
Design and Optimization of the Periodic Porous 

Polymer Composite Metamaterial Electromagnetic Absorbers 

 

by 

 

Kanat Anurakparadorn 

A dissertation submitted in partial fulfillment 

 of the requirements for the degree of  

Doctor of Philosophy 

(Macromolecular Science and Engineering) 

in the University of Michigan 

2024 

Doctoral Committee: 

 

Professor Alan Taub, Chair 

Assistant Professor John Heron 

Professor Jinsang Kim 

Professor Eric Michelssen  

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Kanat Anurakparadorn 

  

kanata@umich.edu  

  

ORCID iD:  0000-0002-1831-5655 

 

  

  

© Kanat Anurakparadorn 2024 

 



 ii 

Dedication 

As I embark on the journey to become the first member of our family to attain a doctorate 

degree, I am deeply moved to dedicate my efforts to several remarkable individuals who have 

played pivotal roles in shaping my path.  

Firstly, to the great engineer and exceptional father. 

Secondly, to the great scientist and extraordinary mother.  

Thirdly, to the great grandma, a steadfast supporter. 

 To my great partner, the most significant person in my life. 

To the great guardian, a brilliant lawyer and influencer. 

 A heartfelt thanks to my great siblings whose unwavering cheerfulness has lifted my spirits.  

To all my teachers, both formal and informal, who have imparted invaluable life lessons.  

Lastly, to everyone in my life—colleagues, friends, family, and more—whose love and support I 

can never fully repay.  

This achievement is a collective triumph,  

made possible by the encouragement and belief of each of you. 

 

 

 



 iii 

Acknowledgements 

In reflecting on my comprehensive PhD journey and achievements, I extend heartfelt 

gratitude to the Royal Thai Government Scholarship and the forthcoming institution, King 

Monkut’s Institute of Technology Ladkrabang, for providing the invaluable scholarship and 

opportunity that have brought me to this pivotal juncture. 

Moreover, I express sincere appreciation to the University of Michigan, with special 

recognition given to my academic advisor, Dr. Alan Taub. His welcoming spirit into his team, 

coupled with insightful guidance not only on technical research but also on meaningful life 

lessons, has been instrumental in my academic and personal growth. I am thankful for his kind 

mentorship, unwavering patience in keeping me motivated, and assistance in attaining the 

designation of a qualified researcher. Additionally, a generous portion of funding from Dr. Taub 

significantly eased my life in a foreign country with markedly higher living costs than my 

country of origin. I am pleased to note his willingness to continue our collaboration as I embark 

on my new career in the academic field. 

I express profound gratitude to all my family members, including my grandma, dad, 

mom, uncle, aunt in law, sisters, cousins, and all other relatives, for their unwavering love and 

support throughout my PhD journey. Special thanks to my partner, Yong, who has been one of 

the most important people in my life, standing by my side since the beginning of my life in the 

USA, and hopefully forever. My heartfelt appreciation goes to my emotional support animal, 

Nomdoo, a female silver Labrador retriever, who has been like a daughter, always cheering me 



 iv 

up and being a reason for me to stay alive. I extend my thanks to all friends in my life for their 

love and support. 

For my PhD research and study, I am indebted to a multitude of individuals. I start by 

acknowledging the project collaborator, Dr. Eric Michielssen, who serves as both my teacher and 

dissertation committee member. His guidance has been crucial from the very beginning, 

especially when I had zero knowledge of electromagnetic fields. I extend my thanks to my 

previous academic advisor, Dr. Henry Sodano, for providing me with the opportunity to start 

performing research and for his guidance on composite materials, despite my lack of background 

at the beginning of my study. 

My gratitude extends to all current and past members of my research committee, 

including Dr. Jinsang Kim, Dr. John Heron, and Dr. Max Shtein, for their assistance, 

suggestions, and provision of equipment that contributed to the completion of this research. 

Special thanks to Dr. Anthony Grbic and his team, especially Steve Young, for their invaluable 

help with knowledge and experience in the electromagnetic laboratory. I appreciate all professors 

and instructors of the courses I attended, as well as their assistants, for providing valuable 

knowledge in the field. 

A heartfelt thank you goes to all personnel who helped train me on equipment and 

technical skills in the research. This includes both active and previous staff from Van Vlack 

undergraduate laboratories, such as Sahar Farjami, Keith McIntyre, Tim Chambers, Ying Qi, 

Jack Eilers, as well as technical staff from MSE, including Chris Christian and Kelvin Worth. 

Importantly, I express my gratitude to every graduate student, both current and past members of 

the Taub research team, including Avi Bregman, Wesley Chapkin, Yipeng He, Maya Nath, 

Caleb Reese, Aaron Gladstein, Randy Cheng, Anshul Singal, Dandan Zhang, Amy Langhorst, 



 v 

Anita Luong, Xhulja Biraku, Xingkang She, Ankush Bansal, Jonathan Goettsch, Louise Batta, 

Jaime Perez, Gabrielle Grey, Yiheng Xiao, Steven Mamolo, Colin Romine, Seth Fox, and 

members of other groups, such as Erin Chapkin, Tony Chiang, Nguyen Vu, Brian Reaker, Cody 

Scarborough, Yiqiao Huang, Zhixiong Yin, Yixuan Chen, Jiwon Lim, and many more, for their 

support, collaboration, advice, and training. My sincere appreciation goes out to each one of you! 

I also want to express my thanks to Dr. Lawrence Drzal and Mr. Edward Drown from 

MSU for lending me equipment and guiding me in its usage. For my PhD life at the University 

of Michigan, I am immensely grateful for the help provided by all leading people from Macro, 

including Dr. Jinsang Kim, Julie Pollak, and Hiba Baghdadi, and especially the students, 

including Julie Rieland, Jiwon Lim, Boojae Jang, Jennie Paik, Mengjie Yu, Tongqing Zhou, 

Jaehyun Jang, Lisha Zhang, Tianyu Yuan, and others, for welcoming me and being a part of the 

family. 

I cannot envision my PhD life without the MSE family, including Ellen Kampf, Renee 

Hilgendorf, Shelley Fellers, Shelly Christian-Sherman, Debra Johnson, Lourdes Jorgensen, Tod 

Richardson, Amy Holihan, and other staff, and without their help and support. Special thanks to 

Mike Lazars from GGB dock, who is always kind in delivering heavy crates of lab supplies to 

our lab. I extend my gratitude to Mr. Alexander Hermanowski from the university legal office 

for saving me when I was in a critical stage of life. Thank you to all other University of 

Michigan personnel for their unwavering support.



 vi 

Table of Contents 

Dedication ....................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iii 

List of Tables ................................................................................................................................. ix 

List of Figures ..................................................................................................................................x 

List of Acronyms and Symbols .....................................................................................................xv 

Abstract ........................................................................................................................................ xix 

Chapter 1 Introduction and Motivation ............................................................................................1 

1.1 Electromagnetic Interference (EMI) Shielding ....................................................... 1 

1.2 EMI Shielding Mechanism and Transmission Line Equations ............................... 3 

1.3 Polymer Nanocomposites as EM Absorbers........................................................... 7 

1.4 Macrostructures of the EM Absorbers .................................................................. 11 

1.5 Porous Structure EM Absorbers ........................................................................... 12 

1.6 Metamaterial EM Absorbers ................................................................................. 15 

1.7 Dissertation Outlines ............................................................................................. 18 

Chapter 2 Polymer Composites Electromagnetic Absorbers .........................................................21 

2.1 Related Publications.............................................................................................. 21 

2.2 Introduction ........................................................................................................... 21 

2.3 Experimental ......................................................................................................... 25 

2.3.1 Materials ...................................................................................................... 25 

2.3.2 Material Fabrications ................................................................................... 25 

2.3.3 Fabrication of rGO ....................................................................................... 26 



 vii 

2.3.4 Fabrication of CoFe2O4 ................................................................................ 27 

2.3.5 Fabrication of rGO/CoFe2O4........................................................................ 27 

2.3.6 Fabrication of GNPs/CoFe2O4 ..................................................................... 28 

2.3.7 The Treatment of OA/PEG Surfactant on CoFe2O4 .................................... 28 

2.3.8 Composite Processing .................................................................................. 29 

2.4 Characterization .................................................................................................... 30 

2.5 Results and Discussion ......................................................................................... 32 

2.5.1 Solution Mixing Composites Characterizations .......................................... 32 

2.5.2 Electrical Conductivity and Electromagnetic Absorption of Twin-Screw 

Compounding PLA/GNPs .................................................................................... 63 

2.6 Conclusions ........................................................................................................... 64 

Chapter 3 Electromagnetic Field – Based Computational Modelling for Periodic Porous 

Structure Metamaterial EM Absorbers ..........................................................................................66 

3.1 Related Publication ............................................................................................... 66 

3.2 Introduction ........................................................................................................... 66 

3.3 Computational of Periodic Porous Structure ........................................................ 71 

3.3.1 Model Construction ..................................................................................... 71 

3.3.2 Mesh Discretization and Elemental Order Tests ......................................... 72 

3.3.3 Model Validation ......................................................................................... 74 

3.4 Monte-Carlo Optimization .................................................................................... 75 

3.4.1 Optimizer Construction ................................................................................ 75 

3.4.2 Meta-structures Optimization for Solution Mixed 5 wt% PLA/GNPs 

(5GN) .................................................................................................................... 80 

