h�e� �d�e�s�i�g�n� �o�f� �a� �s�u�c�c�e�s�s�f�u�l� �a�n�c�h�o�r�a�g�e� 

�s�y�s�t�e�m�.� �T�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �a�n�c�h�o�r� �i�s� �o�n�l�y� �s�e�c�o�n�d�a�r�y�.� �I�t� �w�i�l�l� �b�e� �o�p�t�i�m�i�z�e�d� �o�n�c�e� �t�h�e� 

�m�a�t�e�r�i�a�l�s� �a�r�e� �d�e�f�i�n�e�d�.� �T�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s� �s�h�o�w�s� �c�l�e�a�r�l�y� �t�h�a�t� �t�h�e� �c�h�o�i�c�e� �o�f� �a� �p�r�o�p�e�r� 

�m�a�t�e�r�i�a�l� �f�o�r� �t�h�e� �L�T�M� �i�s� �c�r�u�c�i�a�l� �f�o�r� �a� �s�u�c�c�e�s�s�f�u�l� �a�n�c�h�o�r�.� �T�h�e� �L�T�M� �s�y�s�t�e�m� �s�h�o�u�l�d� �h�a�v�e� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�:� �A�t� �t�h�e� �r�e�-�e�n�t�r�a�n�t� �c�o�r�n�e�r� �o�f� �t�h�e� �w�i�r�e�s� �i�t� �s�h�o�u�l�d� �b�e� �c�o�m�p�l�i�a�n�t�,� �1�.�e�.� 

�l�o�w� �Y�o�u�n�g�'�s� �m�o�d�u�l�u�s�,� �s�o� �t�h�a�t� �t�h�e� �n�o�t�c�h� �g�e�o�m�e�t�r�y� �d�o�e�s� �n�o�t� �l�e�a�d� �t�o� �f�a�i�l�u�r�e�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� 

�r�a�d�i�a�l� �e�x�p�a�n�s�i�o�n� �d�u�e� �t�o� �t�h�e� �t�e�n�s�i�l�e� �r�a�d�i�a�l� �s�t�r�e�s�s� �i�n� �t�h�i�s� �a�r�e�a� �s�h�o�u�l�d� �b�e� �s�u�p�p�r�e�s�s�e�d� �t�o� �p�r�e�v�e�n�t� 

�d�e�b�o�n�d�i�n�g�.� �I�n� �t�h�e� �m�i�d�d�l�e� �s�e�c�t�i�o�n�,� �t�h�e� �s�t�i�f�f�n�e�s�s� �o�f� �t�h�e� �L�T�M� �s�h�o�u�l�d� �i�n�c�r�e�a�s�e� �t�o� �a�l�l�o�w� �t�h�e� 

�r�a�d�i�a�l� �p�r�e�s�s�u�r�e� �o�f� �t�h�e� �a�n�c�h�o�r� �t�o� �a�c�t� �f�u�l�l�y� �o�n� �t�h�e� �b�o�n�d�i�n�g� �o�f� �t�h�e� �w�i�r�e�s�.� �T�h�i�s� �a�s�s�u�r�e�s� �a� �p�r�o�p�e�r� 

�l�o�a�d� �t�r�a�n�s�f�e�r� �o�f� �a�x�i�a�l� �l�o�a�d� �i�n� �t�h�e� �w�i�r�e�s� �b�y� �s�h�e�a�r� �t�o� �t�h�e� �L�T�M�.� �A�t� �a� �s�m�a�l�l� �s�e�c�t�i�o�n� �o�f� �t�h�e� �r�e�a�r� 

�e�n�d� �o�f� �t�h�e� �a�n�c�h�o�r�.� �T�h�e� �L�T�M� �s�h�o�u�l�d� �b�e�c�o�m�e� �a�g�a�i�n� �c�o�m�p�l�i�a�n�t� �t�o� �b�a�l�a�n�c�e� �t�h�e� �s�t�r�e�s�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n�d�u�c�e�d� �b�y� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �L�T�M� �a�c�t�i�n�g� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �s�o�c�k�e�t�.� 

�O�n�c�e� �i�t� �i�s� �t�e�c�h�n�i�c�a�l�l�y� �p�o�s�s�i�b�l�e� �t�o� �p�r�o�d�u�c�e� �a� �L�T�M� �w�i�t�h� �a� �v�a�r�i�a�b�l�e� �Y�o�u�n�g�'�s� �m�o�d�u�l�u�s� �i�t� �i�s� 

�a�p�p�r�o�p�r�i�a�t�e� �t�o� �e�v�a�l�u�a�t�e� �a�l�s�o� �w�i�t�h� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�e�t�h�o�d� �t�h�e� �o�p�t�i�m�u�m� �s�l�o�p�e�,� �r�a�d�i�i� �a�n�d� 

�e�m�b�e�d�d�e�d� �l�e�n�g�t�h� �o�f� �t�h�e� �a�n�c�h�o�r�.� �E�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�,� �h�o�w�e�v�e�r�,� �s�h�o�w� �t�h�a�t� �t�h�e� �c�h�o�s�e�n� 

�g�e�o�m�e�t�r�y� �s�a�t�i�s�f�i�e�s� �t�h�e� �g�i�v�e�n� �r�e�q�u�i�r�e�m�e�n�t�s�.� 
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