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Table 4.1: Parameters used for homogeneous model

Stiffness (E) 8.963 MPa
Density (p) 1130 Kg/m?®
Poisson’s Ratio (v) 0.48
Thickness (h) 0.1 mm
Length (L) 35 mm
Base Width (B) 1 mm
Apex Width (Bf) 2 mm

Harmonic unit pressure is considered over the top surface of the domain as
excitation input. A frequency range of 100 Hz — 10 KHz is studied. Figure 4.5 presents the
deflection patterns of the sensor at three different frequencies. It can be seen that at the
lower frequencies, maximum localized deflection can be measured towards the apical end
of the model. Maximum deflection location is shifted towards the base with increasing
excitation frequency. This phenomenon is quite evident since the bending rigidity of the
structure is lower at the apical end, compared to the base, and this is due to the increase in
the width of the membrane, even though a constant E is defined for computation (ref. Table
1). Apart from the maximum peak, other smaller peaks are evident at the apical end. In
human cochlea, basilar membrane is submerged in a fluidic medium to achieve travelling
wave phenomenon and membrane-fluid dynamic interaction is responsible for damping out
these smaller fluctuations or the amplitude peaks. However, in this study, fluidic media is

avoided. This is because we proposed the model to aid the design and fabrication process
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simpler for the artificial basilar membrane sensors with their intended use in the air
medium. However, how to damp these fluctuations or the smaller peaks using optimized
design of the membrane property, but without using the fluid medium, is under rigorous

study.

Figure 4.5: Deflection patterns of the membrane at different frequencies (a) 3 .06 KHz (b)
4.29 KHz and (c) 5.64 KHz

Figure 4.5 shows the defection pattern and the peak shifts in the membrane in
relation to the incremental change in the excitation frequencies. To validate the
acceptability of the proposed predictive model, a numerical study is performed using
computational tool COMSOL Multiphysics. Identical model parameters, as listed in Table
1, and boundary conditions are considered compared to the predictive model. Figure 4.6
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represents the numerically obtained deflection profile of the sensor at three different
frequencies (~3.06 KHz, ~4.29 KHz and ~5.64 KHz), those are also counted to represent

the deflection patterns in Figure 4.5.

Figure 4.6: Numerically (using COMSOL multiphysics) obtained deflection profile of the
sensor at (a) 3.06 KHz (b) 4.29 KHz and (c) 5.64 KHz

Comparing the Figure 4.5 and Figure 4.6, it can be seen that the response from the
predictive model and the FEM analysis are in very close agreement. Using the proposed
model ~3.06 KHz, ~4.29 KHz and ~5.64 KHz frequencies can be selected at X = ~29.58
mm, ~19.43 mm and ~12.25 mm, respectively, while using the FEM model same
frequencies are possible to select approximately from the same location or at same X,
where ‘X’ is the membrane length measured from the base. It has also been counted that,
considering the computation time, our developed model (~ 825 sec) is almost three (3)
times faster than the FEM method (~ 2436 sec). Note that, in both the approaches, the

domain is discretized with the same dimension of elements. In the current technological
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Table 5.1: Parameters used for homogeneous model

Stiffness (E) 68.9 GPa
Density (p) 2700 Kg/m?®
Beam width (b) 2 mm
Beam thickness (h) 1 mm
Base beam length (l;) 20 mm
Apex beam length (lf) 30 mm
Total number of beams 20
Beam distance (Ay) 4 mm
Device length (L) 116 mm

In this analysis, it is considered that beams are fixed connected in both ends with
the supports. Unit harmonic downward pressure is applied on top surface of the beams.
Only first mode of the beam vibration is considered for frequency selection purpose. Thus,
maximum beam deflection is recorded at the middle of the beams. Figure 5.2 presents the
normalize deflection amplitude of the beams measured at mid-point of the beams. Since
base end beams are shorter compared to the apex end beams, higher frequencies can be
sensed from the base end (ref. Figure 5.2). Figure 5.3 reports that using the proposed model
and homogeneous parameters listed in Table 4.1, it is possible to sense a frequency band

5.95 KHz - 12.95 KHz.
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system was found to be around 90 KHz. It is observed that a and b parameters in spiral
equation (r = a + b0) or (r = ae”?) play a key role in obtaining certain natural frequencies
(not shown) in their vibrational modes. Similar study was performed in Problem 3 and
Problem 4. Radial spring constants were increased (Problem 3) and then decreased
(Problem 4) by the ratio of their radial distance and the natural frequencies obtained are
plotted in Figure 11.4 (a). Figure 11.4 (b) shows the natural frequencies of the system when
Problem 5 and Problem 6 are solved. From Figure 11.4 (a) it can be seen that there are no
obvious gap in the natural frequencies of the system similar to Figure 11.3 (a), however, a
narrow band gap in natural frequencies were observed in both Archimedean and
Logarithmic spiral systems between 15 KHz — 85 KHz when the spring constants for the

springs connecting the resonators to each other are increased or decreased, radially.
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Figure 11.3: a) Natural vibrational frequencies in Discrete Archemedian and Logarithmic
spiral system with constant and radially increasing mass; b) Displaced position of the
centers of the resonators in Logarithmic spiral system for 26" and 27" vibrational mode
where a sudden jump is in natural frequency is found.

Next the wave propagation through the proposed spiral system is studied. Here,
el(kx=0 ylane wave incident was assumed and the dispersion equation was solved by
discretizing the wave numbers to obtain the eigen frequencies. Figure 11.5 shows the
frequency eigen modes within a band 0 —m of the wave numbers obtained from
Logarithmic spiral system. In Figure 11.5 (a) marking along the x axis (0-1, 1-2 & 2-3)
represents the wave number between 0 — 1 for the propagation of wave along 0°, 45°&
90°, respectively. It is apparent that all the possible eigen modes are confined within a
specific band of the frequencies. The system is modeled as a discrete system and thus

discrete numbers of eigen modes were obtained. All eigen modes were found to be confined

within 20 KHz — 100 KHz when the mass of the resonators are kept constant (Problem 1).
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11.8(b)
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Another interesting phenomenon that was observed, after solving the Problem 7, is
shown in Figure 11.8. Figure 11.8 (a) shows the natural frequencies of the spiral system
obtained when the tangential springs constants are ten time less than the radial spring
constants. Such parametric variation created a band of frequencies which are not possible
to be the natural frequency of the spiral system and then almost half of the wave modes
found to be nondispersive. Next, wave propagation through the Logarithmic spiral system
was studied (wave propagating along x direction (see Figure 11.8 (b) & Figure 11.8 (¢))).
A clear band gap at lower frequencies (similar to the above examples) was observed and
another band gap between 30 KHz — 45 KHz was found. Just above this band gap another
narrow pass band between 46 KHz — 46.6 KHz was observed. The band gap between 30
KHz — 45 KHz were found to be dependent on the ratio of tangential and radial spring
constants. Hence, softer springs between resonators along the tangential direction are
capable of creating larger band gaps at lower frequencies. Modal crossover points every
2m interval were evident as discussed before. These modal crossovers act as bridge between
two pass bands at certain wave number zone. Hence, there are significant possibilities of

manipulating these behaviors for practical use in frequency filtration.

11.4 Chapter Summary

From the above study the following comments can be made. Spiral modal behavior
is geometry dependent. Archimedean and Logarithmic Spirals have similar phenomena but
different frequency responses. In the vibration analysis of the Logarithmic spirals, the
nonexistence of the natural frequencies is correlated with the frequency band gaps that are

obtained when the wave propagation through the spiral system was studied. Increasing
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spring constants increased the frequencies of the passing band of the wave modes, whereas
increased mass (m;) decreased the frequency bands of the wave modes. Different spring
constants for radial springs (Kt;) and tangential springs (K;) could potentially result in
separation of band structures with multiple pass bands. However, it is affirmative from the
results that low frequency non passing zone can be created and all the possible wave modes
can be confined within certain band of frequencies. Suitable selection of material for the
resonators and materials for the springs will provide extreme design flexibility for

frequency control and wave guiding.

241



CHAPTER 12: CONCLUSION

In present state-of-the-art technologies, electronic and mechanical sensors are
widely employed in industrial applications for selecting user defined frequencies.
Cantilever beam models are the most popular designs for the mechanical sensors. However,
cantilever beam models are typically designed for high frequency (usually > 10 KHz)
applications since resonance phenomenon is the driving mechanism in selecting target
frequencies using such sensors. Resonance frequency of the structural resonance primarily
depends on structural geometry, stiffness and mass of the system. Thus dimension of the
structure is the governing factor. Hence in this research, we proposed an alternative but
novel mechanical frequency selection method that can be employed in a wide variety of

frequencies maintaining the required smaller geometric configurations.