3.4.3 Meta-structures Optimization for Twin Screw Compounded 7.5 wt% 

PLA/GNPs (T7.5GN) ........................................................................................... 82 

3.4.4 Meta-structures Optimization for Solution Mixed 2.5 wt% GNPs 50 wt% 

COE in PLA (2.5GN50COE) ............................................................................... 84 



 viii 

3.5 Conclusions ........................................................................................................... 87 

Chapter 4 Progress in Manufacturing of Periodic Porous Structure  Metamaterial EM 

Absorbers .......................................................................................................................................89 

4.1 Introduction ........................................................................................................... 89 

4.2 Meta-Structures Manufactured by CNC Machining ............................................. 90 

4.2.1 Experimental ................................................................................................ 90 

4.2.2 Resulted Structures ...................................................................................... 91 

4.3 Fused Deposition Modelling (FDM) .................................................................... 95 

4.3.1 Experimental ................................................................................................ 96 

4.3.2 Experimental Results ................................................................................... 98 

4.4 Meta-Structures Manufactured by Compression Molding ................................. 102 

4.4.1 Experimental .............................................................................................. 102 

4.4.2 Manufacturing Results ............................................................................... 104 

4.5 Conclusions ......................................................................................................... 107 

Chapter 5 Conclusion and Future Works .....................................................................................108 

5.1 Conclusion .......................................................................................................... 108 

5.2 Future Work ........................................................................................................ 110 

Bibliography ................................................................................................................................114 



 ix 

List of Tables 

Table 1-1 Al Saleh et al. reported EMI SE of ABS-based composites with different aspect ratio 

of fillers [45]. ................................................................................................................................ 10 

Table 2.2-1 The nomenclatures and compositions of each fabricated sample ............................. 33 

Table 2.2-2 Mass percentage and atom percentage of each element in the fabricated fillers 

obtained from EDS elemental analysis. ........................................................................................ 44 

Table 2.2-3 EDS mapping of each element in the fabricated fillers ............................................. 46 

Table 2.2-4 Through thickness DC electrical conductivity of the fabricated composite samples 50 

Table 2-5 The comparison of EM absorption and BW with other reported absorbers ................. 62 

Table 3-1 EM intrinsic properties of 30 wt% Fe2O3/GNPs in paraffin wax extracted from Song 

et al. [21] by Bregman et al. [99] .................................................................................................. 68 

Table 4-1 Geometrical parameters of the fabricated T7.5GN metamaterial structures from CNC 

machine ......................................................................................................................................... 91 

Table 4-2 The optimized geometries obtained from the optimizer for each case. ...................... 104 

 



 x 

List of Figures 

Figure 1-1 Examples of applications that use EM technology based on the frequency ranges 

adapted from [1]. ............................................................................................................................. 1 

Figure 1-2 Schematic of the summary of EM absorption route adapted from [10]. ....................... 2 

Figure 1-3 Schematic of the transmission line of a. air-backed shielding material b. PEC-

backed shielding material. .............................................................................................................. 3 

Figure 1-4 Schematic showing the conductivity range of the composites for different 

applications. Semi-conductive materials are used for EMI shielding applications, lower 

conductivity materials are used for electrostatic dissipations, and high conductivity is needed 

for extreme applications like lightning strikes protection. .............................................................. 9 

Figure 1-5 The schematic of the strategy for design and optimization periodic porous 

metamaterial absorber in this research. ......................................................................................... 19 

Figure 2-1 Process of design and optimization of PLA/GNPs/COE metamaterial absorbers ...... 26 

Figure 2-2 Oleic acid/Ethylene glycol surfactant treatment on CoFe2O4 ..................................... 28 

Figure 2-3 Schematic of the setup of vector network analyzer characterization with WR90 

waveguide ..................................................................................................................................... 31 

Figure 2-4 Process of Scattering parameters characterization, model validation, and RL/SE 

determination ................................................................................................................................ 31 

Figure 2-5 The dispersion stability test of CoFe2O4, COE1, and COE4 by hand shaking and left 

undisturbed for a. 0 min, b. 1 min, and c. 5 mins, and by 100w Tip sonication and left 

undisturbed for d. 0 hour, e. 1 hour, f. 2 hours, g. 24 hours, and h. 36 hours ............................... 34 

Figure 2-6 FTIR spectra of a. COE4 b. COE1 c. Superposition of the CoFe2O4 and OA/PEG 

spectra d. CoFe2O4 e. OA/PEG f. GNPs g. GNPs/ CoFe2O4 h. GO i. rGO j. rGO/ CoFe2O4 k. 

2.5GN50COE4 l. 25GC m.25rGOC n. 5GN o. 5rGO p. PLA ...................................................... 35 

Figure 2-7 Weight normalized XRD spectra of a. COE4 b. COE1 c. CoFe2O4 d. GNPs e. 

GNPs/CoFe2O4 f. GO g. rGO h. rGO/CoFe2O4 i. PLA j. 5GN k. 25rGOC l. 20GC m. 

2.5GN40COE1 n. 2.5GN40COE4 o. 2.5GN50COE4 .................................................................. 38 

Figure 2-8 SEM images of a. GNPs b. GO c. rGO d. CoFe2O4 e. COE1 f. COE4 g. 

GNPs/CoFe2O4 h. rGO/CoFe2O4 .................................................................................................. 40 



 xi 

Figure 2-9 SEM images of the cryogenic fracture surface of a. 5GN b. 5rGO c. 20GC d. 

25rGOC e. 2.5GN50COE ............................................................................................................. 42 

Figure 2-10 EDS analyzed the atomic percentages of each element in the fabricate filler 

materials for the composites. ........................................................................................................ 43 

Figure 2-11 a. magnetization of fabricated fillers b. CoFe2O4 weight normalized magnetization 

of fabricated fillers c. magnetization of rGOC composite samples d. CoFe2O4 weight 

normalized magnetization of rGOC composite samples e. magnetization of GC composite 

samples f. CoFe2O4 weight normalized magnetization of GC composite samples g. saturation 

magnetization of each GC composite sample h. magnetization of COE4 composite samples i. 

CoFe2O4 weight normalized magnetization of COE4 composite samples ................................... 47 

Figure 2-12 Real permittivity of a. neat PLA, rGO composites, and rGOC composites b. 8rGO 

c. 5GN and GC composites d. GNCOE composites ..................................................................... 52 

Figure 2-133 Imaginary permittivity of a. neat PLA, rGO composites, and rGOC composites b. 

8rGO c. 5GN and GC composites d. GNCOE composites ........................................................... 53 

Figure 2-144 Real permeability of a. neat PLA, rGO composites, and rGOC composites b. 

5GN and GC composites c. GNCOE composites ......................................................................... 56 

Figure 2-155 Imaginary permeability of a. neat PLA, rGO composites, and rGOC composites 

b. 5GN and GC composites c. GNCOE composites ..................................................................... 56 

Figure 2-16 Schematic of EM absorbing mechanism for hybrid composites presented in this 

work. ............................................................................................................................................. 57 

Figure 2-17 Reflection loss of composites with 1-10 mm thickness a. PLA b. 5rGO c. 8rGO d. 

10rGOCw e. 15rGOCw f. 25rGOC .............................................................................................. 58 

Figure 2-18 Reflection loss of composites with 1-10 mm thickness a. 5GN b. 16.7GC [ASC 

cited] c. 18GC d. 20GC e. 25GC [ASC cited] f. 33.33GC [ASC cited] ....................................... 58 

Figure 2-19 Reflection loss of composites with 1-10 mm thickness a. 2.5GN40COE b. 

2.5GN50COE c. 3GN40COE d. 3GN50COE e. 3.5GN40COE f. 3.5GN50COE ........................ 59 

Figure 3-1 Computational modelling periodic sphere void metamaterial structure reported by 

Bregman et al. [99] a. Concept of Modelling b. RL of the reported absorbers with different size 

of sphere void c. electric field distribution from X-Y direction (top-view) at different 

frequencies of the model with 8.18 mm3 sphere void size. .......................................................... 70 

Figure 3-2 Validation of computational model with scattering measurement in TE10 mode 

provided by Bregman et al. [98] a. the geometry consists of arrays of cylinder pores that is 

used for the validation b. validated SE results of 5wt% M15-grade GNPs c. validated SE of 5 

wt% M25-grade GNPs .................................................................................................................. 70 



 xii 

Figure 3-3 a. Schematic showing a unit cell of EM metamaterial absorber which is used in this 

work. b. Example of single cone void geometry generated in COMSOL. ................................... 71 

Figure 3-4 Mesh discretization sensitivity test of a single slab absorber a. comparing the 

solutions between each mesh size and analytical solution from transmission line equation 

(MATLAB) b. Simulation time of models with different mesh sizes. c. Degree of freedom of 

the models with different mesh sizes. d. Example of mesh sizes defined in COMSOL [246]. .... 73 

Figure 3-5 Elemental order analysis that compared each elemental order with analytical 

solution from transmission line equations (MATLAB) a. for transverse magnetic field mode b. 

for transverse electric field mode. ................................................................................................. 74 

Figure 3-6 The validation of modelling result a. in this work compared with experimental 

result from b. Song et al. [21] for Fe2O3/GN-3 sample. ............................................................... 75 

Figure 3-7 Concept of global solution and local solution adapted from COMSOL Radio 

Frequency Module user guide [246]. ............................................................................................ 75 

Figure 3-8 Example of parameter scattering in the parameter space showing the control 

variables of 2.5GN50COE with single cone void that include t: thickness of the absorber, lx: x-

length of the unit cell, ly: y-length of the unit cell, tvoid: thickness of the cone, rconetop: radius 

of the cone at the top surface, and rconebottom: radius of the cone at the bottom surface. ......... 76 

Figure 3-9 Example of the solution from the optimizer for 2.5GN50COE with single cone. ...... 78 

Figure 3-10 RL of the optimized structure taking material intrinsic properties from Song et al. 

