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Table 4.1:  Parameters used for homogeneous model 

Beam Parameters Value Unit 

Stiffness (E) 8.963 MPa 

Density (ρ) 1130 Kg/m3 

Poisson’s Ratio (ν) 0.48  

Thickness (h) 0.1 mm 

Length (L) 35 mm 

Base Width (Bi) 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 

Beam Parameters Value Unit 

Stiffness (E) 68.9 GPa 

Density (ρ) 2700 Kg/m3 

Beam width (b) 2 mm 

Beam thickness (h) 1 mm 

Base beam length (li) 20 mm 

Apex beam length (lf) 30 mm 

Total number of beams 20  

Beam distance (∆y) 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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Figure 5.2: Normalized deflection amplitude at middle point of the beams for a frequency 

range of 3 KHz – 15 KHz. Beam number counted from the base to apex end. 

 

Figure 5.3: Normalized deflection of the beam center point. 2-D representation of Figure 

5.2. 
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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 + bθ) or (r = aebθ) 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 26th and 27th vibrational mode 

where a sudden jump is in natural frequency is found. 

Next the wave propagation through the proposed spiral system is studied. Here, 

ei(𝐤.𝐱−ωt) plane 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 − π 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 − π for the propagation of wave along 00, 450& 

900,  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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Figure 11.8: a) Natural vibrational frequencies in Discrete Archemedian and Logarithmic 

spiral system when tangential spring constants are 10 times less than the radial spring 

constants. b) Wave dispersion through the system showing existence of two pass bands 

between a stop band c) zoomed view of the modes within the red window in Figure 

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 (c))). 

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 

2π 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 (mi) decreased the frequency bands of the wave modes.  Different spring 

constants for radial springs (Kti) and tangential springs (Ki) 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.  
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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 μW 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. A universal 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.  

  

 



248 
 

REFERENCES 

 

1. Taylor, J., M. Discotty, and D. Dornfeld, Investigation of Acoustic Emission for Use 

as a Wheel-to-Workpiece Proximity Sensor in Fixed-Abrasive Grinding, Lawrence 

Livermore National Laboratory, CA, 1995, UCRL-JC-121689. 

2. Hwang, K.S., et al., In-situ quantitative analysis of a prostate-specific antigen (PSA) 

using a nanomechanical PZT cantilever. Lab on a Chip, 2004. 4(6): p. 547-552. 

3. Shen, Z., W.Y. Shih, and W.-H. Shih, Self-exciting, self-sensing 

PbZr0.53Ti0.47O3∕SiO2 piezoelectric microcantilevers with femtogram/Hertz 

sensitivity. Applied physics letters, 2006. 89(2): p. 023506. 

4. Zhu, Q., W.Y. Shih, and W.-H. Shih, In situ, in-liquid, all-electrical detection of 

Salmonella typhimurium using lead titanate zirconate/gold-coated glass cantilevers 

at any dipping depth. Biosensors and Bioelectronics, 2007. 22(12): p. 3132-3138. 

5. Hierlemann, A. and H. Baltes, CMOS-based chemical microsensors. Analyst, 2003. 

128(1): p. 15-28. 

6. Lee, J.H., et al., Immunoassay of prostate-specific antigen (PSA) using resonant 

frequency shift of piezoelectric nanomechanical microcantilever. Biosensors and 

Bioelectronics, 2005. 20(10): p. 2157-2162.



249 
 

7. Moulin, A., S. O'shea, and M. Welland, Microcantilever-based biosensors. 

Ultramicroscopy, 2000. 82(1): p. 23-31. 

8. Gopel, W., et al., Sensors: a comprehensive survey. chemical and biochemical 

sensors, Part 21992: VCH. 

9. Battiston, F., et al., A chemical sensor based on a microfabricated cantilever array 

with simultaneous resonance-frequency and bending readout. Sensors and Actuators 

B: Chemical, 2001. 77(1): p. 122-131. 

10. Lang, H., et al., A chemical sensor based on a micromechanical cantilever array for 

the identification of gases and vapors. Applied Physics A: Materials Science & 

Processing, 1998. 66: p. S61-S64. 

11. Capobianco, J.A., W.Y. Shih, and W.-H. Shih, Methyltrimethoxysilane-insulated 

piezoelectric microcantilevers for direct, all-electrical biodetection in buffered 

aqueous solutions. Review of Scientific Instruments, 2006. 77(12): p. 125105. 

12. Raiteri, R., et al., Micromechanical cantilever-based biosensors. Sensors and 

Actuators B: Chemical, 2001. 79(2): p. 115-126. 

13. Carrascosa, L.G., et al., Nanomechanical biosensors: a new sensing tool. TrAC 

Trends in Analytical Chemistry, 2006. 25(3): p. 196-206. 

14. Zhu, Q., W.Y. Shih, and W.-H. Shih, Mechanism of flexural resonance frequency 

shift of a piezoelectric microcantilever sensor during humidity detection. Applied 

physics letters, 2008. 92(18): p. 183505. 



250 
 

15. Hodnett, M., R. Chow, and B. Zeqiri, High-frequency acoustic emissions generated 

by a 20 kHz sonochemical horn processor detected using a novel broadband acoustic 

sensor: a preliminary study. Ultrasonics sonochemistry, 2004. 11(6): p. 441-454. 

16. Watts, L., Cochlear Mechanics: Analysis and Analog VLSI. PhD Thesis, California 

Institute of Technology, 1992. 

17. Diependaal, R.J. and M.A. Viergever, Nonlinear and active two-dimensional 

cochlear models: time-domain solution. J Acoust Soc Am, 1989. 85(2): p. 803-12. 

18. Kolston, P.J., et al., Realistic mechanical tuning in a micromechanical cochlear 

model. The Journal of the Acoustical Society of America, 1989. 86(1): p. 133-140. 

19. Sondhi, M.M., Method for computing motion in a two-dimensional cochlear model. 

The Journal of the Acoustical Society of America, 1978. 63(5): p. 1468-1477. 

20. de Boer, E. and E. van Bienema, Solving cochlear mechanics problems with higher-

order differential equations. The Journal of the Acoustical Society of America, 1982. 

72(5): p. 1427-1434. 

21. Holmes, M., Low Frequency Asymptotics for a Hydroelastic Model of the Cochlea. 

SIAM Journal on Applied Mathematics, 1980. 38(3): p. 445-456. 

22. Holmes, M.H., An analysis of a low-frequency model of the cochlea. The Journal of 

the Acoustical Society of America, 1980. 68(2): p. 482-488. 



251 
 

23. Holmes, M.H., Study of the transient motion in the cochlea. The Journal of the 

Acoustical Society of America, 1981. 69(3): p. 751-759. 

24. Guenneau, S., et al., Acoustic metamaterials for sound focusing and confinement. 

New Journal of physics, 2007. 9(11): p. 399. 

25. Acoustic Metamaterials. http://en.wikipedia.org/wiki/Acoustic_metamaterials. 

26. Krowne, C.M. and Y. Zhang, Physics of negative refraction and negative index 

materials: optical and electronic aspects and diversified approaches. Vol. 98. 2007: 

Springer. 

27. Huang, H.H., C.T. Sun, and G.L. Huang, On the negative effective mass density in 

acoustic metamaterials. International Journal of Engineering Science, 2009. 47(4): 

p. 610-617. 

28. Huang, G.L. and C.T. Sun, Band Gaps in a Multiresonator Acoustic Metamaterial. 

Journal of Vibration and Acoustics, 2010. 132(3): p. 031003-031003. 

29. Krynkin, A., et al., Predictions and measurements of sound transmission through a 

periodic array of elastic shells in air. The Journal of the Acoustical Society of 

America, 2010. 128(6): p. 3496-3506. 

30. Oudich, M., et al., A sonic band gap based on the locally resonant phononic plates 

with stubs. New Journal of Physics, 2010. 12(8): p. 083049. 



252 
 

31. Hsu, J.-C., Local resonances-induced low-frequency band gaps in two-dimensional 

phononic crystal slabs with periodic stepped resonators. Journal of Physics D: 

Applied Physics, 2011. 44(5): p. 55401-55409. 

32. Fan, L., S.-y. Zhang, and H. Zhang, Transmission characteristics of double negativity 

acoustic metamaterials studied with fluid impedance theory. The Journal of the 

Acoustical Society of America, 2011. 129(4): p. 2483. 

33. Norris, A., Periodic metal structures for acoustic wave control. The Journal of the 

Acoustical Society of America, 2011. 130(4): p. 2359. 