After rigorous study, it found that, the human cochlea is the most developed band
pass sensor in nature, where it selects only the sonic frequency band (20 Hz — 20 KHz) and
filters all the infrasonic and ultrasonic frequencies using only a ~35 mm effective structure
length. The Basilar Membrane (BM) in the cochlea is naturally designed but based on the
variable stiffness model, starting from the base to the apex of the cochlea. While cantilever
beam uses the structural resonance phenomenon to select the target frequencies, basilar

membrane performs bases on local resonance phenomena to do the same.
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Two models have been proposed in this research considering the ability to introduce
local resonance feature, a) the Acousto-Elastic MetaMaterial (AEMM) model and b) the
Basilar Membrane (BM) model. AEMM s are traditionally employed for filtering acoustic
waves. However, in this research, for the very first time AEMM’s are proposed for the
purpose of the frequency selection. Initially, stop band technique (SBT) is considered to
model the AEMM based mechanical sensor. Upon unsuccessful attempts using SBT, band
pass technique (PBT) is adopted. It has been found that, using the PBT, AEMM can
perform as the targeted mechanical sensor. A specific frequency can be selected precisely
from a unit cell AEMM, while remaining frequencies of this system can be filtered. Since
each unit cell is capable of selecting a distinct frequency, multi-cell AEMM model, with
systemic selection of material properties in each cell, is further proposed to sense a band
of frequencies. It has been reported that, since in the AEMM model, local resonance
frequency is a function of material properties instead of model geometry, it is possible to
manipulate the target frequency keeping the model geometry unchanged. Such flexibility

allows the AEMM model to be designed for a wide range of frequencies.

In Basilar Membrane model, geometric configuration of the real basilar membrane
is mimicked to replicate its functionalities. A considerable number of studies have been
performed in recent years to present mechanical frequency sensors/filters mimicking the
basilar membrane. However, a comprehensive and comparatively fast predictive model is
missing. Such model is the utmost necessity to conduct optimization study before any
design proposal. Hence, in this research, a predictive model for the band pass frequency
sensor is developed so that the frequency band and the model parameters can be selected

predictively. It is expected that the developed predictive model can boost the artificial
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cochlea technology since the human cochlea also performs as band pass frequency sensor,
naturally. Following the geometry of the basilar membrane, trapezoidal structure is
suggested for the sensor device. The predictive model is developed with utmost flexibility
that not only can manage homogeneous but also the functionally graded model parameters.
The model is flexible enough to adopt different types of boundary conditions.

Two designs of the BM based mechanical sensor are proposed, i) the plate model
and ii) the beam model. The plate model is designed where a band of frequencies is
necessary without missing any frequency within the band. Using the plate model and
homogeneous model parameters, it has been found that a specific band of frequency can
be selected from a distinct segment of the model. It is possible to shift, wide or narrow the
length segment using functionally graded structure towards selecting the same frequency
band. The beam model is proposed where distinct frequencies are require to be selected
within a frequency band. The beam model suggests that a band of frequency can be sensed
using the proposed model and it is possible to manipulate the frequency selection capacity
of the model altering the material properties. Both the predictive models are numerically
validated using the simulation tool COMSOL Multiphysics and it has been found that the
proposed models are couple of order faster than its counter FEM technique. Though, in this
work, deflection amplitude is referred as sensing parameters, the deflection amplitude can
easily be converted to electrical signals through implementing smart materials, specifically
piezoelectric material. The predictive models can be linked to any optimization tool to get
the user required optimized geometry for any target frequency band.

In addition to the introduction of mechanical frequency selection method, in this

research we envisioned few novel applications of the proposed models. Since the proposed
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AEMM sensor uses electric potential as the sensing parameter, we further recommend
AEMM model for energy harvesting application. We report that, the proposed unit AEMM
structure with sub-wavelength geometry (< 5 cm) is capable to generate ~ 36 uW power at
low frequency level (<1 KHz), which is significantly higher compared to the existing
harvesters of same kind. We further suggest three novel applications (please refer chapter
7) of the AEMM based harvester. In this research, we also propose BM cantilever beam

model as the mycotoxin detection sensor.

In spite of the key objectives of this dissertation, couple of supporting researches
have also been performed, such as, energy scavenging using patterned piezoelectric layer,
phonon confinement using spirally oriented elastic resonators (please see chapter 10 and

11).

12.1  Major contributions

1. Auniversal mechanical band pass frequency sensing mechanism is developed
using the local resonance phenomena. The proposed frequency selection
method provides the flexibility to be employed for both the low and the high
frequencies with controlled geometric configuration.

2. Two designs (AEMM and BM) are proposed to model the targeted frequency
sensors mimicking the operation of the human cochlea.

3. For the very first time AEMM is presented to read the trapped frequencies
inside the metamaterial in oppose to the filtration of acoustic wave using band

gap phenomena. It has been confirmed that the proposed design of AEMM is
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capable of performing as the targeted frequency sensor. Each unit cell selects
a unique frequency.

4. Comprehensive predictive model for the BM based frequency sensor is
developed. Two predictive models are developed corresponding to the
envisioned plate type and beam type BM sensors. The predictive models are
significantly faster (~3 times) than its counter FEM approach.

5.  AEMM based energy scavenging procedure is presented. Significantly higher
power output is recorded compared to the existing harvesters of the similar

type.

6. Additional novel applications of the AEMM and BM models are proposed.

12.2 Future Recommendations

1. Using the developed predictive models, scaling down of the AEMM and BM
sensors to micro and nano scale for a specific target frequency are possible.
Development of a low frequency sensor with micro/nano scale geometry is
challenging but could be a future direction of research.

2. Optimize the precise frequency selection ability of the proposed models.

3. The BM predictive model could boost the development of the artificial
mechanical cochlea.

4. Development of the ultrasonic cochlea for robots can be envisioned using the
BM model.

5. Further study is necessary to avoid the tail peaks in the BM plate model.
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6. Perform necessary study to implement the AEMM and BM models in

respective novel applications those are proposed in this dissertation.
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APPENDIX A: MATLAB CODE FOR BM PLATE MODEL
%%%%% %% % %% %% % %% % %% %% % %% %% % %% %% % %% %% % %% %% % % %
%0%%%%%%% Predictive model for Basilar Membrane Plate Model%%%%%%%%%%

%9%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% % %% % %% %% %% %

%%% This code possess the flexibility to alter model parameters, such as
%%% (model parameters can be defined as constant value or functional form)
%%%

%%% (1) Length [constant]

%%% (2) Width (Base width, Apex width) [constant]

%%% (3) Thicknessconstant/functional]

%%% (4) Stiffness [constant/functional]

%%% (5) Poissons Ratio [constant/functional]

%%% (6) Density [constant/functional]

%%% (7) Boundary condition [fixed/simply supported].

%%%

%%% Among four (4) boundaries of the model, 'Right’ boundary always
%%% considered free, whereas other three (3) boundaries can be either
%%% 'Fixed' or 'Simply supported'. To change the boundary condition,

%%% uncommand equation for target bounday condition and command another.
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clc

clear all

Syms X;

syms y;

%% Defining Model Parameters

% E=8.963e6*(1+14.28571429*X); % Functional stiffness

E=8.963€6; % Fixed stiffness

% nu=0.48%*(1-9.52380952380952*x); % Functional poissons ratio
nu=0.48; % Fixed poissons ratio

% rho=1130*(1+14.28571429*x); % Density of the model

rho=1130; % Density of the model
t=0.1e-3*(1+14.28571429*X); % Functional thickness

% t=0.1e-3; % Fixed thickness

D=(E*t"3)/(12*(1-nu”2));

F=1e3; % Total vertical load
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f=4500:10:5500; % Frequency band

% f=1800; % Frequency

omg=2*pi*f;

length=35e-3; % Length of the model

wh=1e-3; % Base width of plate

wa=2e-3; % Apex width of plate

seg_x=200; % Finite difference segment along length (always even)
seg_y=10; % Finite difference segment along width (always even)
RowNum=seg_y-1; % Node number along width

ColNum=seg_x; % Node number along length

m=RowNum*ColNum; % Total number of nodes

%% Calculation of distance between node points.
% "del_x" is constant, however "del_y" is varying over the length
for i=1:ColNum+3
DyDecrement=(wb-wa)/ColNum;
width(i)=wb-(i-1)*DyDecrement;
dy(i)=width(i)/seg_y;

end

for i=1:RowNum

for j=1:ColNum
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del_y((i-1)*ColNum+j)=dy(j+1);
end

end

del_y L1=dy(ColNum+2); % del vy at fictitious line 1 on right boundary of the model

del_y L2=dy(ColNum+3); % del vy at fictitious line 2 on right boundary of the model

del_x=length/seg_x;

%% Pressure per unit area of the plate
fori=1:m
p(i)=F/(del_x*del_y(i)); % pressure/area

end

%% Finding node cordinates

for i=1:ColNum+1
xx(1)=(i-1)*del_x;
for j=1:RowNum+2
x_cord(j,i)=xx(i); % x-coordinates of node points
end

end
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WidthDec=((wb/2)-(wa/2))/seg_x; % Linear width decrement along length of the model

for i=1:seg_x+1
y2(i)=-WidthDec*(i-1);
for j=1:seg_y+1

y1.1)=y2(i)-dy(i)*(-1);

end

end

for i=1:seg_x+1
for j=1:seg_y+1
y_cord(j,i)=y1(j,i)-y1((seg_y/2)+1,i); % y-coordinates of the node points
end

end

for i=1:RowNum
for j=1:ColNum
X_V(j+(i-1)*ColNum,1)=x_cord(i+1,j+1); % x-coordinates in vector
y_V(j+(i-1)*ColNum,1)=y cord(i+1,j+1); % y-coordinates in vector
end

end
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fori=1:m
for j=1:m
x_vec(i,j)=x_v(i);

y_vec(i,j)=y_v(i);

end

end

%% Angle calculation

for i=1:RowNum

thetal(i)=atand((y_cord(i+1,ColNum)-y_cord(i+1,1))/(x_cord(i+1,ColNum)-
x_cord(i+1,1)));

for j=1:ColNum
theta(i,j)=thetal(i);
end

end

for i=1:RowNum

for j=1:ColNum

CosT(i,j)=cosd(theta(i,))); % Cos Theta
SinT(i,j)=sind(theta(i,))); % Sin Theta
end

end
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CoT=reshape(CosT',m,1);