[21] The structure contains a cuboid void inside a unit cell. Parameters in the legend include t: 

thickness of the absorber, lx: a unit cell lenght in x direction, ly: a unit cell length in y 

direction, tvoid: void height, lvoidx: void length in x direction, lvoidy: void length in y 

direction. ....................................................................................................................................... 78 

Figure 3-11 Electric Field distribution of the optimized structure taking material from Song et 

al. at the absorption peak frequencies showing in figure 3-10. .................................................... 79 

Figure 3-12 RL of 5GN with different thicknesses ranging from 1.5 mm to 3.0 mm. ................. 80 

Figure 3-13 RL of the optimized geometries for 5GN containing a. single void in a unit cell b. 

multiple voids in a unit cell. The legends indicate the pore geometries and thickness of the 

absorbers. ...................................................................................................................................... 81 

Figure 3-14 Electric field distribution at the resonant frequency for 5GN with optimized single 

cone void geometry in a. x-y plane b. y-z plane c. x-z plane. ....................................................... 81 

Figure 3-15 RL of T7.5GN with different thicknesses ranging from 1.5 mm to 3.0 mm a. 

normal incidence b. TE10 mode. .................................................................................................. 82 



 xiii 

Figure 3-16 RL of the optimized geometries for T7.5GN containing a. single void in a unit cell 

b. multiple voids in a unit cell c. single void in a unit cell for TE10 mode. The legends indicate 

the pore geometries and thickness of the absorbers. ..................................................................... 84 

Figure 3-17 Electric field distribution at the resonant frequency for 7.5GN with optimized two-

cylinder voids geometry along y direction in a. x-y plane b. y-z plane c. x-z plane. ................... 84 

Figure 3-18 RL of 2.5GN50COE with different thicknesses ranging from 1.5 mm to 3.0 mm a. 

normal incidence b. TE10 mode. .................................................................................................. 85 

Figure 3-19 RL of the optimized geometries for 2.5GN50COE containing a. simple void in a 

unit cell b. a void in a unit cell with PEC plate on the top of the geometries c. single cone pillar 

with PEC on top surface of the cones using the geometries of the countersinking drill bits. d. 

single cone pillar with PEC on top surface of the cones using the geometries of the 

countersinking drill bits for TE10 mode. The legends indicate the pore geometry thickness of 

the absorbers. ................................................................................................................................ 86 

Figure 3-20 The PEC position for PEC on top surface models .................................................... 87 

Figure 3-21 Electric field distribution at the resonant frequency for 2.5GN50COE with 

optimized 60⸰ cone pillar geometry with PEC on top surface of the cone. in a. x-y plane b. y-z 

plane c. x-z plane. ......................................................................................................................... 87 

Figure 4-1 The produced meta-structure from T7.5GN with Cylinder pores a. Sample 1 b. 

Sample 2 c. Sample 3 d. Sample 4 ................................................................................................ 92 

Figure 4-2 The fabricated sample 5 for T7.5GN close cell cylinder pores optimized for normal 

incidence. ...................................................................................................................................... 93 

Figure 4-3 Comparison of the scattering parameters between measurement and modelling of 

Sample 5 in term of RL and SE of the fabricated Sample 3 structure in TE10 mode a. RL of the 

of the close cell b. SE of the close cell c. SE of the open cell. ..................................................... 94 

Figure 4-4 Filament Extruder set up a. the extruder b. the cooling station c. pulling station d. 

spooling station. ............................................................................................................................ 96 

Figure 4-5 FDM of the fabricated PLA/GNPs filament. .............................................................. 96 

Figure 4-6 The density of the fabricated composites in different phases including pellets, 

filament, and 3D printed parts compared with compression molded composites and solution 

mixed composites adapted from [230]. ......................................................................................... 98 

Figure 4-7 SEM micrograph of the 3D printed PLA/GNPs composite a. 5wt% b. 7.5wt% c. 

10wt% adapted from [230]. .......................................................................................................... 99 

Figure 4-8 The DC conductivity of the fabricated composites in different phases including 

pellets, filament, and 3D printed parts compared with compression molded composites and 

solution mixed composites adapted from [229]. ......................................................................... 100 



 xiv 

Figure 4-9 Optical microscopic images for the 3D printed 10wt% GNPs/PLA composites a. on 

the top surface b. on the bottom surface which was contacted with the printer bed c. on the side 

surface ......................................................................................................................................... 101 

Figure 4-10 Mold components and design a. the top plunger part, the bottom part assembly c. 

the meta-structure machined on the bottom part surface d. the CAD design of the mold e. the 

physical fabricated mold. ............................................................................................................ 102 

Figure 4-11 The measured mold geometry for optimized meta-structure consist of periodic 

arrays of 60⸰ truncated cone for normal incidence absorption mode a. X spacing between unit 

cells b. y spacing between unit cells c. the dept of the cone hole drilled by CNC machine. ...... 105 

Figure 4-12 The measured mold geometry for optimized meta-structure consist of periodic 

arrays of 82⸰ truncated cone for normal incidence absorption mode a. X spacing between unit 

cells and y spacing between unit cells b. the dept of the cone hole drilled by CNC machine. ... 105 

Figure 4-13 Fabricate 2.5GN50COE composites from the manufactured molds a. sample1: 60⸰ 

truncated cone for normal incidence b. solvent bonded cracks of sample1 c. sample2: 82⸰ 

truncated cone for TE10 mode d. back of sample1. ................................................................... 106 

 

 

 

 



 xv 

List of Acronyms and Symbols 

A = Absorbance 

ABS = Acrylonitrile Butadiene Styrene 

BW = Operation Frequency Bandwidth 

CBs = Carbon Blacks 

CNC = Computer Numerical Control 

CNFs = Carbon Nanofibers 

CNTs = Carbon Nanotubes 

DMF = N,N-Dimethylformamide 

DOF = Degree of Freedom 

EDX = Energy – Dispersive X-ray Spectroscopy 

EM = Electromagnetic 

EMI = Electromagnetic Interference 

ERR = Electric Ring Resonators 

FDM = Fused Deposition Modelling 

FEA = Finite Element Analysis 

FTIR = Fourier Transform Infrared Spectroscopy 

GNPs = Graphene Nanoplatelets 

GO = Graphene Oxide 

Hc = Magnetic Coercivity 



 xvi 

K = Wave Number 

MWCNTs = Multi-walled Carbon Nanotubes 

Ms = Saturation Magnetization 

NRW = Nicholsen – Ross – Weir Method 

OA = Oleic Acid 

PEC = Perfect Electrical Conductor 

PEG = Polyethylene Glycol 

PEI = Polyetherimide 

PEO = Poly(ethylene oxide) 

Pi = Power of the incidence EM wave 

PLA = Polylactic Acid 

PML = Perfectly Matched Layer 

Po = Power of the EM wave that transmits through the shield 

PP = Polypropyline 

PVA = Poly(vinyl alcohol) 

PVDF = Polyvinylidene Fluoride 

R = Reflectance 

RF = Radio Frequency 

rGO = Reduced Graphene Oxide 

RL = Reflection Loss 

SE = Shielding Efficiency 

SEM = Scanning Electron Spectroscopy 

T = Transmittance 



 xvii 

t = Thickness of the Material 

TE = Transverse Electric Polarization 

TM = Transverse Magnetic Polarization 

TPU = Thermoplastic Polyurethane 

UHMWPE = Ultra-high molecular weight polyethylene 

V = Voltage at the Back of Material 

VNA = Vector Network Analyzer 

VSM = Vibrating Sample Magnetometer 

WVIPS = Water Vapor Induced Phase Separation 

XRD = X-ray Diffraction 

Zin = Input Impedance 

ZL = Intrinsic Impedance of the Load 

Zmat = Intrinsic Impedance of the Material 

Zo = Intrinsic Impedance of the Free Space 

Γ = Reflection Coefficient 

Γo = Reflection Coefficient at the back of the material 

Γs = Phase – Shifted Reflection Coefficient 

δ = Skin Depth 

εo = Electrical Permittivity of the Free Space 

ε* = Complex Relative Electrical Permittivity 

ε’ = Real Complex Relative Electrical Permittivity 

ε” = Imaginary Complex Relative Electrical Permittivity 

λ = Wavelength 



 xviii 

ρ = Bulk Resistivity 

σ = Electrical Conductivity 

τ = Transmission Coefficient 

θ = Phase Angle 

μo = Magnetic Permeability of the Free Space 

μ* = Complex Relative Magnetic Permeability 

μ’ = Real Complex Relative Magnetic Permeability 

μ” = Imaginary Complex Relative Magnetic Permeability 

ω = Angular Frequency



 xix 

Abstract 

This dissertation addresses the imperative need for affordable Electromagnetic 

Interference (EMI) shielding materials in the era of burgeoning wireless technology. The goal is 

to mitigate the vulnerability of electronic devices to undesirable incoming radiation. Ideally, 

these materials should provide protection by absorbing a broad spectrum of frequencies and be 

insensitive to the polarization and angle of incidence of the impinging fields. The research 

introduces next-generation EM absorbers, comprising composite materials in a periodic porous 

structure. These absorbers leverage the concept of metamaterials, focusing on enhancing EM 

resonances within the absorber structures to meet multiple user-specified objectives. 