34. Chesnais, C., C. Boutin, and S. Hans, Effects of the local resonance on the wave 

propagation in periodic frame structures: Generalized Newtonian mechanics. The 

Journal of the Acoustical Society of America, 2012. 132(4): p. 2873-2886. 

35. Riaz, A. and S. Banerjee, Wave Propagation in Metamaterial Using Multiscale 

Resonators by Creating Local Anisotropy International Journal of Modern 

Engineering, 2013. 13(2): p. 9. 

36. El-Bahrawy, A., Stopbands and Passbands for Symmetric Rayleigh-Lamb Modes in 

a Plate With Corrugated Surfaces. Journal of Sound and Vibration, 1994. 170(2): p. 

145-160. 

37. El-Bahrawy, A., Point force excitation of surface waves along the doubly corrugated 

traction-free boundary of an elastic half-space. The Journal of the Acoustical Society 

of America, 1994. 96(5): p. 3167-3176. 



253 
 

38. Banerjee, S. and T. Kundu, Elastic wave propagation in sinusoidally corrugated 

waveguides. The Journal of the Acoustical Society of America, 2006. 119(4): p. 

2006-2017. 

39. Banerjee, S. and T. Kundu, Symmetric and anti-symmetric Rayleigh–Lamb modes in 

sinusoidally corrugated waveguides: An analytical approach. International Journal 

of Solids and Structures, 2006. 43(21): p. 6551-6567. 

40. Veselago, V.G., The electrodynamics of substances with simultaneously negative 

values of ε and μ. Physics-Uspekhi, 1968. 10(4): p. 509-514. 

41. Smith, D.R., J.B. Pendry, and M.C.K. Wiltshire, Metamaterials and Negative 

Refractive Index. Science, 2004. 305(5685): p. 788-792. 

42. Pendry, J.B., et al., Magnetism from conductors and enhanced nonlinear phenomena. 

Microwave Theory and Techniques, IEEE Transactions on, 1999. 47(11): p. 2075-

2084. 

43. Smirnova, E.I., et al., Fabrication and cold test of photonic band gap resonators and 

accelerator structures. Physical Review Special Topics - Accelerators and Beams, 

2005. 8(9): p. 091302. 

44. Liu, Z., C.T. Chan, and P. Sheng, Analytic model of phononic crystals with local 

resonances. Physical Review B, 2005. 71(1): p. 014103. 

45. Mei, J., et al., Effective Mass Density of Fluid-Solid Composites. Physical Review 

Letters, 2006. 96(2): p. 024301. 



254 
 

46. Wu, Y., Y. Lai, and Z.-Q. Zhang, Effective medium theory for elastic metamaterials 

in two dimensions. Physical Review B, 2007. 76(20): p. 205313. 

47. Sigalas, M.M. and E.N. Economou, Elastic and acoustic wave band structure. 

Journal of Sound and Vibration, 1992. 158(2): p. 377-382. 

48. Poulton, C.G., et al., Eigenvalue problems for doubly periodic elastic structures and 

phononic band gaps. Proceedings of the Royal Society of London. Series A: 

Mathematical, Physical and Engineering Sciences, 2000. 456(2002): p. 2543-2559. 

49. Caballero, D., et al., Large two-dimensional sonic band gaps. Physical Review E, 

1999. 60(6): p. R6316-R6319. 

50. Phani, A.S., J. Woodhouse, and N.A. Fleck, Wave propagation in two-dimensional 

periodic lattices. The Journal of the Acoustical Society of America, 2006. 119(4): p. 

1995-2005. 

51. Hirsekorn, M., et al., Modelling and simulation of acoustic wave propagation in 

locally resonant sonic materials. Ultrasonics, 2004. 42(1–9): p. 231-235. 

52. Li, J. and C.T. Chan, Double-negative acoustic metamaterial. Physical Review E, 

2004. 70(5): p. 055602. 

53. Milton, G.W. and J.R. Willis, On modifications of Newton's second law and linear 

continuum elastodynamics. Proceedings of the Royal Society A: Mathematical, 

Physical and Engineering Science, 2007. 463(2079): p. 855-880. 



255 
 

54. Huang, H.H. and C.T. Sun, Anomalous wave propagation in a one-dimensional 

acoustic metamaterial having simultaneously negative mass density and Young's 

modulus. The Journal of the Acoustical Society of America, 2012. 132(4): p. 2887-

2895. 

55. Naify, C.J., et al., New directions for manipulation of sound using acoustic 

metamaterials. The Journal of the Acoustical Society of America, 2012. 132(3): p. 

2012. 

56. Yao, Experimental study on negative effective mass in a 1D mass-spring system. New 

Journal of Physics, 2008. 10(4): p. 043020. 

57. Park, J., et al., Determination of effective mass density and modulus for resonant 

metamaterials. The Journal of the Acoustical Society of America, 2012. 132(4): p. 

2793-2799. 

58. Liu, Z., et al., Locally Resonant Sonic Materials. Science, 2000. 289(5485): p. 1734-

1736. 

59. Guenneau, S., et al., Acoustic metamaterials for sound focusing and confinement  

New Journal of Physics, 2007. 9: p. 399. 

60. Movchan, A.B. and S. Guenneau, Split-ring resonators and localized modes. 

Physical Review B, 2004. 70(12): p. 125116. 



256 
 

61. Nemer, S., et al., Modelling resonance frequencies of a multi-turn spiral for 

metamaterial applications. Progress In Electromagnetics Research C, 2011. 20(31-

42). 

62. Guven, K., et al., Electromagnetic cloaking with canonical spiral inclusions. New 

Journal Physics, 2008. 10(11): p. 115037. 

63. Anlage, S.M., The physics and applications of superconducting metamaterials. 

Journal of Optics, 2011. 13(2): p. 024001. 

64. Massaoudi, S. and I. Huynen, Multiple resonances in arrays of spiral resonators 

designed for magnetic resonance imaging. Microwave and Optical Technology 

Letters, 2008. 50(7): p. 1945-1950. 

65. Bilotti, F., A. Toscano, and L. Vegni, Design of Spiral and Multiple Split-Ring 

Resonators for the Realization of Miniaturized Metamaterial Samples. Antennas and 

Propagation, IEEE Transactions on, 2007. 55(8): p. 2258-2267. 

66. Isik, O. and K.P. Esselle, Backward Wave Microstrip Lines With Complementary 

Spiral Resonators. Antennas and Propagation, IEEE Transactions on, 2008. 56(10): 

p. 3173-3178. 

67. Ma, X., et al., Multi-band circular polarizer using planar spiral metamaterial 

structure. Optics Express, 2012. 20(14): p. 16050-16058. 

68. Baena, J.D., et al., Artificial magnetic metamaterial design by using spiral 

resonators. Physical Review B, 2004. 69(1): p. 014402. 



257 
 

69. He, M., et al., Negative refractive index in chiral spiral metamaterials at terahertz 

frequencies. Optik - International Journal for Light and Electron Optics, 2011. 

122(18): p. 1676-1679. 

70. Isik, O. and K.P. Esselle, Analysis of spiral metamaterials by use of group theory. 

Metamaterials, 2009. 3(1): p. 33-43. 

71. ELFORD, D.P., et al., ACOUSTIC BAND GAP FORMATION IN 

METAMATERIALS. International Journal of Modern Physics B, 2010. 24(25n26): p. 

4935-4945. 

72. COMSOL Multiphysics 4.3 Manual. Stockholm, Sweden. 

73. Hussein, M., Band Structure Calculations by Modal Analysis, in IUTAM Symposium 

on Recent Advances of Acoustic Waves in Solids, T.-T. Wu and C.-C. Ma, Editors. 

2010, Springer Netherlands. p. 319-324. 

74. Brillouin, L., Wave Propagation in Periodic Structures. Dover Publications, Inc., 

New York, 1953: p. 255. 

75. Huang, R., Periodic Structures. John Wiley & Sons, Singapore, 2012. Ch.3. 

76. Deymier, P., Acoustic Metamaterial and Phononic Crystals. Springer series in solid 

state sciences, 2013. 173: p. Ch. 1-5. 

77. Sheng, P., Introduction to Wave Scattering, Localization and Mesoscopic 

Phenomena. Springer Series in Material Science, 1995: p. 333. 



258 
 

78. Erturk, A. and D.J. Inman, An experimentally validated bimorph cantilever model for 

piezoelectric energy harvesting from base excitation. Smart Mater Struct. , 2009. 

18(025009). 

79. Tan, K.T., H.H. Huang, and C.T. Sun, Optimizing the band gap of effective mass 

negativity in acoustic metamaterials. Applied Physics Letters, 2012. 101(24): p. -. 