SiT=reshape(SinT',m,1);

for j=1:m
fori=1:m
CT(i,j)=CoT(j);
ST(i,j)=SIiT(j);
end

end

%% Calculating derivative terms related to model parameters

D_dx=diff(D,x);

D_dx2=diff(D_dx,x);

D_dy=diff(D,y);

D_dy2=diff(D_dy,y);

D_dxdy=diff(D_dx.y);

nu_dx=diff(nu,x);

nu_dx2=diff(nu_dx,x);
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nu_dy=diff(nu,y);

nu_dy2=diff(nu_dy,y);

nu_dxdy=diff(nu_dx,y);

%%%%%% subs
t 1=double(subs(t,{x,y},{x_v,y_v}));

rho_1=double(subs(rho,{x,y}{x_v,y_v});

D_1=double(subs(D,{x,y}{x_v.y_v}));
D_dx_1=double(subs(D_dx,{x,y}.{x_v.y_v}));
D_dx2_1=double(subs(D_dx2,{x,y}.{x_v.y_V});
D_dy_1=double(subs(D_dy,{x,y},{x_v,y_v}));
D_dy2_1=double(subs(D_dy2 {x,y}.{x_v.y_V});

D_dxdy_1=double(subs(D_dxdy,{x,y}.{x v,y _V}));

nu_l1=double(subs(nu,{x,y}.{X_v,y_Vv});
nu_dx_1=double(subs(nu_dx,{x,y},{x_v,y_v}));
nu_dx2_1=double(subs(nu_dx2,{x,y},{x_v,y_Vv}));
nu_dy 1=double(subs(nu_dy,{x,y},{x_v,y_v}));
nu_dy2 1=double(subs(nu_dy2,{x,y},{x v,y _v}));

nu_dxdy 1=double(subs(nu_dxdy,{x,y},{x v,y _v}));
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fori=1:m
for j=1:m
t_2(i,j)=t_1(i);

rho_2(i,j)=rho_1(i);

D_2(i,j)=D_1(1);
D_dx_2(i,j)=D_dx_1(i);
D_dx2_2(i,j)=D_dx2_1(i);
D_dy_2(i.j)=D_dy_1(i);
D_dy2_2(i,j)=D_dy2_1(i);

D_dxdy 2(i,j)=D_dxdy_1(i);

nu_2(i,j)=nu_1(i);

nu_dx_2(i,j)=nu_dx_1(i);

nu_dx2_2(i,j)=nu_dx2_1(i);

nu_dy_2(i,j)=nu_dy_1(i);

nu_dy2_2(i,j)=nu_dy2_1(i);

nu_dxdy_2(i,j)=nu_dxdy_1(i);
end

end

%% Calculating coefficients for fictitious node points on free end
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for i=1:ColNum+1
alpha(i)=(del_x"2)/(dy(i+1).72);

end

%%%%%% Line 1 dummy node coefficients

L1 Cl=zeros(RowNum,m); % 1st Coefficient of Line 1
L1 C2=zeros(RowNum,m); % 2nd Coefficient of Line 1
L1 C3=zeros(RowNum,m); % 3rd Coefficient of Line 1

L1 C4=zeros(RowNum,m); % 4th Coefficient of Line 1

for i=1:RowNum;
if i==1
L1 _C1(i,ColNum*i)=2+2*nu_2(ColNum,1)*alpha(ColNum);
L1 C2(i,ColNum¥*i-1)=-1;
L1 C4(i,ColNum*(i+1))=-nu_2(ColNum,1)*alpha(ColNum);
elseif i==RowNum
L1 _C1(i,ColNum*i)=2+2*nu_2(ColNum,1)*alpha(ColNum);
L1_C2(i,ColNum*i-1)=-1;
L1 C3(i,ColNum*(i-1))=-nu_2(ColNum,1)*alpha(ColNum);
else
L1 C1(i,ColNum*i)=2+2*nu_2(ColNum,l)*alpha(ColNum);

L1_C2(i,ColNum*i-1)=-1;
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L1 C3(i,ColNum*(i-1))=-nu_2(ColNum,1)*alpha(ColNum);
L1 C4(i,ColNum*(i+1))=-nu_2(ColNum,1)*alpha(ColNum);
end
end

L1=L1 C1+L1 C2+L1 C3+L1 C4; 9% Line 1 coefficient matrix. Each row represents
coefficients for a particular node

%%%%%% Calculating coefficients for additional Line 1 dummy nodes
L1 top=zeros(1,m);

L1 bottom=zeros(1,m);

L2_top=zeros(1,m);

L2_bottom=zeros(1,m);

% L1 _top(;,ColNum)=0; %%% for simply supported top boundary

L1 top(:,ColNum)=-2*nu_2(ColNum,1)*alpha(ColNum); %%% for fixed supported top
boundary

% L1 bottom(:,m)=0; %%% for simply supported bottom boundary

L1 bottom(:,m)=-2*nu_2(ColNum,1)*alpha(ColNum); %%% for fixed supported
bottom boundary

% L2_top(;,ColNum)=0; %%% for simply supported top boundary

L2_top(:,ColNum)=-(4*nu_2(ColNum,1)*alpha(ColNum)...

+8*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum+1)*alpha(ColNum)...
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+4*(2-nu_2(ColNum,1))*alpha(ColNum+1)); %%% for fixed supported top
boundary

L2_top(:,ColNum-1)=2*(2-nu_2(ColNum,1))*alpha(ColNum-1)...

+2*(2-nu_2(ColNum,1))*alpha(ColNum+1); %%% for fixed supported top
boundary

L2_top(:,ColNum+ColNum)=2*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum+1)*alpha(ColNum); %%% for fixed supported top boundary

% L2_bottom(:,m)=0; %%% for simply supported bottom boundary
L2_bottom(:,m)=-(4*nu_2(ColNum,1)*alpha(ColNum)...
+8*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum-+1)*alpha(ColNum)...

+4*(2-nu_2(ColNum,1))*alpha(ColNum+1)); %%% for fixed supported top
boundary

L2_bottom(:,m-1)=2*(2-nu_2(ColNum,1))*alpha(ColNum-1)...

+2*(2-nu_2(ColNum,1))*alpha(ColNum+1); %%% for fixed supported top
boundary

L2_bottom(:,m-ColNum)=2*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum+1)*alpha(ColNum); %%% for fixed supported top boundary

%%%%%% Line 2 dummy node coefficients

L2_Cl=zeros(RowNum,m); % 1st Coefficient of Line 2
L2_C2=zeros(RowNum,m); % 2nd Coefficient of Line 2
L2 C3=zeros(RowNum,m); % 3rd Coefficient of Line 2

L2 C4=zeros(RowNum,m); % 4th Coefficient of Line 2
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L2 C5=zeros(RowNum,m); 9% 5th Coefficient of Line 2
L2 C6=zeros(RowNum,m); 9% 6th Coefficient of Line 2
L2 _C7=zeros(RowNum,m); % 7th Coefficient of Line 2
L2_C8=zeros(RowNum,m); % 8th Coefficient of Line 2

L2_C9=zeros(RowNum,m); % 9th Coefficient of Line 2

for i=1:RowNum;
ifi==1

% L2_C1(i,ColNum*i)=4+4*(2-
nu_2(ColNum,1))*alpha(ColNum+1)+4*nu_2(ColNum,1)*alpha(ColNum)...

% +3*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);
%%% for simply supported top boundary

L2_C1(i,ColNum*i)=4+4*(2-
nu_2(ColNum,1))*alpha(ColNum+1)+4*nu_2(ColNum,1)*alpha(ColNum)...

+7*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);
%%% for fixed supported top boundary

L2_C2(i,ColNum*i-1)=-(4+2*(2-nu_2(ColNum,1))*alpha(ColNum-1)...
+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));
L2 C3(i,ColNum*i-2)=1;

L2_C6(i,ColNum*(i+1))=-
(2*nu_2(ColNum,1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2 _C7(i,ColNum*(i+1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

L2_C9(i,ColNum*(i+2))=nu_2(ColNum,1)*(2-
nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);

elseif i==2 && RowNum>=4
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L2_C1(i,ColNum*i)=4+4*(2-
nu_2(ColNum,1))*alpha(ColNum+1)+4*nu_2(ColNum,1)*alpha(ColNum)...

+6*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);
L2_C2(i,ColNum*i-1)=-(4+2*(2-nu_2(ColNum,1))*alpha(ColNum-1)...
+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));
L2_C3(i,ColNum*i-2)=1;

L2_CA4(i,ColNum™*(i-1))=-
(2*nu_2(ColNum,1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2_C5(i,ColNum*(i-1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

L2_C6(i,ColNum*(i+1))=-
(2*nu_2(ColNum,1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2 C7(i,ColNum*(i+1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

L2_C9(i,ColNum*(i+2))=nu_2(ColNum,1)*(2-
nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);

elseif i==2 && RowNum<4

L2_C1(i,ColNum*i)=4+4*(2-
nu_2(ColNum,1))*alpha(ColNum+1)+4*nu_2(ColNum,1)*alpha(ColNum)...