Polymer-based composites exhibit a promising capacity to customize EM intrinsic 

properties by adjusting the concentration and micromorphology of each constituent. Initial 

designs of fundamental polymer-based composites are tailored to meet specific application 

requirements, serving as a foundational benchmark for subsequent meta-structure designs. The 

emphasis is placed on meticulous consideration of composition, dispersion, and 

micromorphology to achieve desired electrical permittivity and magnetic permeability. 

Composites, comprising polylactic acid, graphene-based materials as conductive fillers, and 

CoFe2O4 as a magnetic constituent, are designed and fabricated to fulfill commercial 

requirements. Additionally, the surface modification of CoFe2O4 with oleic acid and 

polyethylene glycol demonstrates improved dispersion quality, particularly when a high volume 

fraction is introduced into the composite system. The resultant composite, fabricated through the 



 xx 

solution mixing method, achieves a maximum reflection loss (RL) of -38 dB at 0.63 GHz, with 

an operational frequency bandwidth (BW) at -20 dB for an absorber thickness of 2.3 mm. In 

comparison, the composite compounded via a twin-screw extruder, offering enhanced production 

capabilities, yields a maximum RL of -21 dB with a BW at -20 dB of 0.2 GHz at an absorber 

thickness of 2.0 mm. 

EM-field-based finite element computational modeling and a Monte-Carlo optimizer are 

employed to design periodic porous meta-structures using the specified composites. Multi-

objective functions, focused on maximizing RL and BW, guide the optimizer in selecting 

structures suitable for various applications. The optimizer identifies the most efficient structure 

as the truncated cone pillar with a Perfect Electric Conductor (PEC) on the top surface, achieved 

from the 2.3 mm thick absorber in the solution mixed composite. This structure significantly 

broadens the operation bandwidth at RL of -20 dB from 0.63 GHz to 1.8 GHz. Additionally, the 

optimizer shows the enhancement of RL for a poorly absorbing composite material produced by 

a twin-screw extruder, improving from -21 dB to -67 dB for a thickness of approximately 2 mm. 

This improvement is attributed to metamaterial behavior induced by resonance from the 

interaction between repeated pores, as confirmed by electric field distribution analysis. 

This research includes guidelines for metamaterial manufacturing, introducing techniques 

such as traditional CNC, compression molding, and additive manufacturing. These guidelines 

can enhance processing parameters and aid in achieving desired absorber structures in future 

work. The outlined strategy in this research demonstrates the capability to design and produce 

metamaterial absorbers that enhance absorption performance. These absorbers not only exhibit 

elevated RL but also encompass additional benefits aligned with user-defined multiple objective 

functions. 
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Chapter 1 Introduction and Motivation 

1.1 Electromagnetic Interference (EMI) Shielding 

 

Figure 1-1 Examples of applications that use EM technology based on the frequency ranges adapted from [1]. 

In the current digitalized era, there is a swift acceleration in the pace of development and 

the extensive adoption of high-speed electronics and wireless technology in diverse applications. 

These applications (Figure 1.1) span a wide range based on the frequency ranges, including 

wireless communications, satellites, radar systems, electric transportation, camouflage military 

defense, and even everyday electronics in our daily lives (computers, mobile phones, antenna, 

electronic filters, Wi-Fi, etc.) [1–6]. Consequently, both desired and undesired electromagnetic 

(EM) radiation, generating electromagnetic pollution environment from the extensive utilization 

of these technologies, has progressively emerged as a significant concern. This radiation poses 

not only potential harm to human health [7–9] but also undermines the performance of electronic 
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devices by causing interference. Subsequently, there is a pressing need for the development of 

EMI shielding materials. Such materials aim to diminish the susceptibility of high-speed 

electronic circuits to undesired incoming radiation, ensuring the continued reliability and 

functionality of electronic devices. 

 

Figure 1-2 Schematic of the summary of EM absorption route adapted from [10].  

EMI shields are generally classified into two categories based on their protective 

mechanisms: reflectors and absorbers. While reflector shields are easier to design and 

manufacture, they fall short in fully reducing EMI since reflected EM waves can still propagate 

and interfere with nearby devices. In contrast, absorbers are engineered to enhance the 

attenuation as the main mechanism. Figure 1.2 illustrates a schematic summary of the EM 

absorption pathway. The electromagnetic pollution environment originates from the radiation of 

natural sources, unintentional radiation sources, and intentional radiation sources. The 

randomized radiation and interference energy interact with the absorbers which convert this 

energy into heat [11]. In addition to high attenuation, modern EMI shielding materials must meet 

multiple objectives for current applications such as providing protection over a wideband of 
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operational frequency, being able to operate for both transverse magnetic and transverse electric 

polarizations and being able to absorb incident radiation from any direction and angle [6,12–15]. 

Therefore, researchers need to focus on developing cost-effective and for some applications also 

lightweight EM absorbers that fulfill these multiple objectives to effectively reduce EM 

pollution. 

1.2 EMI Shielding Mechanism and Transmission Line Equations 

 

Figure 1-3 Schematic of the transmission line of a. air-backed shielding material b. PEC-backed shielding material. 

The EM wave is constructed by the oscillation of electric and magnetic fields which are 

affected by the medium [16]. Hence, the effects of the material characteristics on the EM wave 

behavior are determined by complex electrical permittivity (ε* = ε’ + jε”) and complex magnetic 

permeability (μ* = μ’ + jμ’’) of the material. The real parts of both parameters (ε’, μ’) indicate 

dielectric and magnetic energy storage respectively, while the imaginary parts (ε”, μ”) are 

associated with the energy dissipation in terms of dielectric loss and magnetic loss [17]. Reliant 

on the material characteristics and structures of the medium, the encountered incident wave at 

the front face of the shield can either be reflected at the surface, transmitted through the medium, 
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absorbed, or scattered causing the multiple reflections inside the medium. The multiple 

reflections lead to other outcomes such as secondary reflections and secondary transmission as 

shown in figure 1.3a. The energy of the reflected, absorbed, and transmitted waves can be 

described as the fractions of the overall energy which are reflectance (R), absorbance (A), and 

transmittance (T) respectively. By the law of energy conservation R+A+T =1. Hereafter, the 

ability to stop the transmission of the actual EMI shields can be represented as “Shielding 

Efficiency” (SE) which is the portion of the incident power that is not transmitted to the 

protected device defined in 

 SE =  10𝑙𝑜𝑔10 (
𝑃𝑖

𝑃𝑜
)  (dB) (1.1) 

where Pi is the power of the incidence EM wave and Po is the Power of the wave that transmits 

through the shield. 

Most EMI shielding applications require zero transmission from the medium to prevent 

radiation toward the protected objects. Therefore, a reflective layer is usually placed at the 

protected object side of many shields to reflect all the incident EM wave back to the original 

direction. As shown in figure 1.3b, this layer is usually made of high conductive materials that 

acts like a perfect electrical conductor (PEC). Consequently, the performance of the shields can 

be measured as the difference of the incident power and reflected power. This reduction results 

from the attenuation due to the absorption within the shield. The figure of merit is referred to as 

the “Reflection Loss” (RL).  

 RL =  20𝑙𝑜𝑔10|𝛤|  (dB) (1.2) 

where Γ is the reflection coefficient. 

Both SE and RL can be quantitatively described from the theory of the transmission line 

[18–21]. The cutoff level of 20-30 dB of SE/RL is the lowest requirement for commercial 
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application, and acceptable for human exposition  [22]. On the other hand, the military 

applications need much higher SE/RL at least 40 dB due to the sensitive behavior to the 

interference of the protected devices [3,5,23]. 

The transmission line equations provide the EM wave propagation behavior in terms of 

the reflection coefficient (Γ) and the transmission coefficient (τ) at the interfaces between 

materials. To obtain SE/RL of the shielding material, the first step is to determine the reflection 

coefficient at the back of the material slab (𝛤𝑜) from 

 𝛤𝑜 =  
(𝑍𝐿− 𝑍𝑚𝑎𝑡 )

(𝑍𝐿+ 𝑍𝑚𝑎𝑡 )
  (1.3) 

Here, 𝑍𝐿 represents the intrinsic impedance of the load, which is equal to Zo = √
𝜇0

𝜖0   if the 

material is backed by free space, where  𝜖0 = 8.854E-12 F/m is the electrical permittivity of the 

free space, and 𝜇0 = (4Π)E-7 N/A2 is the magnetic permeability of the free space, or 0 if the 

material is backed by a perfect electric conductor (PEC).  𝑍𝑚𝑎𝑡 =  √
𝜇∗

𝜖∗ is the intrinsic impedance 

of the fabricated material.  

Subsequently, 𝛤𝑜 is used to determine the phase-shifted reflection coefficient (𝛤𝑠) that is 

shifted to the front face of the material slab: 

 𝛤𝑠 =  |𝛤|𝑒𝑗(𝜃𝑜 − 2𝑘𝑡)  (1.4) 

In this equation 𝜃𝑜 represents the phase angle of 𝛤𝑜, 𝑘 is the wave number that is determine from 

𝑘 =  𝜔√𝜇∗ ∙ 𝜖∗ where 𝜔 is the angular frequency, and t is the thickness of the material slab. 