80. Liu, A.P., et al., Multi-displacement microstructure continuum modeling of 

anisotropic elastic metamaterials. Wave Motion, 2012. 49(3): p. 411-426. 

81. Von Békésy, G., Hearing theories and complex sounds. The Journal of the Acoustical 

Society of America, 1963. 35(4): p. 588-601. 

82. Chen, F., et al., A hydromechanical biomimetic cochlea: experiments and models. 

The Journal of the Acoustical Society of America, 2006. 119(1): p. 394-405. 

83. Tanaka, K., M. Abe, and S. Ando, A novel mechanical cochlea 

&ldquo;Fishbone&rdquo; with dual sensor/actuator characteristics. Mechatronics, 

IEEE/ASME Transactions on, 1998. 3(2): p. 98-105. 

84. Wittbrodt, M.J., C.R. Steele, and S. Puria, Developing a physical model of the human 

cochlea using micro-fabrication methods. Audiol Neurootol, 2006. 11(2): p. 104-12. 

85. Shintaku, H., et al., Wide-range frequency selectivity in an acoustic sensor fabricated 

using a microbeam array with non-uniform thickness. Journal of Micromechanics 

and Microengineering, 2013. 23(11): p. 115014. 



259 
 

86. Tanujaya, H., et al., Experimental and Analytical Study Approach of Artificial Basilar 

Membrane Prototype (ABMP). Journal of Engineering and Technological Science, 

2013. 45: p. 61-72. 

87. White, R.D. and K. Grosh, Microengineered hydromechanical cochlear model. 

Proceedings of the National Academy of Sciences of the United States of America, 

2005. 102(5): p. 1296-1301. 

88. Kim, S., et al., Mechanical frequency selectivity of an artificial basilar membrane 

using a beam array with narrow supports. Journal of Micromechanics and 

Microengineering, 2013. 23(9): p. 095018. 

89. Jang, J., et al., MEMS piezoelectric artificial basilar membrane with passive 

frequency selectivity for short pulse width signal modulation. Sensors and Actuators 

A: Physical, 2013. 203: p. 6-10. 

90. Bekesy, G.V., Experiments in Hearing. Acoustical Society of Amer, 1989. 

91. Dallos, P., Biophysics of the cochlea. Handbook of Perception, 1978. 4: p. 125-162. 

92. Evans, E., Functional anatomy of the auditory system. The Senses. Cambridge 

University Press, Cambridge, 1982: p. 251-306. 

93. Kessel, R.G. and R.H. Kardon, Tissues and organs: a text-atlas of scanning electron 

microscopy1979: WH Freeman San Francisco. 



260 
 

94. Miller, J.M. and A.L. Towe, Audition: structural and acoustical properties. 

Physiology and Biophysics, The Brain and Neural Function, 1979: p. 339-75. 

95. Shepherd, G.M., Neurobiology1988: Oxford University Press. 

96. Schubert, E.D., History of research on hearing. Handbook of perception. New York: 

Academic Press, IV, 1978: p. 41-80. 

97. Cole, J.D. and R.S. Chadwick, An approach to mechanics of the cochlea. Zeitschrift 

für angewandte Mathematik und Physik ZAMP, 1977. 28(5): p. 785-804. 

98. Iurato, S., Functional implications of the nature and submicroscopic structure of the 

tectorial and basilar membranes. The Journal of the Acoustical Society of America, 

1962. 34(9B): p. 1386-1395. 

99. Davis, H., Energy into nerve impulses: the inner ear. Adv. Sci, 1953. 9: p. 420-425. 

100. Bodian, D., Electron microscopic atlas of the simian cochlea. Hearing research, 

1983. 9(2): p. 201-246. 

101. Brownell, W. and W. Shehata, The effect of cytoplasmic turgor pressure on the static 

and dynamic mechanical properties of outer hair cells, in The Mechanics and 

Biophysics of Hearing1990, Springer. p. 52-60. 

102. Hair Cell. http://livelovehear.tumblr.com/post/6855236397/dancinghaircell. 

103. Moller, A., Auditory physiology1982: Elsevier. 



261 
 

104. Von Békésy, G. and E.G. Wever, Experiments in hearing. Vol. 8. 1960: McGraw-

Hill New York. 

105. Fletcher, H., The mechanism of hearing as revealed through experiment on the 

masking effect of thermal noise. Proceedings of the National Academy of Sciences of 

the United States of America, 1938. 24(7): p. 265. 

106. Lyon, R. and C. Mead, Cochlear hydrodynamics demystified. Caltech Computer 

Science Tech. Rept., Caltech-CS-TR-884, 1988. 

107. Loh, C.H., Multiple scale analysis of the spirally coiled cochlea. The Journal of the 

Acoustical Society of America, 1983. 74(1): p. 95-103. 

108. Steele, C.R. and J.G. Zais, Effect of coiling in a cochlear model. The Journal of the 

Acoustical Society of America, 1985. 77(5): p. 1849-1852. 

109. Evans, B.N., R. Hallworth, and P. Dallos, The nonlinearity of outer hair cell motility: 

Implications for cochlear physiology and pathology, in The Mechanics and 

Biophysics of Hearing1990, Springer. p. 61-68. 

110. Ashmore, J., A fast motile response in guinea-pig outer hair cells: the cellular basis 

of the cochlear amplifier. The Journal of Physiology, 1987. 388(1): p. 323-347. 

111. Brownell, W.E., et al., Evoked mechanical responses of isolated cochlear outer hair 

cells. Science, 1985. 227(4683): p. 194-196. 



262 
 

112. Zurek, P. and W. Clark, Narrow-band acoustic signals emitted by chinchilla ears 

after noise exposure. The Journal of the Acoustical Society of America, 1981. 70(2): 

p. 446-450. 

113. Kemp, D.T., Stimulated acoustic emissions from within the human auditory system. 

The Journal of the Acoustical Society of America, 1978. 64(5): p. 1386-1391. 

114. Santos-Sacchi, J., Fast outer hair cell motility: how fast is fast?, in The Mechanics 

and Biophysics of Hearing1990, Springer. p. 69-75. 

115. Hubbard, A.E. and D.C. Mountain, Haircell forward and reverse transduction: 

Differential suppression and enhancement. Hearing research, 1990. 43(2): p. 269-

272. 

116. Steele, C., A possibility for sub-tectorial membrane fluid motion. Basic mechanisms 

in hearing, 1973: p. 69-93. 

117. Taber, L.A. and C.R. Steele, Cochlear model including three-dimensional fluid and 

four modes of partition flexibility. The Journal of the Acoustical Society of America, 

1981. 70(2): p. 426-436. 

118. Manley, G.A., Cochlear mechanisms from a phylogenetic viewpoint. Proceedings of 

the National Academy of Sciences, 2000. 97(22): p. 11736-11743. 

119. Hinchcliffe, R.H., Scientific foundations of otolarynogology. 1976. 



263 
 

120. West, C.D., The relationship of the spiral turns of the cochlea and the length of the 

basilar membrane to the range of audible frequencies in ground dwelling mammals. 

The Journal of the Acoustical Society of America, 1985. 77(3): p. 1091-1101. 

121. Cai, H., D. Manoussaki, and R. Chadwick, Effects of coiling on the micromechanics 

of the mammalian cochlea. Journal of the Royal Society Interface, 2005. 2(4): p. 341-

348. 

122. Manoussaki, D., E. Dimitriadis, and R. Chadwick, Cochlea’s graded curvature effect 

on low frequency waves. Physical Review Letters, 2006. 96(8): p. 088701. 

123. Rayleigh, J.W.S.B., The theory of sound. Vol. 2. 1896: Macmillan. 

124. Manoussaki, D., et al., The influence of cochlear shape on low-frequency hearing. 

Proceedings of the National Academy of Sciences, 2008. 105(16): p. 6162-6166. 

125. Beeby, S.P., M.J. Tudor, and N.M. White, Energy harvesting vibration sources for 

microsystems applications. Measurement Science and Technology, 2006. 17(12): p. 

R175. 

126. Anton, S.R. and H.A. Sodano, A review of power harvesting using piezoelectric 

materials (2003–2006). Smart Materials and Structures, 2007. 16(3): p. R1. 

127. Priya, S., Advances in energy harvesting using low profile piezoelectric transducers. 

Journal of Electroceramics, 2007. 19(1): p. 167-184. 



264 
 

128. Cook-Chennault, K.A., N. Thambi, and A.M. Sastry, Powering MEMS portable 

devices—a review of non-regenerative and regenerative power supply systems with 

special emphasis on piezoelectric energy harvesting systems. Smart Materials and 

Structures, 2008. 17(4): p. 043001. 