+6*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);
L2_C2(i,ColNum*i-1)=-(4+2*(2-nu_2(ColNum,1))*alpha(ColNum-1)...
+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));
L2 C3(i,ColNum*i-2)=1;

L2_C4(i,ColNum*(i-1))=-
(2*nu_2(ColNum,1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...
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*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2_C5(i,ColNum*(i-1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

L2 C6(i,ColNum*(i+1))=-
(2*nu_2(ColNum,1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2 C7(i,ColNum*(i+1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

elseif i==RowNum

% L2_C1(i,ColNum*i)=4+4*(2-
nu_2(ColNum,1))*alpha(ColNum+1)+4*nu_2(ColNum,1)*alpha(ColNum)...

% +3*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);
%%% for simply supported bottom boundary

L2_C1(i,ColNum*i)=4+4*(2-
nu_2(ColNum,1))*alpha(ColNum+1)+4*nu_2(ColNum,1)*alpha(ColNum)...

+7*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);
%%% for fixed supported bottom boundary

L2_C2(i,ColNum*i-1)=-(4+2*(2-nu_2(ColNum,1))*alpha(ColNum-1)...
+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));
L2 C3(i,ColNum*i-2)=1;

L2_CA4(i,ColNum*(i-1))=-
(2*nu_2(ColNum, 1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2 _C5(i,ColNum*(i-1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

L2 C8(i,ColNum*(i-2))=nu_2(ColNum,1)*(2-
nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);

elseif i==RowNum-1
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L2_C1(i,ColNum*i)=4+4*(2-
nu_2(ColNum,1))*alpha(ColNum+1)+4*nu_2(ColNum,1)*alpha(ColNum)...

+6*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);
L2_C2(i,ColNum*i-1)=-(4+2*(2-nu_2(ColNum,1))*alpha(ColNum-1)...
+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));
L2_C3(i,ColNum*i-2)=1;

L2_CA4(i,ColNum™*(i-1))=-
(2*nu_2(ColNum,1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2_C5(i,ColNum*(i-1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

L2_C6(i,ColNum*(i+1))=-
(2*nu_2(ColNum,1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2 C7(i,ColNum*(i+1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

L2_C8(i,ColNum*(i-2))=nu_2(ColNum,1)*(2-
nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);

else

L2_C1(i,ColNum*i)=4+4*(2-
nu_2(ColNum,1))*alpha(ColNum+1)+4*nu_2(ColNum,1)*alpha(ColNum)...

+6*nu_2(ColNum,1)*(2-nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);
L2_C2(i,ColNum*i-1)=-(4+2*(2-nu_2(ColNum,1))*alpha(ColNum-1)...
+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));
L2 C3(i,ColNum*i-2)=1;

L2_C4(i,ColNum*(i-1))=-
(2*nu_2(ColNum,1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...
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*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2_C5(i,ColNum*(i-1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

L2 C6(i,ColNum*(i+1))=-
(2*nu_2(ColNum,1)*alpha(ColNum)+4*nu_2(ColNum,1)*(2-nu_2(ColNum,1))...

*alpha(ColNum)*alpha(ColNum+1)+2*(2-nu_2(ColNum,1))*alpha(ColNum+1));

L2 C7(i,ColNum*(i+1)-1)=(2-nu_2(ColNum,1))*alpha(ColNum-1)+(2-
nu_2(ColNum,1))*alpha(ColNum+1);

L2_C8(i,ColNum*(i-2))=nu_2(ColNum,1)*(2-
nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);

L2_C9(i,ColNum*(i+2))=nu_2(ColNum,1)*(2-
nu_2(ColNum,1))*alpha(ColNum)*alpha(ColNum+1);

end
end

L2=L2 C1+L2 C2+L2 C3+L2 CA4+L2 C5+L2_C6+L2 C7+L2 C8+L2 CO:

%% Calculating coefficients matrix for derivative terms

%%%%%%%% Calculating DX2 coefficients %%%%%%%%
%% DX2_C1 (i-1,j)
fori=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX2_C1(i,j)=0;
else

DX2_C1(i,i-1)=1*(1/del_x"2);
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end
end
end
%% DX2_C2 (i,))
for i=1:m
DX2_C2(i,i)=-2*(1/del_x"2);
end
%% DX2_C3 (i+1,))
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0
DX2_C3(i,j)=1*L1(i/ColNum, j)*(1/del_x"2);
else
DX2_C3(i,i+1)=1*(1/del_x"2);
end
end

end

DX2=DX2_C1+DX2_C2+DX2_C3;

%%%%%%%% Calculating DX3 coefficients %%%%%%%%
%% DX3_C1 (i-2,))

fori=1:m
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for j=1:m
if rem((i-1)/ColNum,1)==0
% DX3_C1(i,i)=-1*(-1/2)*(1/del_x"3);
DX3_C1(i,i)=1*(-1/2)*(1/del_x"3);
elseif rem((i-2)/ColNum,1)==0
DX3_C1(i,j)=0;
else
DX3_CA1(i,i-2)=1*(-1/2)*(1/del_x"3);
end
end
end
%% DX3_C2 (i-1}))
fori=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX3_C2(i,j)=0;
else
DX3_C2(i,i-1)=1*(1/del_x"3);
end
end
end
%% DX3_C3 (i+1,))

fori=1:m
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for j=1:m
if rem(i/ColNum,1)==0
DX3_C3(i,j)=-1*L1(i/ColNum,j)*(1/del_x"3);
else
DX3_C3(i,i+1)=-1*(1/del_x"3);

end

end
end
%% DX3_C4 (i+2,))
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0
DX3_CA4(i,j)=L2(i/ColNum,j)*(1/2)*(1/del_x"3);
elseif rem((i+1)/ColNum,1)==0
DX3_C4(i,j)=L1((i+1)/ColNum.,j)*(1/2)*(1/del_x"3);
else
DX3_CA4(i,i+2)=1*(1/2)*(1/del_x"3);
end
end

end

DX3=DX3 C1+DX3_C2+DX3_C3+DX3 C4;
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%%%%%%%% Calculating DX4 coefficients %%%%%%%%

%% DX4_C1 (i-2,))
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
% DX4_C1(i,i)=-1*(1/del_x"4);
DX4_C1(i,i)=1*(1/del_x"4);
elseif rem((i-2)/ColNum,1)==0
DX4_C1(i,j)=0;
else
DX4_C1(i,i-2)=1*(1/del_x"4);
end
end
end
%% DX4_C2 (i-1,))
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX4_C2(i,j)=0;
else
DX4_C2(i,i-1)=-4*(1/del_x"4);

end

%%% for simply supported left boundary

%%% for fixed left boundary
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end
end
%% DX4_C3 (i,j)
for i=1:m
DX4_C3(i,i)=6*(1/del_x"4);
end
%% DX4_C4 (i+1,j)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0
DX4_CA4(i,j)=-4*L1(i/ColNum,j)*(1/del_x"4);
else
DX4_CA(i,i+1)=-4*(1/del_x"4);
end
end
end
%% DX4_C5 (i+2,j)
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0
DX4 C5(i,j)=L2(i/ColNum,j)*(1/del_x"4);
elseif rem((i+1)/ColNum,1)==0

DX4_C5(i,j)=L1((i+1)/ColNum.j)*(L/del_x"4):
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else
DX4_C5(i,i+2)=1*(1/del_x"4);
end
end

end

DX4=DX4_C1+DX4_C2+DX4_C3+DX4 _C4+DX4 C5;

%%%%%%%% Calculating DY2 coefficients %%%%%%%%
%% DY2_C1 (i,j+1)
for i=1:m
for j=1:m
if (i/ColNum)<=1
DY2_C1(i,j)=0;
else
DY2_C1(i,i-ColNum)=1*(1/del _y(i)"2);
end
end
end
%% DY2_C2 (i,j)
fori=1:m
DY2_C2(i,i)=-2*(1/del_y(i)"2);

end
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%% DY2_C3 (i,j-1)
fori=1:m
for j=1:m
if i>(m-ColNum)
DY2_C3(i,j)=0;
else
DY2_C3(i,i+ColNum)=1*(1/del_y(i)"2);
end
end

end

DY2=DY2_C1+DY2 C2+DY2 C3;

%%%%%%%% Calculating DY 3 coefficients %%%%%%%%
%% DY3_C1 (i,j+2)
fori=1:m
for j=1:m
if (i/ColNum)<=1

% DY3_C1(i,i)=-1*(1/2)*(1/del_y(i)"3); %%% for simply supported top
boundary

DY3_C1(i,i)=1*(1/2)*(1/del_y(i)"3); %%% for fixed top boundary
elseif (i/ColNum)> 1 && (i/ColNum)<= 2

DY3_C1(i,j)=0;
else
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DY3_C1(i,i-2*ColNum)=1*(1/2)*(1/del_y())"3);
end
end
end
%% DY3_C2 (i,j+1)
fori=1:m
for j=1:m
if (i/ColNum)<=1
DY3_C2(i,j)=0;
else
DY3_C2(i,i-ColNum)=-1*(1/del_y(i)"3);
end
end
end
%% DY3_C3 (i,j-1)
for i=1:m
for j=1:m
if i>(m-ColNum)
DY3_C3(i,j)=0;
else
DY3_C3(i,i+ColNum)=1*(1/del_y(i)"3);
end

end
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end
%% DY3_C4 (i,j-2)
for i=1:m
for j=1:m
if i>(m-ColNum)

% DY3_CA4(i,i)=-1*(-1/2)*(1/del _y()*3);  %%% for simply supported bottom
boundary