Consequently, the input impedance of the material can be determined by  

 𝑍𝑖𝑛 =  𝑍𝑚𝑎𝑡
(1+ 𝛤𝑠 )

(1− 𝛤𝑠)
  (1.5) 
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The reflection coefficient at the front face of the material that is exposed to the free space (𝛤) can 

be computed from 

 𝛤 =  
(𝑍𝑖𝑛− 1 )

(𝑍𝑖𝑛+ 1 )
  (1.6) 

 For transmission coefficient (τ) can be calculated from the voltage at the back of 

the material slab (V). This calculation can be started by setting up a two variables linear equation 

system. 

 a + b =  1 +  𝛤  (1.7) 

 a − b =  
1+ 𝛤

𝑍𝑚𝑎𝑡
  (1.8) 

Then, V can be determined from 

 V =  τ =  𝑎𝑒−𝑗𝑘𝑡 + 𝑏𝑗𝑘𝑡  (1.9) 

 The shielding efficiency of the free space – backed materials can be determined by 

 SE =  −20𝑙𝑜𝑔10|τ|  (dB) (1.10) 

In order to determine the absorption of the material. The normal incidence RL for perfect 

electric conductor (PEC) backed materials can be determined by equation 1.2. 

 RL =  20𝑙𝑜𝑔10|𝛤|  (dB) (1.2) 

where c is the velocity of electromagnetic waves in free space, and t is the thickness of the 

material. 

From these transmission line equations, the main parameters that determine the shielding 

mechanism of the material are the intrinsic impedance of the material which is related to the 

material intrinsic properties (ε*, μ*). Electrical permittivity is directly linked to electrical 

conductivity, representing how well a material can respond to an electric field. Magnetic 

permeability is associated with the magnetization properties of composite materials, reflecting 

their ability to respond to a magnetic field. The absorption mechanism can be explained by the 
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interactions of the EM field with the material’s molecular and electronic structure which cause 

the transformation of the incident EM wave energy into thermal energy leading to the heat 

dissipation. The ideal EM shield has 100% absorption, thus reducing 100% EM pollution and 

interference. The absorption effectiveness is related to the complementarities of the dielectric 

loss, magnetic loss, and the impedance characteristic of the materials. Hence, most EM absorbers 

are designed with lossy dielectric materials and/or with lossy magnetic materials. The dielectric 

loss ability is mainly dependent on the conductivity loss and polarization loss [24]. Higher 

conductivity (σ) enhances the imaginary part of the complex permittivity (ε”). However, ε” 

reduces while the angular frequency (ꞷ) increases. This conductivity loss is the main mechanism 

at low frequency, while the polarization loss (ionic polarization, electronic polarization, dipole 

orientation, and interfacial polarization) dominates mainly at higher frequency [25]. The 

magnetic loss includes eddy current losses, dimensional resonance losses, magnetic resonance 

losses, domain wall resonance losses, and ferromagnetic resonance (electron spin) losses [10,26]. 

Moreover, proper impedance matching between the absorber materials with free space (377 Ω) 

can lower the front-faced reflection allowing the incident EM wave to enter into the absorber and 

convert to heat or be dissipated through internal interference via multiple reflections [27]. Thus, 

the absorbers are usually designed with low surface reflection. 

1.3 Polymer Nanocomposites as EM Absorbers 

Generally, the electrical and magnetic properties of the materials as well as the shielding 

geometry control the behavior and effectiveness of EMI shields. Because of their high shielding 

efficiency (SE) that meets requirements of most applications, EMI shields are traditionally 

fabricated from metal-based materials [28,29].  However, they exhibit high reflective behavior 

due to the mismatch of the wide difference of impedances at the front-face and the environment 
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which results in poor absorption characteristics. This lack of EM absorption combined with other 

disadvantages such as high density, low structural flexibility, limited processability, poor 

corrosion resistance, low environment stability, and durability reduces the viability of these 

materials in many EMI shielding applications. Polymer-based materials have been developed to 

create EM absorbers that can overcome many of these limitations [30]. Since most polymers are 

nearly completely transparent to EM waves, polymer composites with conductive and magnetic 

fillers were developed and are widely used as EM absorber materials.  

Recently, lightweight, high conductivity, and high strength graphitic materials have been 

reported as potential fillers to enhance the mechanical, thermal, and electrical properties of the 

polymer composites [31]. By also incorporating magnetic particles and controlling the 

concentration and dispersion quality, the intrinsic electrical permittivity and magnetic 

permeability of these polymer composites can be tuned [32–35]. Thus, the level of reflection and 

absorption of polymer composites can be controlled for EM absorbing applications. Furthermore, 

the loss mechanisms which were discussed previously are also directly related to the electrical 

conductivity of the composites. Dhakate et al. [36] provided the recommended electrical 

conductivity range for the polymer composites filled with carbonaceous material for each 

application (figure 1.4). Notably, semi – conductive materials are needed for EMI shielding 

applications while more insulative materials are commonly used for electrostatic dissipation and 

more conductive materials are used for lightning strike protection. 
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Figure 1-4 Schematic showing the conductivity range of the composites for different applications. Semi-conductive 

materials are used for EMI shielding applications, lower conductivity materials are used for electrostatic 

dissipations, and high conductivity is needed for extreme applications like lightning strikes protection. 

Recent advancements have seen the extensive application of high aspect ratio, nano-sized 

fillers in polymer-based EM absorbers. Furthermore, the performance of the EM absorber can be 

enhanced with smaller unit sizes of fillers, mainly due to the skin effect. The skin effect refers to 

the phenomenon where electromagnetic waves penetrate only the near-surface region of the 

electrical conductor at high frequencies [37]. Nano-sized fillers provide an increased opportunity 

for uniform distribution, enabling the creation of outstanding electrically conductive networks 

[38]. The extent to which a conductive network of fillers is established plays a pivotal role in 

determining the conductivity of the composite material [30,39–41]. The percolation threshold 

signifies a critical concentration of conductive fillers, indicating the point at which conductive 

paths begin to form within the insulating matrix. The primary challenge in the development of 

conductive polymer composites lies in minimizing the percolation threshold of the filler while 

simultaneously enhancing the electrical conductivity of the composite. The composites exhibit 

electrical conductivity if they meet either of two conditions: a continuous filler phase in an 

enriched state, or a rich filler phase forming a continuous network, both of which contribute to 

achieving a low percolation threshold [38]. This threshold is influenced by various filler 
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characteristics, including shape, size, aspect ratio, spatial distribution in the matrix, adhesion to 

the matrix, and dispersion [42–44].  

Table 1-1 Al Saleh et al. reported EMI SE of ABS-based composites with different aspect ratio of fillers [45]. 

Fillers Size EMI SE 

15 wt% MWCNTs Diameter/Length: 9.5nm/1.5μm 50 dB 

15 wt% CNFs Diameter/Length: 110nm/4.2μm 35 dB 

15 wt% CBs Diameter: 12 nm sphere 20 dB 

 

For example, Al-Saleh et al. [45] conducted a study comparing the X-band EM 

interference shielding efficiency (EMI SE) of fillers with different sizes and aspect ratios, 

including multi-walled carbon nanotubes (MWCNTs), carbon nanofibers (CNFs), and carbon 

blacks (CBs) in an Acrylonitrile butadiene styrene (ABS) matrix (Table 1). The research 

revealed that the percolation threshold decreases for smaller-sized fillers with higher aspect 

ratios. This trend was consistent across various filler loadings. 

In order to enhance the EM absorption capabilities, another effective strategy involves 

incorporating magnetic materials into conductive materials. The addition of magnetic 

components to composites serves to improve impedance matching with free space and introduces 

a magnetic loss mechanism (μ”), ultimately contributing to the absorption efficiency of the 

shielding materials [46]. Moreover, the interfacial polarization loss can also be enhanced when 

incorporated conductive polymer composites with multiple fillers. For example, Zeng et al. 

successfully produced EMI shields using PVDF (polyvinylidene fluoride) combined with nickel 

(Ni)/carbon nanotube (CNTs) hybrid filler (Ni@CNTs) [21]. The resulting film exhibited an 

impressive EMI SE of 102.8 dB/mm, accompanied by an absorption ratio of 81.3% when 

incorporating 10 wt% multi-walled carbon nanotubes (MWCNTs) and 2 wt% Ni@CNTs. The 

authors attributed the high absorption performance primarily to the notable electrical 

conductivity imparted by the CNTs. Furthermore, the heterogeneous structure featuring a 
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magnetic filler (Ni) offered additional advantages. The presence of Ni contributed to polarization 

loss at the interface between the constituents, enhancing overall absorption. Additionally, the 

introduction of magnetic loss by Ni in the Ni@CNTs sample played a crucial role in attenuating 

electromagnetic waves. This was achieved through natural resonance and eddy-current loss, 

further enhancing the EMI shielding capabilities of the composite material [47].  

There are many other reports on utilization of conductive polymer composites in addition 

of magnetic fillers for EM absorber applications [48–61]. For examples, Li et al. [62] produced 

Nickel-Nitrogen/Carbon composites in paraffin matrix. The resulted RL is -32.31 dB with the 

absorption band width at -10dB (BW@10) of 12.79 – 18 GHz. Kong et al. [63] fabricated 

graphene modified with CNTs/poly(dimethyl siloxane) in paraffin composite that the resulting 

max RL is -55 dB with 10.1 GHs of BW@10.  