129. Cunefare, K.A., et al., Energy harvesting from hydraulic pressure fluctuations. Smart 

Materials and Structures, 2013. 22(2): p. 025036. 

130. Choi, W.J., et al., Energy harvesting MEMS device based on thin film piezoelectric 

cantilevers. Journal of Electroceramics, 2006. 17(2-4): p. 543-548. 

131. Zhuo, W. and Y. Xu, Vibration energy harvesting device based on air-spaced 

piezoelectric cantilevers. Applied Physics Letters, 2007. 90(26): p. 263512-263512-

3. 

132. Shen, D., et al., The design, fabrication and evaluation of a MEMS PZT cantilever 

with an integrated Si proof mass for vibration energy harvesting. Journal of 

Micromechanics and Microengineering, 2008. 18(5): p. 055017. 

133. Erturk, A. and D.J. Inman, An experimentally validated bimorph cantilever model for 

piezoelectric energy harvesting from base excitations. Smart Materials and 

Structures, 2009. 18(2): p. 025009. 

134. Chen, Z., et al., Broadband characteristics of vibration energy harvesting using one-

dimensional phononic piezoelectric cantilever beams. Physica B: Condensed Matter, 

2013. 410: p. 5-12. 



265 
 

135. Gonella, S., A.C. To, and W.K. Liu, Interplay between phononic bandgaps and 

piezoelectric microstructures for energy harvesting. Journal of the Mechanics and 

Physics of Solids, 2009. 57(3): p. 621-633. 

136. Ahmed, R. and S. Banerjee, Predictive Electromechanical Model for Energy 

Scavengers using Patterned Piezoelectric Layers. Journal of Engineering Mechanics, 

2014. (In press). 

137. Banerjee, S., Electromechanical Model for a plate type energy harvester using 

coupled strain rate damping mechanism. JP Journal of Solids and Structures, 2011. 

5(2): p. 75 – 105. 

138. Carrara, M., et al., Metamaterial-inspired structures and concepts for elastoacoustic 

wave energy harvesting. Smart Materials and Structures, 2013. 22(6): p. 065004. 

139. Chen, Z., et al., Metamaterials-based enhanced energy harvesting: A review. Physica 

B: Condensed Matter, 2014. 438(0): p. 1-8. 

140. Lv, H., et al., Vibration energy harvesting using a phononic crystal with point defect 

states. Applied Physics Letters, 2013. 102(3): p. -. 

141. Mikoshiba, K., J.M. Manimala, and C. Sun, Energy harvesting using an array of 

multifunctional resonators. Journal of Intelligent Material Systems and Structures, 

2013. 24(2): p. 168-179. 

142. Wu, L.-Y., L.-W. Chen, and C.-M. Liu, Acoustic energy harvesting using resonant 

cavity of a sonic crystal. Applied Physics Letters, 2009. 95(1): p. -. 



266 
 

143. Ahmed, R. and S. Banerjee, Wave Propagation in Metamaterial Using Multiscale 

Resonators by Creating Local Anisotropy. International Journal of Modern 

Engineering, 2013. 13(2): p. 51-59. 

144. Carrara, M., et al., Dramatic enhancement of structure-borne wave energy harvesting 

using an elliptical acoustic mirror. Applied Physics Letters, 2012. 100(20): p. -. 

145. Wu, L.-Y., L.-W. Chen, and C.-M. Liu, Acoustic pressure in cavity of variously sized 

two-dimensional sonic crystals with various filling fractions. Physics Letters A, 2009. 

373(12–13): p. 1189-1195. 

146. Wu, L.-Y., L.-W. Chen, and C.-M. Liu, Experimental investigation of the acoustic 

pressure in cavity of a two-dimensional sonic crystal. Physica B: Condensed Matter, 

2009. 404(12–13): p. 1766-1770. 

147. Yeh, J.-Y., Application and analysis of phononic crystal energy harvesting devices. 

2013. 

148. Huang, H., C. Sun, and G. Huang, On the negative effective mass density in acoustic 

metamaterials. International Journal of Engineering Science, 2009. 47(4): p. 610-

617. 

149. Zhang, S. and J.H. Wu. Low-Frequency Broadband Energy Harvesting Based on 

Locally Resonant Phononic Crystals. in ASME 2013 International Mechanical 

Engineering Congress and Exposition. 2013. American Society of Mechanical 

Engineers. 



267 
 

150. Sheng, P., et al., Locally resonant sonic materials. Physica B: Condensed Matter, 

2003. 338(1–4): p. 201-205. 

151. Priya, S. and D.J. Inman, Energy Harvesting Technologies. Springer, 2009. ISBN: 

978-0-387-76463-4. . 

152. Noise Barrier. http://en.wikipedia.org/wiki/Noise_barrier. 

153. Highway Traffic Noise. 

https://www.fhwa.dot.gov/environment/noise/noise_barriers/design_construction/ke

epdown.cfm. 

154. International Energy Agency. http://www.treehugger.com/corporate-

responsibility/energy-usage-increases-despite-efficiency-efforts.html. 

155. Forbes.com. http://www.forbes.com/sites/christopherhelman/2013/09/07/how-

much-energy-does-your-iphone-and-other-devices-use-and-what-to-do-about-it/. 

156. Mond, H.G., J.G. Sloman, and R.H. Edwards, The First Pacemaker. Pacing and 

Clinical Electrophysiology, 1982. 5(2): p. 278-282. 

157. Nelson, G.D., A brief history of cardiac pacing. Tex Heart Inst J, 1993. 20(1): p. 12-

8. 

158. Mallela, V.S., V. Ilankumaran, and N.S. Rao, Trends in cardiac pacemaker batteries. 

Indian Pacing Electrophysiol J, 2004. 4(4): p. 201-12. 



268 
 

159. Horlbeck, F.W., et al., Real-World Data on the Lifespan of Implantable Cardioverter-

Defibrillators Depending on Manufacturers and the Amount of Ventricular Pacing. 

Journal of Cardiovascular Electrophysiology, 2012. 23(12): p. 1336-1342. 

160. Wilhelm, M.J.M.D., et al., Cardiac Pacemaker Infection: Surgical Management With 

and Without Extracorporeal Circulation. The Annals of Thoracic Surgery. 64(6): p. 

1707-1712. 

161. Wang, Z.L., Self-Powered Nanosensors and Nanosystems. Advanced Materials, 

2012. 24(2): p. 280-285. 

162. Park, K.-I., et al., Flexible Nanocomposite Generator Made of BaTiO3 Nanoparticles 

and Graphitic Carbons. Advanced Materials, 2012. 24(22): p. 2999-3004. 

163. Xu, S., et al., Self-powered nanowire devices. Nat Nano, 2010. 5(5): p. 366-373. 

164. Wang, L.C., Changing patterns in intestinal parasitic infections among Southeast 

Asian laborers in Taiwan. Parasitol Res, 2004. 92(1): p. 18-21. 

165. Dagdeviren, C., et al., Transient, Biocompatible Electronics and Energy Harvesters 

Based on ZnO. Small, 2013. 9(20): p. 3398-3404. 

166. Park, K.-I., et al., Flexible and Large-Area Nanocomposite Generators Based on 

Lead Zirconate Titanate Particles and Carbon Nanotubes. Advanced Energy 

Materials, 2013. 3(12): p. 1539-1544. 



269 
 

167. Jeong, C.K., et al., Virus-Directed Design of a Flexible BaTiO3 Nanogenerator. ACS 

Nano, 2013. 7(12): p. 11016-11025. 

168. Romero, E., R.O. Warrington, and M.R. Neuman, Energy scavenging sources for 

biomedical sensors. Physiological Measurement, 2009. 30(9): p. R35. 

169. Franks, A.E. and K.P. Nevin, Microbial Fuel Cells, A Current Review. Energies, 

2010. 3(5): p. 899-919. 

170. Potkay, J. and K. Brooks, The 2nd International Conference on Bioinformatics and 

Biomedical Engineering, 2008. ICBBE, 2008. 2008: p. 1580. 

171. Qi, Y., et al., Piezoelectric Ribbons Printed onto Rubber for Flexible Energy 

Conversion. Nano Letters, 2010. 10(2): p. 524-528. 

172. Wang, Z.L. and J. Song, Piezoelectric Nanogenerators Based on Zinc Oxide 

Nanowire Arrays. Science, 2006. 312(5771): p. 242-246. 