DY3_CA4(i,i)=1*(-1/2)*(1/del _y()"3); %%% for fixed bottom boundary
elseif i<=(m-ColNum) && i>(m-2*ColNum)
DY3_CA4(i,j)=0;
else
DY3_CA4(i,i+2*ColNum)=1*(-1/2)*(1/del _y(i)"3);
end
end

end

DY3=DY3 C1+DY3_C2+DY3_C3+DY3 C4;

%%%%%%%% Calculating DY4 coefficients %%%%%%%%
%% DY4_C1 (i j+2)
fori=1:m
for j=1:m
if (i/ColNum)<=1
% DY4 C1(i,i)=-1*(1/del_y(i)"4); %%% for simply supported top boundary
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DY4_C1(i,i)=1*(1/del_y(i)"4); %%% for fixed top boundary
elseif (i/ColNum)> 1 && (i/ColNum)<=2
DY4_C1(i,j)=0;
else
DY4_C1(i,i-2*ColNum)=1*(1/del_y(i)"4);
end
end
end
%% DY4_C2 (i,j+1)
for i=1:m
for j=1:m
if (i/ColNum)<=1
DY4_C2(i,j)=0;
else
DY4_C2(i,i-ColNum)=-4*(1/del_y(i)"4);
end
end
end
%% DY4_C3 (i,j)
fori=1:m
DY4_C3(i,i)=6*(1/del_y(i)"4);
end

%% DY4_C4 (i,j-1)
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fori=1:m
for j=1:m
if i>(m-ColNum)
DY4_CA4(i,j)=0;
else
DY4_CA(i,i+ColNum)=-4*(1/del_y(i)"4);
end
end
end
%% DY4_C5 (i j-2)
for i=1:m
for j=1:m
if i>(m-ColNum)
% DY4 C5(i,i)=-1*(1/del_y(i)™);  %%% for simply supported bottom boundary
DY4_C5(i,i)=1*(1/del _y()"4); %%% for fixed bottom boundary
elseif i<=(m-ColNum) && i>(m-2*ColNum)
DY4_C5(i,j)=0;
else
DY4_C5(i,i+2*ColNum)=1*(1/del_y(i)"4);
end
end

end
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DY4=DY4_C1+DY4_C2+DY4 _C3+DY4 C4+DY4 _C5;

%%%%%%%% Calculating DXDY coefficients %%%%%%%%
%% DXDY_C1 (i-1,j-1)
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DXDY_C1(i,j)=0;
elseif i>(m-ColNum)
DXDY_C1(i,j)=0;
else
DXDY_C1(i,i+ColNum-1)=1*(1/(4*del_x*del_y(i-1)));
end
end
end
%% DXDY_C2 (i-1,j+1)
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DXDY_C2(i,j)=0;
elseif (i/ColNum)<=1
DXDY_C2(i,j)=0;

else
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DXDY_C2(i,i-ColNum-1)=-1*(1/(4*del_x*del_y(i-1)));
end
end
end
%% DXDY_C3 (i+1,j-1)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~=m
DXDY_C3(i,j)=-1*L1(i/ColNum+1,j)*(1/(4*del_x*del_y L1));
elseif i>(m-CoIlNum) && i~=m
DXDY_C3(i,j)=0;
elseifi ==m
DXDY_C3(i,j)=-1*L1_bottom(1,j)*(1/(4*del_x*del_y_L1));
else
DXDY_C3(i,i+ColNum+1)=-1*(1/(4*del_x*del_y(i+1)));
end
end
end
%% DXDY_C4 (i+1,j+1)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~= ColNum

DXDY_CA4(i,j)=L1(i/ColNum-1,j)*(1/(4*del_x*del_y_L1)):
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elseif (i/ColNum)<= 1 && i~= ColNum
DXDY_CA4(i,j)=0;
elseif i == ColNum
DXDY_CA4(i,j)=L1 _top(1,))*(1/(4*del_x*del_y L1));
else
DXDY_CA4(i,i-ColNum+1)=1*(1/(4*del_x*del_y(i+1)));
end
end

end

DXDY=DXDY_C1+DXDY_C2+DXDY_C3+DXDY_C4;

%%%%%%%% Calculating DX2DY coefficients %%%%%%%%
%% DX2DY_C1 (i-1,j-1)
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX2DY_C1(i,j)=0;
elseif i>(m-ColNum)
DX2DY_C1(i,j)=0;
else
DX2DY_C1(i,i+ColNum-1)=-1*(1/(2*(del_x"2)*del_y(i-1)));

end
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end
end
%% DX2DY_C2 (i-1,j+1)
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX2DY_C2(i,j)=0;
elseif (i/ColNum)<=1
DX2DY_C2(i,j)=0;
else
DX2DY_C2(i,i-ColNum-1)=1*(1/(2*(del_x"2)*del_y(i-1)));
end
end
end
%% DX2DY_C3 (i j-1)
for i=1:m
for j=1:m
if i>(m-ColNum)
DX2DY_C3(i,j)=0;
else
DX2DY_C3(i,i+ColNum)=1*(1/((del_x"2)*del_y(1)));
end

end
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end
%% DX2DY_C4 (i j+1)
for i=1:m
for j=1:m
if (i/ColNum)<=1
DX2DY_CA4(i,j)=0;
else
DX2DY_CA(i,i-ColNum)=-1*(1/((del_x~"2)*del_y(i)));
end
end
end
%% DX2DY_C5 (i+1,j-1)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~=m
DX2DY_C5(i,j)=-1*L1(i/ColNum+1,j)*(1/(2*(del_x"2)*del y L1));
elseif i>(m-CoIlNum) && i~=m
DX2DY_C5(i,j)=0;
elseifi==m
DX2DY_C5(i,j)=-1*L1_bottom(1,j)*(1/(2*(del_x"2)*del_y_L1));
else
DX2DY_C5(i,i+ColNum+1)=-1*(1/(2*(del_x"2)*del_y(i+1)));

end
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end
end
%% DX2DY_C6 (i+1,j+1)
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~= ColNum
DX2DY_C6(i,j)=L1(i/ColNum-1,j)*(1/(2*del_x"2*del_y L1));
elseif (i/ColNum)<=1 && i~= ColNum
DX2DY_C6(i,j)=0;
elseif i == ColNum
DX2DY_C6(i,j)=L1_top(1,j)*(1/(2*del_x"2*del_y_L1));
else
DX2DY_C6(i,i-ColNum+1)=1*(1/(2*del_x"2*del_y(i+1)));
end
end

end

DX2DY=DX2DY_C1+DX2DY_C2+DX2DY_C3+DX2DY_C4+DX2DY_C5+DX2DY _
C6;

%%%%%%%% Calculating DXDY2 coefficients %%%%%%%%
%% DXDY2_C1 (i-1,j-1)
fori=1:m

for j=1:m
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if rem((i-1)/ColNum,1)==0
DXDY2_C1(i,j)=0;
elseif i>(m-ColNum)
DXDY2_C1(i,j)=0;
else
DXDY2_C1(i,i+ColNum-1)=-1*(1/(2*del_x*(del_y(i-1))"2));
end
end
end
%% DXDY2_C2 (i-1,j)
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DXDY2_C2(i,j)=0;
else
DXDY2_C2(i,i-1)=1*(1/(del_x*(del_y(i-1))*2));
end
end
end
%% DXDY2_C3 (i-1,j+1)
fori=1:m
for j=1:m

if rem((i-1)/ColNum,1)==0
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DXDY2_C3(i,j)=0;

elseif (i/ColNum)<=1
DXDY2_C3(i,j)=0;

else
DXDY2_C3(i,i-ColNum-1)=-1*(1/(2*del_x*(del_y(i-1))"2));

end

end
end
%% DXDY2_C4 (i+1,j-1)
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~=m
DXDY2_CA4(i,j)=L1(i/ColNum+1,j)*(1/(2*del_x*(del_y_L1)*2));
elseif i>(m-CoIlNum) && i~=m
DXDY2_C4(i,j)=0;
elseif i ==m
DXDY2_CA4(i,j)=L1_bottom(1,j)*(1/(2*del_x*(del_y_L1)"2));
else
DXDY2_CA(i,i+ColNum+1)=1*(1/(2*del_x*(del_y(i+1))"2));
end
end

end
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%% DXDY2_C5 (i+1,j)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0
DXDY2_C5(i,j)=-1*L1(i/ColNum,j)*(1/(del_x*(del_y_L1)"2));
else
DXDY2_C5(i,i+1)=-1*(1/(del_x*(del_y(i+1))"2));
end
end
end
%% DXDY2_C6 (i+1,j+1)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~= ColNum
DXDY2_C6(i,j)=L1(i/ColNum-1,j)*(1/(2*del_x*(del_y_L1)"2));
elseif (i/ColNum)<= 1 && i~= ColNum
DXDY2_C6(i,j)=0;
elseif i == ColNum
DXDY2_C6(i,j)=L1_top(1,j)*(1/(2*del_x*(del_y_L1)"2));
else
DXDY2_C6(i,i-ColNum+1)=1*(1/(2*del_x*(del_y(i+1))*2)):
end

end
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end

DXDY2=DXDY2_C1+DXDY2 C2+DXDY2 _C3+DXDY2 C4+DXDY2_C5+DXDY2_
Ce6;