1.4 Macrostructures of the EM Absorbers 

The shielding mechanisms are dependent not only on the intrinsic properties (ε*, μ*) of 

the polymer composites, but also on the morphology of the shield structure. EMI shields have 

been developed in a variety of forms to enhance the absorption, as well as to achieve the desired 

multi-objectives. Traditionally, shields that consisted of laminations of bulk materials are easy to 

fabricate and demonstrate efficient EMI shielding ability. A single layer of material is the 

simplest structure. However, high loading of conductive fillers in the concentrations range from 

20 wt% to 60 wt% is required for most of the single-layer shields to achieve the desired 

absorption [64]. It can be observed from the transmission line equations that if the thickness of 

the material is equal to a quarter of the wavelength (λ/4), the phase reflection coefficient is 

shifted π rad along the thickness of the of the material. This results in π rad phase lag of the 

reflected wave to the incidence wave at a certain frequency. This model is called the quarter 
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wave matching model which is satisfied for all the odd multiple of λ/4 (i.e., for n λ/4, n = 

1,3,5…).18 Therefore, manipulating the shield thickness is one of the common techniques to 

improve the absorption at a certain frequency which may not be applicable in most applications 

that require small thickness and lightweight characteristics [3,65]. On the other hand, multilayer 

laminates take advantage of internal reflections at the interface due to the impedance mismatch 

between layers to enhance attenuation as introduced by Lin et al [66]. All samples have the same 

thickness of 1 mm. However, it can be observed that there is no guarantee that any multilayer 

will have a higher absorption than the individual layers as in the case of PPC and PPC-PVA-

PPC. The impedance matching which also contributes to the level of absorption is strongly 

dependent on the thickness of each layer, as well as the permittivity and permeability of each 

layer. While the laminated structure yields the benefit of interface reflection, the impedance 

matching can be decreased due to the change of material thickness which can lead to lower SE. 

1.5 Porous Structure EM Absorbers 

As an alternative to multilayer laminates, porous materials have also gained attention for 

EMI shielding due to their benefits of lower density and less material required to achieve 

sufficient EMI SE compared to the bulk materials. Fletcher et al. [67] compared the EMI SE of 

foamed and unfoamed structures of fluorocarbon/CNT composites. The foamed structures 

exhibit ~2dB lower SE compared with bulk structures for five concentrations of CNT varied 

from 0 – 12 wt%. In addition, the benefit of 30% weight reduction was achieved. Thomassin et 

al. [68] reported the decrease in dielectric constant in foamed multiwalled-

CNT/Polycaprolactone composites compared with un-foamed, while the electrical conductivity 

is approximately 3 to 4 times higher. The reduction was attributed to the presence of the air pores 

leading to better impedance matching. Thus, the front face reflection of the shield can be 
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lowered, reducing the overall reflectivity of the shield. Therefore, the introduction of air porosity 

also induces the absorbance-dominated behavior of shielding. Ling et al. [55] reported low 

density (0.3 g/cm3) graphene/polyetherimide (PEI) nanocomposites foams for EMI shielding 

applications. The SEM micrograph characterization shows the obvious orientation of graphene 

on the cell wall of the porous structure. This is caused by the applied biaxial stretching action 

during cell growth. This stretching pushes the surrounded graphene to the cell wall which results 

in the enrichment of graphene inter-connectivity and forming conductive networks. Thus, the DC 

electrical conductivity increases two order of magnitudes (3.9 x 10-10 S/cm to 1.75 x 10-8 

S/cm), while the graphene loading decreases (1.13 vol% to 0.39 vol%) from un-foamed sample 

to foamed sample. The electrical percolation threshold also decreases by the foaming process 

from 0.21 vol% to 0.18 vol%. Approximately 5 dB lower EMI SE of the composite foam 

compared with un-foamed composite was reported for all concentrations, however; the specific 

EMI SE (dB/(g/cm3)) was about 2 times increased by the process. The authors also suggested 

that the introduction of air porosity not only decreases the dielectric constant, but also enhances 

the internal reflection and scattering due to the impedance mismatch between the air pores and 

the composite. Thus, the EM waves were difficult to escape from the structure before being 

attenuated into heat. The effect of filler enrichment at the cell wall was also confirmed by Ameli 

et al. [69,70] who studied the EMI shielding of CNF/polypropylene (PP) foams. Higher EMI SE 

of the foams were reported. They claimed that more random orientation of CNF leads to a higher 

chance to form conductive networks. Similarly, Shen et al. [70] prepared PEI based composite 

foams filled with rGO/Fe3O4 by water vapor induced phase separation (WVIPS) process. With 

the same EM absorption mechanism, the absorption dominated SE was achieved at 41.5 

dB/(g/cm3) in X-band. Alkuh et al. [71] studied the relationship of EM absorption properties and 
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the cell structure of poly (methyl methacrylate)/MWCNT foams which were prepared by CO2 

pressurization and fast cooling. The obtained cell size, shape, and density were influenced by 

multiple process parameters such as temperature, depressurization rate, filler loading, etc. which 

affects the EM absorption ability. This implies the difficulty to control the morphologies of the 

porous structure by the foaming process to obtain the desired EMI shielding characteristics. They 

also found that for the processing conditions that make the cell wall get thinner and become 

polyhedron shape, the MWCNTs nonuniformly distribute and accumulate at the cell struts which 

leads to discontinuous of the conductive networks [72].  

Inspired by the foams, complex structures of EMI shield structure consisting of cellular 

patterns of dielectric materials with conductive materials as the cell wall have emerged as a new 

forms of EM absorber. Yan et al. [73] introduced the segregated structure of rGO/Ultra-high 

molecular weight polyethylene (UHMWPE) composite. The powders were fused into bulk-solid 

composites with a segregated structure. This structure allows rGO to form continuous conductive 

networks leads to a very low percolation threshold at 0.063 vol% with DC conductivity of 3.4 

S/m. High absorption-dominated EMI SE (28.3-32.4 dB) can be achieved at low rGO loading 

(1.5wt%) of 2.54 mm thick sample. Jiang et al. [74] reported the similar work with rGO/TPU 

composite. Additionally, the air pores were introduced into the TPU cells via the supercritical 

CO2 foaming method. SE of 21.8 dB of 1.8 mm thick sample was achieved with only 3.17 vol% 

rGO. The absorption through the impedance matching via the introduced air pores and internal 

reflection and scattering by multistage cellular structure is the main shielding mechanism. 

Castles et al. [75]reported the dielectric characterization of 3D-printed BaTiO3/ABS composites 

in complex rod-connected diamond photonic crystal structures. The resulted material has loss 

tangents in the range of 0.005 - 0.027 for frequency around 15 GHz. Song et al. [76] decorated 
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CoFe alloy on hierarchically porous carbon fibers by using natural alginate fibers. The treated 

fibers were immersed in paraffin wax for EM absorption characterization. The resulting absorber 

provided the maximum RL of -69.1 dB with BW@10 of 5.2 GHz. Yin et al. [77] 3D printed 

rGO/ Polylactic Acid (PLA) composites into multilayer cross - shaped repeated structures. The 

gradient index size of each cross – shaped unit cell and thickness of each layer were varied to 

study the absorption. The fabricated absorber can achieve absorption above 90% with BW@10 

broaden from 4.5 – 40 GHz. Similar 3D printing method was presented by Shi et al. [78] that 

repeated cellular porous structures were fabricated from CNTs/GNPs/PLA composites. The EMI 

SE of 36.8 dB can be achieved. Yuan et al. [79] produced structural EMI absorber of carbon/rGO 

honeycomb structure. The EM waves were subjected to multiple reflections by the highly 

conductive cell wall and were absorbed by multi-layer porous rGO foam. This work 

demonstrated the strategy for designing novel high- performance lightweight EM absorber by 

engineering the structure of the material. Moreover, the controllable morphologies allow us to 

achieve the desired EMI shielding performance. Other works on honeycomb structures of 

polymer composites for EMI shielding were also reported [78,80–82] 

1.6 Metamaterial EM Absorbers 

Another strategy to enhance the absorption of EMI shielding via engineering its structure 

is based on the concept of “Metamaterials” which refers to the artificial structure that has the 

ability to exhibit exotic effective properties that are impossible to achieve with natural material 

[83]. For the EM field, EM metamaterials refer to material structures that consist of arrays of 

structured subwavelength elements which may be described as effective electrical permittivity 

and magnetic permeability [84]. The interactions of the repeated elements with incidence EM 

wave result in resonance of the electric field within the material [83] By controlling the structure 
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of the repeated units, resonance of the EM fields can be created at specific positions inside the 

absorber which leads to nonuniform distribution of the fields and establishing the dipolar 

relaxation process. This results in dielectric loss, ohmic loss, interference, and impedance 

matching mechanisms [15,85]. Enhanced absorption is obtained while the periodic geometries of 

the shield meet the conditions that create resonant waves of the EM field in the interior of the 

shield and dissipated into heat [85]. Thus, this kind of material allows us to achieve absorption 

characteristics that are far beyond what can be achieved from monolithic materials.  

Traditional EM metamaterial absorbers consist of three layers, the dielectric layers are 

located in the middle which is coated with highly conductive material as the bottom layer. A 

periodic structure of metal is placed on the top surface as the resonance unit [15,85–90]. Landry 

et al. [89] were the first to introduce the resonant metamaterial for EM absorber applications in 

2008 [91]. They proposed a structure consisting of arrays of electric ring resonators (ERR) on the 

top layer of a dielectric matrix which provides the electric response coupling strongly to the 

incident electric field at the resonance frequency. Inspired by this work, there are more reports 

on the development of EM absorbers using metamaterial concept. Shen et al. [15] presented the 

triple-band metamaterial absorber. The consolidated single unit cell is composed of three 

interlocked electric closed-ring resonators and a metallic ground plane, with a dielectric layer 

serving as a separator. Both simulation and experimental outcomes reveal that the absorber 

displays three discernible absorption peaks occurring at frequencies 4.06 GHz, 6.73 GHz, and 

9.22 GHz. Notably, the absorption rates at these frequencies are 0.99, 0.93, and 0.95, 

respectively. Importantly, this absorber proves effective across a broad spectrum of incident 

angles for both transverse electric (TE) and transverse magnetic (TM) polarizations. Zhu et al. 