173. Hu, Y., et al., Self-Powered System with Wireless Data Transmission. Nano Letters, 

2011. 11(6): p. 2572-2577. 

174. Hwang, G.-T., et al., Self-Powered Cardiac Pacemaker Enabled by Flexible Single 

Crystalline PMN-PT Piezoelectric Energy Harvester. Advanced Materials, 2014. 

26(28): p. 4880-4887. 



270 
 

175. Dagdeviren, C., et al., Conformal piezoelectric energy harvesting and storage from 

motions of the heart, lung, and diaphragm. Proceedings of the National Academy of 

Sciences, 2014. 111(5): p. 1927-1932. 

176. Amin Karami, M. and D.J. Inman, Powering pacemakers from heartbeat vibrations 

using linear and nonlinear energy harvesters. Applied Physics Letters, 2012. 100(4): 

p. -. 

177. Kanai, H., et al., Transcutaneous measurement and spectrum analysis of heart wall 

vibrations. Ultrasonics, Ferroelectrics, and Frequency Control, IEEE Transactions 

on, 1996. 43(5): p. 791-810. 

178. Ohm, O.L.E.J. and D. Danilovic, Improvements in Pacemaker Energy Consumption 

and Functional Capability: Four Decades of Progress. Pacing and Clinical 

Electrophysiology, 1997. 20(1): p. 2-9. 

179. Aflatoxins in Food. https://www.wellvet.com/cgi-

bin/commerce.cgi?preadd=action&key=ART_AFLATOX. 

180. Mycotoxins. http://blackmold.awardspace.com/mycotoxins.html. 

181. Mycotoxin. http://en.wikipedia.org/wiki/Mycotoxin. 

182. Bennett, J.W., Mycotoxins, mycotoxicoses, mycotoxicology and Mycopathologia: 

Mycopathologia. 1987 Oct;100(1):3-5. 



271 
 

183. Bennett, J.W. and M. Klich, Mycotoxins. Clinical Microbiology Reviews, 2003. 

16(3): p. 497-516. 

184. Mycotoxins in Crops: A Threat to Human and Domestic Animal Health. 

http://www.apsnet.org/edcenter/intropp/topics/Mycotoxins/Pages/default.aspx. 

185. Mycotoxins. http://blacktoxicmolds.com/mycotoxins-mold.php. 

186. Bayman, P. and J. Baker, Ochratoxins: A global perspective. Mycopathologia, 2006. 

162(3): p. 215-223. 

187. Mateo, R., et al., An overview of ochratoxin A in beer and wine. International Journal 

of Food Microbiology, 2007. 119(1–2): p. 79-83. 

188. Trucksess, M.W. and P.M. Scott, Mycotoxins in botanicals and dried fruits: A review. 

Food Additives & Contaminants: Part A, 2008. 25(2): p. 181-192. 

189. Moss, M.O., Fungi, quality and safety issues in fresh fruits and vegetables. Journal 

of Applied Microbiology, 2008. 104(5): p. 1239-1243. 

190. Cornely, O.A., Aspergillus to Zygomycetes: Causes, Risk Factors, Prevention, and 

Treatment of Invasive Fungal Infections. Infection, 2008. 36(4): p. 296-313. 

191. Schaafsma, A.W. and D.C. Hooker, Climatic models to predict occurrence of 

Fusarium toxins in wheat and maize. International Journal of Food Microbiology, 

2007. 119(1–2): p. 116-125. 



272 
 

192. Desjardins, A.E. and R.H. Proctor, Molecular biology of Fusarium mycotoxins. 

International Journal of Food Microbiology, 2007. 119(1–2): p. 47-50. 

193. Krska, R., S. Baumgartner, and R. Josephs, The state-of-the-art in the analysis of 

type-A and -B trichothecene mycotoxins in cereals. Fresenius J Anal Chem, 2001. 

371(3): p. 285-99. 

194. Krska, R., et al., Advances in the analysis of mycotoxins and its quality assurance. 

Food Addit Contam, 2005. 22(4): p. 345-53. 

195. Krska, R. and R. Josephs, The state-of-the-art in the analysis of estrogenic 

mycotoxins in cereals. Fresenius' Journal of Analytical Chemistry, 2001. 369(6): p. 

469-476. 

196. Gilbert, J. and E. Anklam, Validation of analytical methods for determining 

mycotoxins in foodstuffs. TrAC Trends in Analytical Chemistry, 2002. 21(6–7): p. 

468-486. 

197. Berthiller, F., et al., Masked mycotoxins: determination of a deoxynivalenol glucoside 

in artificially and naturally contaminated wheat by liquid chromatography-tandem 

mass spectrometry. J Agric Food Chem, 2005. 53(9): p. 3421-5. 

198. Zöllner, P. and B. Mayer-Helm, Trace mycotoxin analysis in complex biological and 

food matrices by liquid chromatography–atmospheric pressure ionisation mass 

spectrometry. Journal of Chromatography A, 2006. 1136(2): p. 123-169. 



273 
 

199. Sforza, S., C. Dall'Asta, and R. Marchelli, Recent advances in mycotoxin 

determination in food and feed by hyphenated chromatographic techniques/mass 

spectrometry. Mass Spectrometry Reviews, 2006. 25(1): p. 54-76. 

200. Creppy, E.E., et al., Synergistic effects of fumonisin B1 and ochratoxin A: are in vitro 

cytotoxicity data predictive of in vivo acute toxicity? Toxicology, 2004. 201(1–3): p. 

115-123. 

201. Speijers, G.J. and M.H. Speijers, Combined toxic effects of mycotoxins. Toxicol Lett, 

2004. 153(1): p. 91-8. 

202. Smedsgaard, J. and J.C. Frisvad, Using direct electrospray mass spectrometry in 

taxonomy and secondary metabolite profiling of crude fungal extracts. Journal of 

Microbiological Methods, 1996. 25(1): p. 5-17. 

203. Nielsen, K.F. and J. Smedsgaard, Fungal metabolite screening: database of 474 

mycotoxins and fungal metabolites for dereplication by standardised liquid 

chromatography–UV–mass spectrometry methodology. Journal of Chromatography 

A, 2003. 1002(1–2): p. 111-136. 

204. Tuomi, T., et al., Detection of aflatoxins (G, B), sterigmatocystin, citrinine and 

ochratoxin A in samples contaminated by microbes. Analyst, 2001. 126(9): p. 1545-

1550. 



274 
 

205. Rundberget, T. and A.L. Wilkins, Determination of Penicillium mycotoxins in foods 

and feeds using liquid chromatography–mass spectrometry. Journal of 

Chromatography A, 2002. 964(1–2): p. 189-197. 

206. Kokkonen, M., M. Jestoi, and A. Rizzo, Determination of selected mycotoxins in 

mould cheeses with liquid chromatography coupled to tandem with mass 

spectrometry. Food Addit Contam, 2005. 22(5): p. 449-56. 

207. Royer, D., H.U. Humpf, and P.A. Guy, Quantitative analysis of Fusarium mycotoxins 

in maize using accelerated solvent extraction before liquid 

chromatography/atmospheric pressure chemical ionization tandem mass 

spectrometry. Food Addit Contam, 2004. 21(7): p. 678-92. 

208. Biselli, S. and C. Hummert, Development of a multicomponent method for Fusarium 

toxins using LC-MS/MS and its application during a survey for the content of T-2 

toxin and deoxynivalenol in various feed and food samples. Food Addit Contam, 

2005. 22(8): p. 752-60. 

209. Cavaliere, C., et al., Development of a multiresidue method for analysis of major 

Fusarium mycotoxins in corn meal using liquid chromatography/tandem mass 

spectrometry. Rapid Communications in Mass Spectrometry, 2005. 19(14): p. 2085-

2093. 

210. Sorensen, L.K. and T.H. Elbaek, Determination of mycotoxins in bovine milk by 

liquid chromatography tandem mass spectrometry. J Chromatogr B Analyt Technol 

Biomed Life Sci, 2005. 820(2): p. 183-96. 



275 
 

211. Tanaka, H., et al., Development of a liquid chromatography/time-of-flight mass 

spectrometric method for the simultaneous determination of trichothecenes, 

zearalenone and aflatoxins in foodstuffs. Rapid Communications in Mass 

Spectrometry, 2006. 20(9): p. 1422-1428. 

212. Ren, Y., et al., Simultaneous determination of multi-component mycotoxin 

contaminants in foods and feeds by ultra-performance liquid chromatography 

tandem mass spectrometry. Journal of Chromatography A, 2007. 1143(1–2): p. 48-

64. 