%%%%%%%% Calculating DX2DY2 coefficients %%%%%%%%
%% DX2DY2_C1 (i-1,j-1)
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX2DY2_C1(i,j)=0;
elseif i>(m-ColNum)
DX2DY2_C1(i,j)=0;
else
DX2DY2_C1(i,i+ColNum-1)=1*(1/((del_x"2)*(del_y(i-1))"2));
end
end
end
%% DX2DY2_C2 (i-1,j)
fori=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX2DY2_C2(i,j)=0;
else
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DX2DY2_C2(i,i-1)=-2*(1/((del_x"2)*(del_y(i-1))"2));
end
end
end
%% DX2DY2_C3 (i-1,j+1)
fori=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX2DY2_C3(i,j)=0;
elseif (i/ColNum)<=1
DX2DY2_C3(i,j)=0;
else
DX2DY2_C3(i,i-ColNum-1)=1*(1/((del_x"2)*(del_y(i-1))"2));
end
end
end
%% DX2DY2_C4 (i,j-1)
for i=1:m
for j=1:m
if i>(m-ColNum)
DX2DY2_CA4(i,j)=0;
else

DX2DY2_CA(i,i+ColNum)=-2*(1/((del_x*2)*(del_y(i))"2));
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end
end
end
%% DX2DY2_C5 (i,j)
for i=1:m
DX2DY2_C5(i,i)=4*(1/((del_x"2)*(del_y(i))"2));
end
%% DX2DY2_C6 (i,j+1)
for i=1:m
for j=1:m
if (i/ColNum)<=1
DX2DY2_C6(i,j)=0;
else
DX2DY2_C6(i,i-ColNum)=-2*(1/((del_x"2)*(del_y(i))"2));
end
end
end
%% DX2DY2_C7 (i+1,j-1)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~=m
DX2DY2_C7(i,j)=L1(i/ColNum+1,j)*(1/((del_x"2)*(del_y_L1)"2));

elseif i>(m-ColNum) && i~=m
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DX2DY2_C7(i,j)=0;
elseifi==m
DX2DY2_C7(i,j)=L1_bottom(1,j)*(1/((del_x"2)*(del_y_L1)"2));
else
DX2DY2_C7(i,i+ColNum+1)=1*(1/((del_x"2)*(del_y(i+1))*2)):;
end
end
end
%% DX2DY2_C8 (i+1,))
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0
DX2DY2_C8(i,j)=-2*L1(i/ColNum.,j)*(1/((del_x"2)*(del_y_L1)"2));
else
DX2DY2_C8(i,i+1)=-2*(1/((del_x"2)*(del_y(i+1))2));
end
end
end
%% DX2DY2_C9 (i+1,j+1)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~= ColNum

DX2DY2_C9(i,j)=L1(i/ColNum-1,j)*(1/((del_x*2)*(del_y_L1)*2));
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elseif (i/ColNum)<= 1 && i~= ColNum
DX2DY2_C9(i,j)=0;

elseif i == ColNum
DX2DY2_C9(i,j)=L1_top(1,j)*(1/((del_x"2)*(del_y_L1)*2));

else
DX2DY2_C9(i,i-ColNum+1)=1*(1/((del_x"2)*(del_y(i+1))*2));

end

end

end

DX2DY2=DX2DY2_C1+DX2DY2_C2+DX2DY2_C3+DX2DY2_C4+DX2DY2_C5+D
X2DY2_C6...

+DX2DY2_C7+DX2DY2_C8+DX2DY2_C9;

%%%%%%%% Calculating DX3DY coefficients %%%%%%%%
%% DX3DY_C1 (i-2,j-1)
fori=1:m

for j=1:m

if rem((i-1)/ColNum,1)==0 && i<=(m-ColNum)

% DX3DY_C1(i,i+ColNum)=-1*(1/4)*(1/(del_x"3*del_y(i)));  %%% for simply
supported left boundary

DX3DY_C1(i,i+ColNum)=1*(1/4)*(1/(del_x"3*del _y(i))); %%% for fixed
left boundary

elseif i>(m-ColNum)
DX3DY_C1(i,j)=0;
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elseif rem((i-2)/ColNum,1)==0
DX3DY_C1(i,j)=0;
else
DX3DY_C1(i,i+ColNum-2)=1*(1/4)*(1/(del_x"3*del_y(i-2)));
end
end
end
%% DX3DY_C2 (i-2,j+1)
for i=1:m
for j=1:m

if rem((i-1)/ColNum,1)==0 && (i/ColNum)> 1

% DX3DY_C2(i,i-ColNum)=-1*(-1/4)*(1/(del_x~"3*del_y(i))); = %%% for simply
supported left boundary

DX3DY_C2(i,i-ColNum)=1*(-1/4)*(1/(del_x"3*del_y(i))); %%% for fixed
left boundary

elseif (i/ColNum)<=1
DX3DY_C2(i,j)=0;

elseif rem((i-2)/ColNum,1)==0
DX3DY_C2(i,j)=0;

else
DX3DY_C2(i,i-ColNum-2)=1*(-1/4)*(1/(del_x"3*del_y(i-2)));

end

end

end
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%% DX3DY_C3 (i-1,j-1)
fori=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX3DY_C3(i,j)=0;
elseif i>(m-ColNum)
DX3DY_C3(i,j)=0;
else
DX3DY_C3(i,i+ColNum-1)=1*(-1/2)*(1/(del_x"3*del_y(i-1)));
end
end
end
%% DX3DY_C4 (i-1,j+1)
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DX3DY_C4(i,j)=0;
elseif (i/ColNum)<=1
DX3DY_CA4(i,j)=0;
else
DX3DY_CA4(i,i-ColNum-1)=1*(1/2)*(1/(del_x"3*del_y(i-1)));
end

end
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end
%% DX3DY_C5 (i+1,j-1)
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~=m
DX3DY_C5(i,j)=1*L1(i/ColNum+1,j)*(1/(2*del_x"3*del_y_L1));
elseif i>(m-CoIlNum) && i~=m
DX3DY_C5(i,j)=0;
elseif i ==
DX3DY_C5(i,j)=1*L1_bottom(1,j)*(1/(2*del_x"3*del_y_L1));
else
DX3DY_C5(i,i+ColNum+1)=1*(1/(2*del_x"3*del_y(i+1)));
end
end
end
%% DX3DY_C6 (i+1,j+1)
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~= ColNum
DX3DY_C6(i,j)=-1*L1(i/ColNum-1,j)*(1/(2*del_x"3*del_y L1));
elseif (i/ColNum)<= 1 && i~= ColNum
DX3DY_C6(i,j)=0;

elseif i == ColNum
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DX3DY_C6(i,j)=-1*L1_top(1,j)*(1/(2*del_x"3*del_y_L1));
else
DX3DY_C6(i,i-ColNum+1)=-1*(1/(2*del_x"3*del_y(i+1)));
end
end
end
%% DX3DY_C7 (i+2,j-1)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i<=(m-ColNum)
DX3DY_C7(i,j)=L2(i/ColNum+1,j)*(-1/(4*del_x"3*del_y_L2));
elseif rem((i+1)/ColNum,1)==0 && (i+1)<=(m-ColNum)
DX3DY_C7(i,j)=L1((i+1)/ColNum+1,j)*(-1/(4*del_x"3*del_y L1));
elseif i>(m-ColNum) && i<=m-2
DX3DY_C7(i,j)=0;
elseif i==m-1
DX3DY_C7(i,j)=L1_bottom(1,j)*(-1/(4*del_x"3*del_y L1));
elseif i==m
DX3DY_C7(i,j)=L2_bottom(1,j)*(-1/(4*del_x"3*del_y_L2));
else
DX3DY_C7(i,i+ColNum+2)=(-1/(4*del_x"3*del_y(i+2)));
end

end
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end
%% DX3DY_C8 (i+2,j+1)
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0 && (i/ColNum)> 1
DX3DY_C8(i,j)=L2(i/ColNum-1,j)*(1/(4*del_x"3*del_y L2));
elseif rem((i+1)/ColNum,1)==0 && ((i+1)/ColNum)> 1
DX3DY_C8(i,j)=L1((i+1)/ColNum-1,j)*(1/(4*del_x"3*del_y L1));
elseif i<=ColNum-2
DX3DY_C8(i,j)=0;
elseif i==ColNum-1
DX3DY_C8(i,j)=L1 top(1,j)*(1/(4*del_x"3*del_y L1));
elseif i==ColNum
DX3DY_C8(i,j)=L2_top(1,j)*(1/(4*del_x"3*del_y_L2));
else
DX3DY_C8(i,i-ColNum+2)=(1/(4*del_x"3*del_y(i+2)));
end
end

end

DX3DY=DX3DY_C1+DX3DY_C2+DX3DY_C3+DX3DY_C4+DX3DY_C5+DX3DY_
C6... +DX3DY_C7+DX3DY_CS8;

%%%%%%%% Calculating DXDY 3 coefficients %%%%%%%%
%% DXDY3_Cl1 (i-1,j-2)
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fori=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DXDY3_C1(i,j)=0;
elseif i>(m-ColNum+1)

% DXDY3_C1(i,i-1)=-1*(1/(4*del_x*del_y(i)"3)); %%% for simply supported
bottom boundary

DXDY3_C1(i,i-1)=1*(1/(4*del_x*del_y(i)"3)); %%% for fixed bottom boundary
elseif i<=(m-ColNum) && i>(m-2*ColNum)
DXDY3_C1(i,j)=0;
else
DXDY3_C1(i,i+2*ColNum-1)=(1/(4*del_x*del_y(i)"3));
end
end
end
%% DXDY3_C2 (i+1,j-2)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i<=(m-2*ColNum)
DXDY3_C2(i,j)=L1((i/ColNum)+2,j)*(-1/(4*del_x*del y L173));
elseif i==(m-ColNum)
DXDY3_C2(i,j)=L1_bottom(1,))*(-1/(4*del_x*del_y L1"3));

elseif i==m

333



% DXDY3_C2(i,j)=-1*L1((i/ColNum),j)*(-1/(4*del_x*del_y_L1"3)); %%% for
simply supported bottom boundary