[90] also reported the similar metamaterial absorber. The metamaterial's unit cell is designed 
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with a four-fold rotational symmetric electric resonator and a cross structure printed on each side 

of a printed circuit board. This configuration is engineered to achieve dual resonances, both 

electric and magnetic, in the metamaterial. Experimental verification confirms that the 

absorption characteristics of this particular metamaterial absorber consistently exceed 90%. This 

high absorption performance is observed across a wide incident angle range spanning from 0° to 

60° for both TE and TM modes. With similar mechanism, Ding et al. [14] developed the 

metamaterial absorber composed by pyramid shape unit cell of alternated layers of conductive 

and FR4 dielectric. This results in continuous multi-resonance response due to the corresponding 

to the different sizes of resonators on the tapered shape of pyramid. Absorption above 90% was 

achieved for ultra-wideband from 7.8-14.7 GHz due to the continuous resonance peaks. 

Furthermore, the absorber geometries of all mentioned works were investigated via EM field 

computational model. This hybrid simulation/experimental approach allows opportunities for 

exploration of novel absorbing structure. Ma et al. [92] introduced more complicated structure of 

composite metamaterial absorber. 2D hexagonal Ti3CNTx MXene- based magnetic composites 

Fe@NC (nitrogen - doped carbon)/Ti3CNTx were fabricated. The absorber exhibits excellent 

broadband microwave absorption with the BW@10 of 12.5 GHz ranging from 5.5 GHz to 18 

GHz at a total thickness of 4.5 mm owing to the multiscale microwave loss mechanism. There 

are also reported works on polymer nanocomposites metamaterial absorbers [77,93–96]. For 

example, Zhou et al. [93] reported the 3D printed honeycomb skeleton coated by the conductive 

coating composed of carbon fibers, carbon nanotubes and resin. 90% absorption in 5.65 ~ 40 

GHz with a total thickness of 6 mm were achieved. It can be noted from these works that 

metamaterial concept not only helps enhance the EM absorption at a certain frequency, but also 
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meets the requirements of multi-objective operating conditions such as wide frequency 

bandwidth, polarization independent, and wide angle of incident. 

Previously, our group members Bregman et al. [97–99] proposed the ability to investigate 

the EMI shielding responses of periodic porous structure via EM field-based computational 

method. The authors aimed to design the geometries of polymer-based composite foams without 

trial and error on the foaming process using computational based modelling, in order to achieve 

the desired cellular structures which provides sufficient EMI shielding performance. The model 

introduced a single layer of periodic cubic and spherical pores in subwavelength size into the 

plague of a periodic unit cell from Song et al. [21] rGO/Fe3O4/wax composite. It was found from 

the simulation that the composite contained periodic pores not only act like impedance matching 

elements but also perform as metamaterial absorber. When the geometry, size, and position of 

the periodic pores meet the certain conditions that induce the interaction between the pores and 

incidence EM wave, the interior resonance can be excited. Thus, enhanced absorption can be 

achieved. This periodic porous structure takes advantages not only from impedance matching, 

internal reflection, and scattering of the air pores, but also the metamaterial behavior of the 

design. However, the improvement is not monotonic with the pore size, which implies that only 

certain geometry can be the optimized design to achieve the highest absorption performance. 

This approach can be extended to more complex structures that can be optimized to attain the 

desired multi-objectives. 

1.7 Dissertation Outlines 

From the introduction in this chapter, this dissertation provided opportunities for further 

exploration of periodic porous structure, and optimization can be taken place to achieve multi-

objective design of the EM absorbers. Furthermore, it also proposed the workflow for designing 
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for the periodic porous structured polymer composite via simulation and experimental method to 

achieve desired EM absorption. 

 

Figure 1-5 The schematic of the strategy for design and optimization periodic porous metamaterial absorber in this 

research. 

Figure 1-5 illustrates the schematic of the strategy for design and optimization periodic 

porous metamaterial absorber in this research. It can be noted that all processes including 

material fabrication, material characterizations, computational modelling, optimization, 

metamaterial production and model validation are sequentially performed. Chapter 2 presents the 

work according to the objective of design, fabricating, and characterization of polymer 

composites with the intrinsic properties (ε*, μ*) that provide the commercial/military level of 

absorptions in term of maximum RL as baseline materials. The polymer composites consisting of 

GNPs and CoFe2O4 were processed, and their EM intrinsic properties were characterized. 

Chapter 3 is related to construction and validation of EM field-based computational models, 

based on the intrinsic properties from chapter 2, to predict the EM absorption in term of the 

Reflection Loss (RL) of the designed periodic porous metamaterial structures and apply the 

optimizer to select the most efficient geometries for multi-objective function (max RL and wide 



 20 

BW). Chapter 4 illustrates the next step of fabrication of the optimized geometries of periodic 

porous metamaterial absorber with the designed polymer composites. Finally, the summary of 

the contributions of this dissertation and the future work are proposed in Chapter 5.
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Chapter 2 Polymer Composites Electromagnetic Absorbers 

2.1 Related Publications 

1. Kanat Anurakparadorn, Alan Taub EM. Dispersion of Cobalt Ferrite Functionalized 

Graphene Nanoplatelets in PLA for EMI Shielding Applications. Proceedings of the American 

Society of Composite the 36th technical conference, Virtual Conference, Texas A&M 

University, College Station, Texas, USA: 2021, p. 2163–92. 

2. Anurakparadorn Kanat, Taub Alan. A Comparative Study of the Effect of 

Compounding Methods and Processing of PLA/GNPs on the Micromorphology and Electrical 

Conductivity. Proceedings of the American Society of Composite the 38th Technical 

Conference, Boston, MA, USA 2023. 

2.2 Introduction 

To design periodic porous metamaterial absorbers, it is essential to have the intrinsic 

properties of the baseline materials as inputs for computational modeling before introducing any 

meta-structures. As highlighted in Chapter 1, polymer composites, comprising conductive and 

magnetic constituents, offer the flexibility to be customized to attain the desired electrical 

permittivity (ε*) and magnetic permeability (μ*). This customization involves manipulating 

factors such as concentration, micromorphology, and dispersion quality of each constituent 

within the composite materials. 

Graphene, a two-dimensional (2D) sheet composed of sp2-bonded carbon atoms in a 

honeycombed structure, has attracted considerable attention as a promising conductive filler for 
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polymer-based electromagnetic (EM) absorbers [46,54,63,64,100–120]. In a study conducted by 

Bhattacharya et al. [121], the reflection loss (RL) of graphene and multi-walled carbon 

nanotubes (MWCNTs) in a thermoplastic polyurethane (TPU) matrix was compared. The 

graphene-based composite exhibited a maximum RL of -12.56 dB at 10.43 GHz, outperforming 

the -7.6 dB RL of MWCNT-based composites at 10.73 GHz. Despite both composites displaying 

RL peaks at a similar frequency, graphene demonstrated a superior ability to absorb 

electromagnetic waves. Additionally, graphene-based materials are more cost-effective and 

environmentally friendly compared to carbon nanotubes (CNTs). The advantages of graphene-

based materials are also attributed to their lightweight nature, corrosion resistance, high electrical 

conductivity, large specific surface area, and high carrier mobility [122–124]. 

Pristine graphene possesses many desirable characteristics; however, its poor dispersion, 

stemming from its smooth and chemically inert surface, hinders interfacial interaction, leading to 

reduced electrical conductivity and consequently, diminished electromagnetic (EM) absorption 

performance [125]. The introduction of matrix-compatible functional groups through chemical 

modification can enhance graphene dispersion [111,126].  

Reduced graphene oxide (rGO) is a straightforward method for functionalizing graphene 

by incorporating carboxylic (-OOH) and hydroxyl (-OH) groups on the surface. Wang et al. 

achieved a high reflection loss (RL) of -36.4 dB at 4.5 GHz for a 3.5 wt% loading of rGO in 

poly(vinyl alcohol) (PVA) [56]. The improved absorption was attributed to the molecular-level 

dispersion quality enhanced by hydrogen bonding between rGO and PVA. These functional 

groups serve as polarization centers, augmenting polarization loss. Similarly, Bai et al. developed 

an rGO/poly(ethylene oxide) (PEO) composite [127], emphasizing the enhanced dispersion due 

to hydrogen bonding between rGO and PEO, alongside dielectric relaxation and scattering at the 
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fillers/matrix interface. However, the preparation of rGO involves the transition of 

nonconductive graphene oxide (GO) to conductive rGO through chemical reduction and high-

temperature thermal treatment [21,128–130]. This process results in weight loss, morphological 

changes, phase transitions, and other concerns that can affect EM absorption [21]. Incomplete 

reduction and defects from the process can lead to lower electrical conductivity than the original 

pristine graphene [131]. 

Alternatively, graphene nanoplatelets (GNPs) introduce less residue out-of-plane 

functional groups. This choice of material helps avoid the defects that can deteriorate 

conductivity, a concern presents in reduced graphene oxide (rGO). While maintaining dispersion 

quality, GNPs are more suitable than pristine graphene, offering a balance between improved 

properties and minimized drawbacks. Our previous work has proven that the composites consist 

of GNPs can provide higher EM absorption performance in term of RL and operation bandwidth 

(BW) than rGO at the same loading [46]. 