213. Spanjer, M.C., P.M. Rensen, and J.M. Scholten, LC-MS/MS multi-method for 

mycotoxins after single extraction, with validation data for peanut, pistachio, wheat, 

maize, cornflakes, raisins and figs. Food Addit Contam Part A Chem Anal Control 

Expo Risk Assess, 2008. 25(4): p. 472-89. 

214. Sulyok, M., et al., Development and validation of a liquid chromatography/tandem 

mass spectrometric method for the determination of 39 mycotoxins in wheat and 

maize. Rapid Commun Mass Spectrom, 2006. 20(18): p. 2649-59. 

215. Sulyok, M., R. Krska, and R. Schuhmacher, A liquid chromatography/tandem mass 

spectrometric multi-mycotoxin method for the quantification of 87 analytes and its 

application to semi-quantitative screening of moldy food samples. Analytical and 

Bioanalytical Chemistry, 2007. 389(5): p. 1505-1523. 



276 
 

216. Fremy, J.M. and E. Usleber, Policy on characterization of antibodies used in 

immunochemical methods of analysis for mycotoxins and phycotoxins. J AOAC Int, 

2003. 86(4): p. 868-71. 

217. Ngundi, M.M., et al., Array biosensor for detection of ochratoxin A in cereals and 

beverages. Anal Chem, 2005. 77(1): p. 148-54. 

218. Tüdös, A.J., E.R. Lucas-van den Bos, and E.C.A. Stigter, Rapid Surface Plasmon 

Resonance-Based Inhibition Assay of Deoxynivalenol. Journal of Agricultural and 

Food Chemistry, 2003. 51(20): p. 5843-5848. 

219. Maragos, C.M., Emerging technologies for mycotoxin detection. Toxin Reviews, 

2004. 23(2-3): p. 317-344. 

220. Sapsford, K.E., et al., Rapid detection of foodborne contaminants using an Array 

Biosensor. Sensors and Actuators B: Chemical, 2006. 113(2): p. 599-607. 

221. Urraca, J.L., et al., Analysis of Zearalenone in Cereal and Swine Feed Samples Using 

an Automated Flow-Through Immunosensor. Journal of Agricultural and Food 

Chemistry, 2005. 53(9): p. 3338-3344. 

222. Micheli, L., et al., An electrochemical immunosensor for aflatoxin M1 determination 

in milk using screen-printed electrodes. Biosensors and Bioelectronics, 2005. 21(4): 

p. 588-596. 



277 
 

223. Pemberton, R.M., et al., Studies Towards the Development of a Screen-Printed 

Carbon Electrochemical Immunosensor Array for Mycotoxins: A Sensor for 

Aflatoxin B1. Analytical Letters, 2006. 39(8): p. 1573-1586. 

224. van der Gaag, B., et al., Biosensors and multiple mycotoxin analysis. Food Control, 

2003. 14(4): p. 251-254. 

225. Adányi, N., et al., Development of immunosensor based on OWLS technique for 

determining Aflatoxin B1 and Ochratoxin A. Biosensors and Bioelectronics, 2007. 

22(6): p. 797-802. 

226. Kristensen, R., et al., DNA microarray to detect and identify trichothecene-and 

moniliformin-producing Fusarium species. Journal of Applied Microbiology, 2007. 

102(4): p. 1060-1070. 

227. Sibanda, L., et al., Development of a solid-phase cleanup and portable rapid flow-

through enzyme immunoassay for the detection of ochratoxin A in roasted coffee. 

Journal of Agricultural and Food Chemistry, 2002. 50(24): p. 6964-6967. 

228. Delmulle, B.S., et al., Development of an Immunoassay-Based Lateral Flow Dipstick 

for the Rapid Detection of Aflatoxin B1 in Pig Feed. Journal of Agricultural and Food 

Chemistry, 2005. 53(9): p. 3364-3368. 

229. Wang, S., et al., Rapid Determination of Fumonisin B1 in Food Samples by Enzyme-

Linked Immunosorbent Assay and Colloidal Gold Immunoassay. Journal of 

Agricultural and Food Chemistry, 2006. 54(7): p. 2491-2495. 



278 
 

230. Kos, G., H. Lohninger, and R. Krska, Development of a Method for the Determination 

of Fusarium Fungi on Corn Using Mid-Infrared Spectroscopy with Attenuated Total 

Reflection and Chemometrics. Analytical Chemistry, 2003. 75(5): p. 1211-1217. 

231. Pettersson, H. and L. Åberg, Near infrared spectroscopy for determination of 

mycotoxins in cereals. Food Control, 2003. 14(4): p. 229-232. 

232. Logrieco, A., et al., DNA arrays, electronic noses and tongues, biosensors and 

receptors for rapid detection of toxigenic fungi and mycotoxins: a review. Food Addit 

Contam, 2005. 22(4): p. 335-44. 

233. Olsson, J., et al., Detection and quantification of ochratoxin A and deoxynivalenol in 

barley grains by GC-MS and electronic nose. International Journal of Food 

Microbiology, 2002. 72(3): p. 203-214. 

234. ABC's of Photoacoustic Spectroscopy. 

http://www.shimadzu.com/an/ftir/support/ftirtalk/talk7/intro.html. 

235. Gordon, S., et al., Identification of Fourier transform infrared photoacoustic spectral 

features for detection of< i> Aspergillus flavus</i> infection in corn. International 

Journal of Food Microbiology, 1997. 35(2): p. 179-186. 

236. Greene, R.V., et al., Detection of fungal contamination in corn: potential of FTIR-

PAS and-DRS. Journal of Agricultural and Food Chemistry, 1992. 40(7): p. 1144-

1149. 



279 
 

237. Giurgiutiu, V., Lamb Wave Generation with Piezoelectric Wafer Active Sensors for 

Structural Health Monitoring. SPIE's 10th Annual International Symposium on 

Smart Structures and Materials and 8th Annual International Symposium on NDE for 

Health Monitoring and Diagnostics, San Diego, CA, 2002. 

238. Giurgiutiu, V., A. Zagrai, and J. Jing Bao, Piezoelectric Wafer Embedded Active 

Sensors for Aging Aircraft Structural Health Monitoring. Structural Health 

Monitoring, 2002. 1(1): p. 41-61. 

239. Anton, S.R. and H.A. Sodano, A review of power harvesting using piezoelectric 

materials (2003–2006). Smart Mater. Struct. , 2007. 16 R1–21. 

240. Arnold, D.P., Review of Microscale Magnetic Power Generation. Magnetics, IEEE 

Transactions on, 2007. 43(11): p. 3940-3951. 

241. Beeby, S.P., M.J. Tudor, and N.M. White, Energy harvesting vibration sources for 

microsystems applications. Measurement Science and Technology, 2006. 17 R175. 

242. Cook-Chennault, K.A., N. Thambi, and A.M. Sastry, Powering MEMS portable 

devices—a review of non-regenerative and regenerative power supply systems with 

emphasis on piezoelectric energy harvesting systems. Smart Mater. Struct. , 2008. 17 

043001. 

243. Dutoit, N.E., B.L. Wardle, and S.-G. Kim, DESIGN CONSIDERATIONS FOR 

MEMS-SCALE PIEZOELECTRIC MECHANICAL VIBRATION ENERGY 

HARVESTERS. Integrated Ferroelectrics, 2005. 71(1): p. 121-160. 



280 
 

244. Erturk, A. and D.J. Inman, On Mechanical Modeling of Cantilevered Piezoelectric 

Vibration Energy Harvesters. Journal of Intelligent Material Systems and Structures, 

2008. 19(11): p. 1311-1325. 

245. Glynne-Jones, P., et al., An electromagnetic, vibration-powered generator for 

intelligent sensor systems. Sensors and Actuators A: Physical, 2004. 110(1–3): p. 

344-349. 

246. Guyomar, D., et al., Toward energy harvesting using active materials and conversion 

improvement by nonlinear processing. Ultrasonics, Ferroelectrics and Frequency 

Control, IEEE Transactions on, 2005. 52(4): p. 584-595. 

247. Guan, M.J. and W.H. Liao, On the efficiencies of piezoelectric energy harvesting 

circuits towards storage device voltages. Smart Mater. Struct. , 2007. 16 p. 498–505. 

248. Ottman, G.K., et al., Adaptive piezoelectric energy harvesting circuit for wireless 

remote power supply. Power Electronics, IEEE Transactions on, 2002. 17(5): p. 669-

676. 

249. Piguet, C., Low Power Electronics Design. CRC Press, New York, 2005. 

250. Shu, Y.C. and I.C. Lien, Analysis of power output for piezoelectric energy harvesting 

systems. Smart Mater. Struct. , 2006. 15: p. 1499. 