DXDY3_C2(i,j)=1*L1((i/ColNum),j)*(-1/(4*del_x*del_y L1"3)); %%% for
fixed bottom boundary

elseif i>(m-CoIlNum) && i~=m

% DXDY3_C2(i,i+1)=-1*(-1/(4*del_x*del_y(i)*3)); %%% for simply supported
bottom boundary

DXDY3_C2(i,i+1)=1*(-1/(4*del_x*del_y(i)"3)); %%% for fixed bottom
boundary

elseif i>(m-2*ColNum) && i<(m-ColNum)
DXDY3_C2(i,j)=0;
else
DXDY3_C2(i,i+2*ColNum+1)=(-1/(4*del_x*del_y(i)"3));
end
end
end
%% DXDY3_C3 (i-1,j-1)
fori=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DXDY3_C3(i,j)=0;
elseif i>(m-ColNum)
DXDY3_C3(i,j)=0;
else

DXDY3_C3(i,i+ColNum-1)=(-1/(2*del_x*del_y(i)"3));
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end
end
end
%% DXDY3_C4 (i-1,j+1)
for i=1:m
for j=1:m
if rem((i-1)/ColNum,1)==0
DXDY3_CA4(i,j)=0;
elseif (i/ColNum)<=1
DXDY3_C4(i,j)=0;
else
DXDY3_CA4(i,i-ColNum-1)=(1/(2*del_x*del_y(i)"3));
end
end
end
%% DXDY3_C5 (i+1,j-1)
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~=m
DXDY3_C5(i,j)=L1(i/ColNum+1,j)*(1/(2*del_x*del_y L1"3));
elseif i>(m-ColNum) && i~=m
DXDY3_C5(i,j)=0;

elseif i ==m

335



DXDY3_C5(i,j)=L1_bottom(1,j)*(1/(2*del_x*del_y L1"3));
else
DXDY3_C5(i,i+ColNum+1)=(1/(2*del_x*del_y(i+1)"3));
end
end
end
%% DXDY3_C6 (i+1,j+1)
fori=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i~= ColNum
DXDY3_C6(i,j)=L1(i/ColNum-1,j)*(-1/(2*del_x*del_y_L1"3));
elseif (i/ColNum)<=1 && i~= ColNum
DXDY3_C6(i,j)=0;
elseif i == ColNum
DXDY3_C6(i,j)=L1_top(1,j)*(-1/(2*del_x*del_y_L173));
else
DXDY3_C6(i,i-ColNum+1)=(-1/(2*del_x*del_y(i+1)"3));
end
end
end
%% DXDY3_C7 (i-1,j+2)
fori=1:m

for j=1:m
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if rem((i-1)/ColNum,1)==0
DXDY3_C7(i,j)=0;
elseif (i/ColNum)<=1 && i~=1

% DXDY3_C7(i,i-1)=-1*(-1/(4*del_x*del_y(i)*3)); %%% for simply supported
top boundary

DXDY3_C7(i,i-1)=1*(-1/(4*del_x*del _y(i)"3)); %%% for fixed top boundary
elseif i>ColNum+1 && i<=2*ColNum
DXDY3_C7(i,j)=0;
else
DXDY3_C7(i,i-2*ColNum-1)=(-1/(4*del_x*del_y(i)"3));
end
end
end
%% DXDY3_C8 (i+1,j+2)
for i=1:m
for j=1:m
if rem(i/ColNum,1)==0 && i> 2*ColNum
DXDY3_C8(i,j)=L1((i/ColNum)-2,j)*(1/(4*del_x*(del_y_L1)"3));
elseif i==2*ColNum
DXDY3_C8(i,j)=L1_top(1,j)*(1/(4*del_x*(del_y_L1)"3));
elseif i==ColNum

% DXDY3_C8(i,j)=-1*L1((i/ColNum),j)*(1/(4*del_x*(del_y L1)"3)); %%% for
simply supported top boundary

DXDY3_C8(i,j)=1*L1((i/ColNum),)*(1/(4*del_x*(del y L1)"3));  %%% for
fixed top boundary
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elseif i<=ColNum-1

% DXDY3 _C8(i,i+1)=-1*(1/(4*del_x*(del y L1)"3)); %%% for simply supported
top boundary

DXDY3_C8(i,i+1)=1*(1/(4*del_x*(del_y_L1)"3)); %%% for fixed top boundary
elseif i>ColNum && i<2*ColNum
DXDY3_C8(i,j)=0;
else
DXDY3_C8(i,i-2*ColNum+1)=(1/(4*del_x*(del_y_L1)"3));
end
end

end

DXDY3=DXDY3_C1+DXDY3_C2+DXDY3_C3+DXDY3_C4+DXDY3_C5+DXDY3_
C6.. +DXDY3_C7+DXDY3_CS8;

%% Transformation to U-V/ (rotated) domain
for i=1:m
for j=1:m
DU2(i.j)=((1/(CT(i,j)"2))*DX2(i.j))-(((2*ST(1.))/(CT(i.j)"2))...
*DXDY (i) +(((ST(.)"2)/(CT(1.,))"2))*DY2(i.)));
DU3(i.j)=((1/(CT(i,j)"3))*DX3(i.j))-(((3*ST(1.)))/(CT(i,j)"3))...
*DX2DY(i,j))+(((3*ST(i.,j)*2)/(CT(i,j)*3))*DXDY2(i.j))-...
(((ST@.)"3)/(CT(1,)"3))*DY3(i.j));
DUA(I,))=((1/(CT(i,j)"4))*DXA(i.j))-(((4*ST(.1))/(CT(i.j)"4))...

*DX3DY (i,j)+(((6*ST(i,j) 2)/(CT(i,j)*4))*DX2DY 2(i,j))-...
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(((4*ST,)"3)(CT(1,))"4))*DXDY3(1,)))+(((ST(1,)"4)/...

(CT(.)"4))*DYA(i.)));

DV2(i,j)=DY2(i,j);
DV3(i,j)=DY3(i,j);

DVA4(i,))=DY4(i,));

DUDV(i.j)=((1/CT(i,))*DXDY (i.)))-((ST(i.))/CT(i.1))*DY2(i.j));
DU2DV(i,j)=((1/(CT(i,j)"2))*DX2DY (i,j))-((2*ST(i,))/(CT(i,))*2))...
*DXDY2(i.j)+(((ST(.)"2)/(CT(i.,j)"2))*DY3(i.j));
DUDV2(i,j)=((1/CT(i,j))*DXDY2(i,j))-((ST(i,j)/CT(i.j))*DY3(i,j));
DU2DV2(i,j)=((1/(CT(i,j)*2))*DX2DY 2(i.j))-((2*ST(i,i))/(CT(i,j)*2))...
*DXDY3(i.))+(((ST(.)"2)/(CT(1.)"2))*DY4(i.j));
end

end

%% Computing each term of the final plate deflection equation

%%%%% Derivative terms
T1=D_2.*DU4;
T2=2*D_2.*DU2DV2;
T3=D_2.*DV4;

T4=2*DU3.*D_dx_2;
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T5=2*DV3.*D_dy 2;
T6=DU2.*D_dx2_2;
T7=DV2.*D_dy2_2;
T8=nu_2.*D_dx2_2.*DV2;
T9=nu_2.*D_dy2_2.*DU2;
T10=D_2.*nu_dx2_2.*DV?2,;
T11=D_2.*nu_dy2_2.*DUZ2;
T12=2*D_dx_2.*DUDV2;
T13=2*D_dy _2.*DU2DV,
T14=2*D_dx_2.*nu_dx_2.*DV2;
T15=2*D_dy_2.*nu_dy_2.*DU2;
T16=-2*nu_dx_2.*D_dy 2.*DUDV;
T17=-2*nu_dy 2.*D_dx_2.*DUDV;
T18=2*D_dxdy 2.*DUDV;
T19=-2*nu_2.*D_dxdy_2.*DUDV,

T20=-2*D_2.*nu_dxdy 2.*DUDV;

%%%%% Non derivative term
for j=1:numel(omg)
fori=1:m
T21(i,i,j)=-1*(omg(j).~2*(rho_2(i)*t_2(i)));
end

end
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%%%%% Forcing function

% b=ones(m,1);

fori=1:m

b(i)=p(i); % Pressure is applied on whole plate. Define pressure according to the
requirement

end

%% Calculating final coefficient matrix and node deflections

for j=1:numel(omg)

AG,)=TL+T2+T3+TA+T5+T6+T7+T8+TO+T10+T11+T12+T13+T14+T15+T16+T17...
+T18+T19+T20+T21(:,:,)); % Final coefficient matrix
w(:,j)=inv(A(:,:,)))*b; % Node deflection at different frequencies

end

for k=1:numel(omg)
for i=1:RowNum
for j=1:ColNum
Zeta(i,j,k)=w(j+(i-1)*ColNum,k);
end

end
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end

for k=1:numel(omg)
for i=2:RowNum+1
for j=2:ColNum+1
Zm(i,j,k)=Zeta(i-1,j-1,k); % Node deflection representation in
% actual node discretization format
end
end
Zm(RowNum+2,: k)=0;

end

for k=1:numel(omg)
for j=1:seg_x+1
Cenzm(k,j)=Zm((seg_y+2)/2,j,k); % Deflection of center line at different frequencies
dB(k,j)=10*log10(CenZm(k,)));
end

end

figure (1)

surf(x_cord,y_cord,Zm(:,:,1)) % plotting deflection pattern of the plate at discrete
frequencies