251. Shu, Y.C., I.C. Lien, and W.J. Wu, An improved analysis of the SSHI interface in 

piezoelectric energy harvesting. Smart Mater. Struct. , 2007. 16 p. 2253–64. 



281 
 

252. Stephen, N.G., On energy harvesting from ambient vibration. Journal of Sound and 

Vibration, 2006. 293(1–2): p. 409-425. 

253. Hall, A.J. and J.C. Riddick. Micro-electro-mechanical flapping wing technology for 

micro air vehicles. 2012. 

254. Riddick, J.C. and A. Hall. Functionally modified bimorph PZT actuator for cm-scale 

flapping wing. 2011. 

255. Belloli, A. and P. Ermanni, Optimum placement of piezoelectric ceramic modules for 

vibration suppression of highly constrained structures. Smart Materials and 

Structures, 2007. 16(5): p. 1662–1671. 

256. Frecker, M.A., Recent optimization of smart structures and actuators. Journal of 

Intelligent Material Systems and Structures, 2003. 14(4-5): p. 207–216. 

257. Friswell, M.I. and S. Adhikari, Sensor shape design for piezoelectric cantilever 

beams to harvest vibration energy. Journal of Applied Physics, 2010. 108(1): p. -. 

258. Rosi, G., et al., Optimization of piezoelectric patch positioning for passive sound 

radiation control of plates. Journal of Vibration and Control, 2012. 

259. Halim, D. and S.O. Reza Moheimani, An optimization approach to optimal 

placement of collocated piezoelectric actuators and sensors on a thin plate. 

Mechatronics, 2003. 13(1): p. 27-47. 



282 
 

260. Osher, S. and J.A. Sethian, Fronts propagating with curvature-dependent speed: 

Algorithms based on Hamilton-Jacobi formulations. Journal of Computational 

Physics, 1988. 79(1): p. 12-49. 

261. Zhang, J., Level set method for shape optimization of plate piezoelectric patches. 

Methods and applications of analysis, 2003. 10(2): p. 329–346. 

262. Narwal, K. and D. Chhabra, Analysis of simple supported plate for active vibration 

control with piezoelectric sensors and actuators IOSR Journal of Mechanical and 

Civil Engineering, 2278-1684 2012. 1(1): p. 26-39. 

263. Ansari, M., A. Khajepour, and E. Esmailzadeh, Application of level set method to 

optimal vibration control of plate structures. Journal of Sound and Vibration, 2013. 

332(4): p. 687-700. 

264. Lam, M.J., D.J. Inman, and W. Saunders, Vibration control through passive 

constrained layer damping and active control. Journal of Intelligent Material 

Systems and Structures, 1997. 3045: p. 60–69. 

265. Alessandroni, S., et al., A passive electric controller for multimodal vibrations of thin 

plates. Computers & Structures, 2005. 83(15–16): p. 1236-1250. 

266. Ozer, M.B. and T.J. Royston, Passively minimizing structural sound radiation using 

shunted piezoelectric materials. J Acoust Soc Am, 2003. 114(4 Pt 1): p. 1934-46. 



283 
 

267. Ducarne, J., O. Thomas, and J.F. Deü, Placement and dimension optimization of 

shunted piezoelectric patches for vibration reduction. Journal of Sound and 

Vibration, 2012. 331(14): p. 3286-3303. 

268. Navier, C.L.M.H., Extrait des recherches sur la flexion des plans elastiques, 

(Selected researches on bending of elastic plates). Bull. Sci. Soc. Philomarhique de 

Paris, 1823. 5: p. 95–102. 

269. Timoshenko, S.P. and S. Woinowsky-Krieger, Theory of Plates and Shells. McGraw 

–Hill International Edition, 1959. Second Edition. 

270. Wu, J.H., H.L. Chen, and A.Q. Liu, Exact Solutions for Free-Vibration Analysis of 

Rectangular Plates Using Bessel Functions. Journal of Applied Mechanics, 2005. 

74(6): p. 1247-1251. 

271. Brownell, W., et al., Evoked mechanical responses of isolated cochlear outer hair 

cells. Science, 1985. 227(4683): p. 194-196. 

272. de Espinosa, F.M., E. Jimenez, and M. Torres, Ultrasonic band gap in a periodic 

two-dimensional composite. Physical Review Letters, 1998. 80(6): p. 1208. 

273. Li, X. and Z. Liu, Coupling of cavity modes and guiding modes in two-dimensional 

phononic crystals. Solid state communications, 2005. 133(6): p. 397-402. 

274. Poulton, C., et al. Eigenvalue problems for doubly periodic elastic structures and 

phononic band gaps. in Proceedings of the Royal Society of London A: Mathematical, 

Physical and Engineering Sciences. 2000. The Royal Society. 



284 
 

275. Xu, Y., C. Chen, and X. Tian, Phonon-polariton and band structure of electro-

magneto-acoustic SH wave propagation oblique to the periodic layered piezoelectric 

structures. Physics Letters A, 2013. 377(12): p. 895-902. 

276. Li, J. and C. Chan, Double-negative acoustic metamaterial. Physical Review E, 2004. 

70(5): p. 055602. 

277. Yao, S., X. Zhou, and G. Hu, Experimental study on negative effective mass in a 1D 

mass–spring system. New Journal of Physics, 2008. 10(4): p. 043020. 

278. Hirsekorn, M., et al., Modelling and simulation of acoustic wave propagation in 

locally resonant sonic materials. Ultrasonics, 2004. 42(1): p. 231-235. 

279. Hsu, J.-C., Local resonances-induced low-frequency band gaps in two-dimensional 

phononic crystal slabs with periodic stepped resonators. Journal of Physics D: 

Applied Physics, 2011. 44(5): p. 055401. 

280. Caballero, D., et al., Large two-dimensional sonic band gaps. Physical Review E, 

1999. 60(6): p. R6316. 

281. Liu, Z., C. Chan, and P. Sheng, Analytic model of phononic crystals with local 

resonances. Physical Review B, 2005. 71(1): p. 014103. 

282. Mainzer, K., Symmetries of Nature: a handbook for philosophy of nature and 

science1996: Walter de Gruyter. 



285 
 

283. Nemer, S., et al., Modelling resonance frequencies of a multi-turn spiral for 

metamaterial applications. Progress In Electromagnetics Research C, 2011. 20: p. 

31-42. 

284. Baena, J.D., et al., Artificial magnetic metamaterial design by using spiral 

resonators. Physical Review B, 2004. 69(1): p. 014402. 

285. He, M., et al., Negative refractive index in chiral spiral metamaterials at terahertz 

frequencies. Optik-International Journal for Light and Electron Optics, 2011. 

122(18): p. 1676-1679. 

286. Elford, D.P., et al., Acoustic band gap formation in metamaterials. International 

Journal of Modern Physics B, 2010. 24(25n26): p. 4935-4945. 

 



286 
 

APPENDIX A: MATLAB CODE FOR BM PLATE MODEL 

   

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%% Predictive model for Basilar Membrane Plate Model%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

%%% 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=8.963e6;               % 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 

wb=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_y at fictitious line 1 on right boundary of the model 

del_y_L2=dy(ColNum+3);  % del_y at fictitious line 2 on right boundary of the model 

  

del_x=length/seg_x; 

  

%% Pressure per unit area of the plate 

for i=1:m 

    p(i)=F/(del_x*del_y(i));     % pressure/area 

end 

  

%% Finding node cordinates 

  

for i=1:ColNum+1 

    xx(i)=(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(j,i)=y2(i)-dy(i)*(j-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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for i=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      

    theta1(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)=theta1(i); 

    end 

end 

  

for i=1:RowNum 

    for j=1:ColNum 

        CosT(i,j)=cosd(theta(i,j));              % Cos Theta  

        SinT(i,j)=sind(theta(i,j));                % Sin Theta  

    end 

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

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

  

for j=1:m 

    for i=1:m 

        CT(i,j)=CoT(j); 

        ST(i,j)=SiT(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_1=double(subs(nu,{x,y},{x_v,y_v})); 

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_v})); 

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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for i=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(i); 

        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).^2); 

end 

  

%%%%%% Line 1 dummy node coefficients 

  

L1_C1=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,1)*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;   % 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_C1=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);    % 5th Coefficient of Line 2 

L2_C6=zeros(RowNum,m);    % 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; 

    if i==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_C4(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_C4(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_C4(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_C4+L2_C5+L2_C6+L2_C7+L2_C8+L2_C9; 

 

%% Calculating coefficients matrix for derivative terms 

  

%%%%%%%% Calculating DX2 coefficients %%%%%%%% 

%% DX2_C1 (i-1,j) 

for i=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,j) 

for i=1:m 

    DX2_C2(i,i)=-2*(1/del_x^2); 

end 

%% DX2_C3 (i+1,j) 

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,j) 

for i=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);       %%% for simply supported left boundary 

            DX3_C1(i,i)=1*(-1/2)*(1/del_x^3);          %%% for fixed left boundary 

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

            DX3_C1(i,j)=0; 

        else 

            DX3_C1(i,i-2)=1*(-1/2)*(1/del_x^3); 

        end 

    end 

end 

%% DX3_C2 (i-1,j) 

for i=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,j) 

for i=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,j) 

for i=1:m 

    for j=1:m 

        if rem(i/ColNum,1)==0  

            DX3_C4(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_C4(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,j) 

for i=1:m 

    for j=1:m 

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

%             DX4_C1(i,i)=-1*(1/del_x^4);       %%% for simply supported left boundary 

            DX4_C1(i,i)=1*(1/del_x^4);          %%% for fixed left boundary 

        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,j) 

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        
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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) 

for i=1:m 

    for j=1:m 

        if rem(i/ColNum,1)==0  

            DX4_C4(i,j)=-4*L1(i/ColNum,j)*(1/del_x^4); 

        else 

            DX4_C4(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)*(1/del_x^4); 



308 
 

        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) 

for i=1:m 

    DY2_C2(i,i)=-2*(1/del_y(i)^2); 

end 
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%% DY2_C3 (i,j-1) 

for i=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 DY3 coefficients %%%%%%%% 

%% DY3_C1 (i,j+2) 

for i=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(i)^3); 

        end         

    end 

end 

%% DY3_C2 (i,j+1) 

for i=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_C4(i,i)=-1*(-1/2)*(1/del_y(i)^3);    %%% for simply supported bottom 

boundary 

            DY3_C4(i,i)=1*(-1/2)*(1/del_y(i)^3);       %%% for fixed bottom boundary 

        elseif i<=(m-ColNum) && i>(m-2*ColNum)  

            DY3_C4(i,j)=0; 

        else 

            DY3_C4(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) 

for i=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) 

for i=1:m 

    DY4_C3(i,i)=6*(1/del_y(i)^4); 

end 

%% DY4_C4 (i,j-1) 
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for i=1:m 

    for j=1:m 

        if i>(m-ColNum)  

            DY4_C4(i,j)=0;  

        else 

            DY4_C4(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)^4);        %%% for simply supported bottom boundary 

            DY4_C5(i,i)=1*(1/del_y(i)^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 



315 
 

            DXDY_C2(i,i-ColNum-1)=-1*(1/(4*del_x*del_y(i-1))); 

        end         

    end 

end 

%% DXDY_C3 (i+1,j-1) 

for i=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-ColNum) && i~= m 

            DXDY_C3(i,j)=0; 

        elseif i == 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) 

for i=1:m 

    for j=1:m 

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

            DXDY_C4(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_C4(i,j)=0; 

        elseif i == ColNum  

            DXDY_C4(i,j)=L1_top(1,j)*(1/(4*del_x*del_y_L1)); 

        else 

            DXDY_C4(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(i))); 

        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_C4(i,j)=0; 

        else 

            DX2DY_C4(i,i-ColNum)=-1*(1/((del_x^2)*del_y(i))); 

        end        

    end 

end 

%% DX2DY_C5 (i+1,j-1) 

for i=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-ColNum) && i~= m 

            DX2DY_C5(i,j)=0; 

        elseif i == 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) 

for i=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) 

for i=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_C4(i,j)=L1(i/ColNum+1,j)*(1/(2*del_x*(del_y_L1)^2)); 

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

            DXDY2_C4(i,j)=0; 

        elseif i == m  

            DXDY2_C4(i,j)=L1_bottom(1,j)*(1/(2*del_x*(del_y_L1)^2)); 

        else 

            DXDY2_C4(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) 

for i=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) 

for i=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_

C6; 

  

%%%%%%%% 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) 

for i=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) 

for i=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_C4(i,j)=0; 

        else 

            DX2DY2_C4(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) 

for i=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; 

        elseif i == 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,j) 

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) 

for i=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) 

for i=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; 



328 
 

        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) 

for i=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_C4(i,j)=0; 

        else 

            DX3DY_C4(i,i-ColNum-1)=1*(1/2)*(1/(del_x^3*del_y(i-1))); 

        end         

    end 



330 
 

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-ColNum) && i~= m 

            DX3DY_C5(i,j)=0; 

        elseif i == m  

            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) 

for i=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_C8; 

%%%%%%%% Calculating DXDY3 coefficients %%%%%%%% 

%% DXDY3_C1 (i-1,j-2) 
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for i=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) 

for i=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_L1^3)); 

        elseif i==(m-ColNum) 

            DXDY3_C2(i,j)=L1_bottom(1,j)*(-1/(4*del_x*del_y_L1^3)); 

        elseif i==m 
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%             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-ColNum) && 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) 

for i=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_C4(i,j)=0; 

        elseif (i/ColNum)<= 1  

            DXDY3_C4(i,j)=0; 

        else 

            DXDY3_C4(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  
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            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) 

for i=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_L1^3)); 

        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) 

for i=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),j)*(1/(4*del_x*(del_y_L1)^3));   %%% for 

fixed top boundary 



338 
 

        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_C8; 

%% 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(i,j))/(CT(i,j)^2))... 

            *DXDY(i,j))+(((ST(i,j)^2)/(CT(i,j)^2))*DY2(i,j)); 

        DU3(i,j)=((1/(CT(i,j)^3))*DX3(i,j))-(((3*ST(i,j))/(CT(i,j)^3))... 

            *DX2DY(i,j))+(((3*ST(i,j)^2)/(CT(i,j)^3))*DXDY2(i,j))-... 

            (((ST(i,j)^3)/(CT(i,j)^3))*DY3(i,j)); 

        DU4(i,j)=((1/(CT(i,j)^4))*DX4(i,j))-(((4*ST(i,j))/(CT(i,j)^4))... 

            *DX3DY(i,j))+(((6*ST(i,j)^2)/(CT(i,j)^4))*DX2DY2(i,j))-... 
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            (((4*ST(i,j)^3)/(CT(i,j)^4))*DXDY3(i,j))+(((ST(i,j)^4)/... 

            (CT(i,j)^4))*DY4(i,j)); 

         

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

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

        DV4(i,j)=DY4(i,j); 

         

        DUDV(i,j)=((1/CT(i,j))*DXDY(i,j))-((ST(i,j)/CT(i,j))*DY2(i,j)); 

        DU2DV(i,j)=((1/(CT(i,j)^2))*DX2DY(i,j))-(((2*ST(i,j))/(CT(i,j)^2))... 

            *DXDY2(i,j))+(((ST(i,j)^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))*DX2DY2(i,j))-(((2*ST(i,j))/(CT(i,j)^2))... 

            *DXDY3(i,j))+(((ST(i,j)^2)/(CT(i,j)^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.*DV2; 

T11=D_2.*nu_dy2_2.*DU2; 

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) 

    for i=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); 

  

for i=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) 

    

A(:,:,j)=T1+T2+T3+T4+T5+T6+T7+T8+T9+T10+T11+T12+T13+T14+T15+T16+T17... 

        +T18+T19+T20+T21(:,:,j);     % Final coefficient matrix 

    w(:,j)=inv(A(:,:,j))*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,j)); 

    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 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% 

%%%%%%%%% Predictive model for Basilar Membrane Beam 

Model%%%%%%%%%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% 

  

%%% 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); 

  

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

  

E=68.9e9;         % 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) 



347 
 

    for j=1:NodeNum 

        x_cord(i,j)=(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)); 

        A1(i,j)=subs(A,y,y_cord(i)); 

        rho1(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(A1(i,j),x,x_cord(i,j+1))); 

        rho2(i,j)=double(subs(rho1(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 

        D4(i,j)=D3(i); 

        A4(i,j)=A3(i); 

        rho4(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,j) 

for i=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,j) 

for i=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,j) 

for i=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) 

for i=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,j) 

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,j) 

for i=1:m 
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    for j=1:n 

        if rem(i,n)==0  

            DX4_C4(i,j)=0; 

        else 

            DX4_C4(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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for i=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 

                omg1(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)=-rho4.*A4.*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); 

  

for i=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*i),:,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,:); 

end 

  

for i=1:BeamNum 

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

    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 

  

  

 

 