% figure (2)
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% plot(omg,abs(CenZm(:,1))) % plotting deflection of 1st node of centerline at a band of
frequencie

% figure (3)

% plot(abs(CenZm(1,:))) % plotting deflection of centerline at discrete frequencies
against node points

% figure (4)

% plot(x_cord(1,:),abs(CenZm(1,:))) % plotting deflection of centerline at discrete
frequencies against plate length
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APPENDIX B: MATLAB CODE FOR BM BEAM MODEL

%9%%%%% %% %% %% %% %% %% %% %% % % %% %% %% %% % %% %% %% %% %%
%%

%0%%%%%%%% Predictive model for Basilar Membrane Beam
Model%%%%%%% %% %

%%%9%0%%%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% %
%%

%%% This code possess the flexibility to alter model parameters, such as
%%% (model parameters can be defined as constant value or functional form)
%%%

%%% (1) Stiffness [constant/functional]

%%% (2) Beam width [constant/functional]

%%% (3) Beam thickness [constant/functional]

%%% (4) Beam length [constant/functional]

%%% (5) Density [constant/functional]

%%% (6) Beam number [constant]

%%% (7) Boundary condition [fixed/simply supported].

%%%

%%%To change the boundary condition,

%%% uncommand equation for target bounday condition and command another.
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clc

clear

syms x

syms y

%% Defining Model Parameters
b=2e-3; % Beam width

% b=2e-3*(1+4.16666666666667*X);

h=1e-3; % Beam Thickness

% h=1e-3*(1+4.16666666666667*X);

I=20e-3*(1+4.16666666666667*x); % beam length function

E=68.9¢e9; % beam stiffness

% E=68.9e9*(1+4.16666666666667*X);

rho=2700; % beam density

% rho=2700*(1+4.16666666666667*X);

BeamNum=20; % Number of beams in the structure

NodeNum=51; % Number of nodes in a beam (must be odd)
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BeamDist=6e-3; % Uniform distance between beams

TotalLength=(BeamNum-1)*BeamDist; % Total length of the structure

f=100:50:8000; % input frequency
omg=2*pi*f;

%%

I=(1/12)*b*h"3;
D=E*I;

A=b*h; % cross-section area of beam

D_dx=diff(D,x);

D_dx2=diff(D_dx,x);

y_cord=0:BeamDist:TotalLength; % defining y- coordinate

for i=1:length(y_cord)
BeamLength(i)=double(subs(l,y_cord(i)));
del_x(i)=BeamLength(i)/(NodeNum-1);

end

for i=1:length(y_cord)
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for j=1:NodeNum
x_cord(i,j)=(-1)*del_x(i);
end

end

for i=1:length(y_cord)
for j=1:NodeNum-2
D1(i,j)=subs(D,y,y_cord(i));
Al(i,j)=subs(A,y,y_cord(i));
rhol(i,j)=subs(rho,y,y_cord(i));

D_dx2_1(i,j)=subs(D_dx2,y,y_cord(i));

D2(i,j)=double(subs(D1(i,j),x,x_cord(i j+1)));
A2(i,j)=double(subs(AL(i j),x,x_cord(i j+1)));
tho2(i,j)=double(subs(rho(i,j),x,x_cord(i,j+1)));
D_dx2_2(i,j)=double(subs(D_dx2_1(i,j).x,x_cord(i j+1)));

end

end

m=length(y_cord)*(NodeNum-2);

n=NodeNum-2;

D3=reshape(D2',m,1);
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A3=reshape(A2',m,1);
rho3=reshape(rho2',m,1);

D_dx2_3=reshape(D_dx2_2'.m,1);

for i=1:m
for j=1:n
DA(i,j)=D3();
AA(1,))=A3(i);
tho4(i,j)=rho3(i);

D_dx2_4(i,j)=D_dx2_3(i);

end

end

for i=1:length(y_cord)
for j=1:(NodeNum-2)
dx((i-1)*n+j)=del_x(i);
end

end

%%%%%%%% Calculating DX2 coefficients %%%%%%%%
%% DX2_C1 (i-1,))

fori=1:m
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for j=1:n
if rem(i-1,n)==0
DX2_C1(i,j)=0;
elseif rem(i,n)==0
DX2_C1(i,rem(i,n)+n-1)=1*(1/dx(i)"2);
else
DX2_C1(i,rem(i,n)-1)=1*(1/dx(i)"2);
end
end
end
%% DX2_C2 (i,))
fori=1:m
if rem(i,n)==0
DX2_C2(i,rem(i,n)+n)=-2*(1/dx(i)"2);
else
DX2_C2(i,rem(i,n))=-2*(1/dx(i)"2);
end
end
%% DX2_C3 (i+1,))
fori=1:m
for j=1:n
if rem(i,n)==0

DX2_C3(i,j)=0:
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else
DX2_C3(i,rem(i,n)+1)=1*(1/dx(i)*2);
end
end

end

DX2=DX2_C1+DX2_C2+DX2_C3;

%%%%%%%% Calculating DX4 coefficients %%%%%%%%

%% DX4_C1 (i-2,j)

fori=1:m
for j=1:n
if rem(i-1,n)==0
% DX4_C1(i,rem(i,n))=-1*(1/dx(i)*4); %%% for simply supported bottom
boundary

DX4_C1(i,rem(i,n))=1*(1/dx(i)*4); %%% for fixed supported bottom boundary
elseif rem(i-2,n)==0
DX4_C1(i,j)=0;
elseif rem(i,n)==0
DX4_C1(i,rem(i,n)+n-2)=1*(1/dx(i)"4);
else
DX4_C1(i,rem(i,n)-2)=1*(1/dx(i)"4);
end

end
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end
%% DX4_C2 (i-1,j)
for i=1:m
for j=1:n
if rem(i-1,n)==0
DX4_C2(i,j)=0;
elseif rem(i,n)==0
DX4_C2(i,rem(i,n)+n-1)=-4*(1/dx(i)"4);
else
DX4_C2(i,rem(i,n)-1)=-4*(1/dx (i) 4);
end
end
end
%% DX4_C3 (i,))
for i=1:m
if rem(i,n)==0
DX4_C3(i,rem(i,n)+n)=6*(1/dx(i)"4);
else
DX4 _C3(i,rem(i,n))=6*(1/dx(i)"4);
end
end
%% DX4_C4 (i+1,))

fori=1:m
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for j=1:n
if rem(i,n)==0
DX4_C4(i,j)=0;
else
DX4_CA4(i,rem(i,n)+1)=-4*(1/dx(i)"4);
end
end
end
%% DX4_C5 (i+2,j)
for i=1:m
for j=1:n
if rem(i,n)==0
% DX4_C5(i,rem(i,n)+n)=-1*(1/dx(i)"4); %%% for simply supported top boundary
DX4_C5(i,rem(i,n)+n)=1*(1/dx(i)"4); %%% for fixed top boundary
elseif rem(i+1,n)==0
DX4_C5(i,j)=0;
else
DX4_C5(i,rem(i,n)+2)=1*(1/dx(i)4);
end
end

end

DX4=DX4_C1+DX4_C2+DX4 C3+DX4 C4+DX4 C5;
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fori=1:m
for j=1:n
for k=1:numel(omg)
if rem(i,n)==0
omg1(i,rem(i,n)+n,k)=omg(k);
else
omgl(i,rem(i,n),k)=omg(K);
end
end
end

end

T1=D_dx2_4.*DX2;

T2=D4.*DX4,

for k=1:numel(omg)
T3(:,:,K)=-rhod.*Ad.*omg1(:,: k). 2;

end

for k=1:numel(omg)
Z(:,, K)=T1+T2+T3(:,;,K);

end
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%%%%% Forcing function

b=zeros(m,1);

fori=1:m
b(i)=1; % Uniform pressure on beam

end

for i=1:length(y_cord)
for k=1:numel(omg)
w(i,:;,K)=inv(Z(((i-1)*n+1):(n*1),:,k))*b(((i-1)*n+1):(n*i));
end

end

Zm=zeros(length(y_cord),NodeNum,numel(omg));

for i=2:NodeNum-1
Zm(:,i,))=w(:,i-1,2);

end

for i=1:BeamNum
ZmMax(i)=max(abs(Zm(i,(NodeNum+1)/2,3)));

for k=1:numel(omg)
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ZmNorm(i,k)=abs(Zm(i,(NodeNum+1)/2,k))/ZmMax(i);
end

end

BeamCount=1:1:BeamNum:;

for i=1:BeamNum
for k=1:numel(omg)
beam_cord(i,k)=BeamCount(i);
end

end

for i=1:BeamNum
for k=1:numel(omg)
freq_cord(i,k)=f(k);
end

end

col=1:numel(omg);

for i=1:BeamNum
for j=1:numel(omg)

c(i,j)=col(j);
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end

end

plot3(beam_cord',freq_cord',ZmNorm’,'LineWidth',2)

% plot(f,squeeze(abs(Zm(4,(NodeNum+1)/2,:)))), hold on
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