For magnetic constituents in EMI shielding polymer composites, ferromagnetic 

nanomaterials such as Mn, Ni, Fe, and Co have been widely investigated [62,132–136]. 

However, utilizing pure metals as magnetic fillers presents challenges like corrosion and poor 

dispersion in polymer matrices, driving efforts towards alternative magnetic materials. 

Ferrimagnetic nanoparticles, specifically magnetite (Fe3O4) and spinel ferrites (γ-Fe2O4, where γ 

can be Co, Ni, Mn, Zn, etc.), exhibit high saturation magnetization, excellent chemical 

compatibility with polymers, high mechanical hardness, and significant magnetic loss [137]. 

These materials have been incorporated with graphene-based conductive fillers to form hybrid 

structures for electromagnetic (EM) absorbers [26,47,52,54,58,59,64,101,103,120,134,137–147]. 

Song et al. developed a Fe3O4/graphene composite, demonstrating that the electrical permittivity 
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(ε*) and magnetic permeability (μ*) can be tuned by adjusting the concentration of Fe3O4 and 

graphene nanoplatelets (GNPs). The saturation magnetization of the heterogeneous composite 

significantly increased, reaching a maximum of 47 emu/g with a 50% concentration of Fe3O4 on 

graphene, as well as providing broader absorption bands than the composites without the 

magnetic filler. Among ferromagnetic materials, CoFe2O4 nanocomposites have the advantage of 

a simple synthesis method at low temperatures without requiring an inert gas [42,43]. Examples 

of reported EM absorbers fabricated from CoFe2O4 [46,48,49,58,64,101,139,148–158], 

indicating opportunities to tune the EM absorption performance by tuning the composition of the 

nanoparticles with the conductive fillers in the composites. 

In order to tailor the magnetic permeability of the composites, high volume fraction of 

CoFe2O4 is necessary while risking disturbing the dispersion quality at high concentrations due 

to the magnetic attraction behavior. Therefore, chemical modification of CoFe2O4 is needed to 

overcome the magnetic agglomeration issue. One potential way to improve the dispersion is 

introducing the coating layer of the stabilizer chemical compound on the nanoparticle. Thus, the 

dispersion quality can be improved and provide the ability to bed dispersed at high 

concentrations. One simple method that is widely used and provides acceptable dispersion 

quality is covalent bonding the surface of the nanoparticle with oleic acid (OA) and polyethylene 

glycol (PEG) [159,160]. This technique can provide the opportunity to tailor the loading of 

CoFe2O4 to extra-high level and achieving the desired EM intrinsic properties. 

The literature review reveals that polymer composites, incorporating graphene-based 

materials and CoFe2O4, have been deliberately designed, fabricated, characterized, and optimized 

to achieve the desired EM absorption properties as baseline materials for designing the periodic 

porous structure metamaterial absorbers. Various graphene materials, including reduced 
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graphene oxide (rGO) and graphene nanoplatelets (GNPs), were utilized in these composites, 

allowing for a comparative analysis. The investigation also delved into the impact of 

incorporating CoFe2O4 into the composites, exploring different methods to introduce it at high 

concentrations. This comprehensive study aims to enhance the understanding of the role of 

graphene-based materials and CoFe2O4 in achieving effective EM absorption, with the ultimate 

goal of developing materials suitable for commercial EM absorption applications (targeting a 

Reflection Loss of -20 dB) [3,5,71]. 

2.3 Experimental 

2.3.1 Materials 

M25 grade xGNPs were purchased from XGscience (Michigan, USA). Cobalt nitrate 

hexahydrate (Co(NO3)2∙6H2O), iron nitrate nanohydrate (Fe(NO3)3∙9H2O), sodium hydroxide 

(NaOH), methanol, potassium permanganate (KMnO4), hydrogen peroxide (H2O2), L-ascorbic 

acid, ethylene glycol, oleic acid and N,N-Dimethylformamide (DMF) were obtained from 

Sigma-Aldrich, Inc. (USA). Reagent grade deionized water, sulfuric acid (H2SO4), phosphoric 

acid (H3PO4), hydrochloric acid (HCl), and ethanol, were purchased from Thermo Fisher 

Scientific (USA). Polylactic Acid (PLA) pellets were purchased from 3DXTech (Michigan, 

USA). 

2.3.2 Material Fabrications 

Overall fabrication processes are shown in Figure 2.1. The production started with filler 

preparations including: the synthesizes of the CoFe2O4, the decoration on graphene-based 

materials, and the surface modification by OA/PEG. Subsequently, the fillers were mixed with 
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PLA matrix which followed by compression molding into the plaque samples. The details of 

each step are listed in this subsection. 

 

Figure 2-1 Process of design and optimization of PLA/GNPs/COE metamaterial absorbers 

2.3.3 Fabrication of rGO 

The synthesis of GO was conducted following the improved Hummer’s method [161]. 

GNPs (2g) were added to 1:9 volume ration of H2SO4 and H3PO4 (26.6 mL:240 mL). The 

mixture was stirred in an ice bath for 10 minutes before adding KMnO4 (6g) to start the reaction. 

The mixture was heated up to 50 ⁰C and maintained for 12 hours. The black mixture turns brown 

color during the reaction. After cooling down to room temperature, the mixture was poured into 

ice (800g) and stirred for 10 minutes. H2O2 (5mL) was slowly added dropwise to the vigorously 

stirred mixture until color changes from brown to bright yellow to stop the reaction. The mixture 

was further stirred for 20 minutes and then centrifuged. The precipitant was washed by 

centrifuge in sequence of 1 time with water, 1 time with HCl, 2 times with water, and 1 time with 

ethanol. The supernatant phase was disposed. The brown solid pastes of GO were collected and 

dried in air-circulated oven at 60 ⁰C for 12 hours.  

Chemical reduction by L-ascorbic acid was chosen as the reduction process. It can take 

place at relatively lower temperature compared with a thermal reduction process. Furthermore, 

L-ascorbic acid is non-explosive and less poisonous compared with traditional reduction 
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chemicals such as hydrazine or hydrazine hydrate [162–164]. Beginning with 400 mL of the 

GO/water suspension (5 mg/mL, carbon/water) was prepared by ultrasonication until a 

homogeneous suspension was obtained. The suspension was heated up to 90 ⁰C. Then, 10 

mg/mL of L-ascorbic acid is added to the flask and kept stirring for 60 minutes to perform the 

reduction The precipitated rGO powder was cooled to room temperature before washed and 

centrifuged for 10 minutes multiple times in the in methanol until Ph is approximately 7 to 

removed excess precursors and impurities. The precipitant was collected and dried in an air-

convection oven at 80 oC for 24 hours. 

2.3.4 Fabrication of CoFe2O4  

The chemical reaction of CoFe2O4 synthesis were adapted from Zhao et al. [165]. Briefly, 

0.1 mol of Co(NO3)2∙6H2O (29.1g) and 0.2 mol of Fe(NO3)3∙9H2O (80.8g) were added to 250 

mL of the DI water and heated up to 90 oC. The solution was stirred for 20 minutes until 

homogeneous brown solution was obtained.  NaOH (35g) was added to raise the pH up to 12 to 

start the reaction. The reaction was maintained for 4 hours. The black suspension that showed 

that CoFe2O4 was observed during the reaction. At the end of the reaction, black solid powders 

of precipitates can be observed at the bottom of the flask. The precipitant was washed and 

centrifuged multiple times in the in methanol until Ph is approximately 7 before dried in air-

convection oven at 80 oC for 24 hours. 

2.3.5 Fabrication of rGO/CoFe2O4 

Similar to CoFe2O4, the decoration of the magnetic nanoparticles on rGO surfaces was 

achieved by co-precipitation in GO suspension before the reduction. The carbon content in 

prepared GO was characterized by elemental analysis before determining the precursor amount. 
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Co(NO3)2∙6H2O and Fe(NO3)3∙9H2O precursors with 1:2 molar ratio of Co2+ : Fe3+ were added to 

400 mL of the GO/water suspension with the desired ration of CoFe2O4 product with carbon 

content in GO (1:1 by weight or 1:1 by volume). The suspension was heated up to 90 oC and 

maintained for 20 minutes before adding NaOH to the flask until pH around 12. The reaction 

took 2 hours before cooled down to room temperature. The precipitant was washed in the in the 

same sequence as rGO and dried in convection oven at 80 oC for 24 hours. 

2.3.6 Fabrication of GNPs/CoFe2O4 

The GNPs/water suspension was prepared in a round-bottom flask by stirring 5mg/mL of 

GNPs (2g) with water (400mL) for 30 minutes. The decoration of CoFe2O4 on GNPs was 

performed in the same method as rGO/CoFe2O4. 

2.3.7 The Treatment of OA/PEG Surfactant on CoFe2O4 

 

Figure 2-2 Oleic acid/Ethylene glycol surfactant treatment on CoFe2O4 

The polymerization of OA/PEG process is shown in Figure 2.2 The precipitated CoFe2O4 

after washing process was collected and put in the round bottom flask. Thereafter, 150 mL of 

ethylene glycol and 10 mL of oleic acid were added to the mixture and heated up to 150 oC and 

stirred for 4 hours. Afterward, the mixtures were washed with methanol until the Ph of the 

supernatant is approximately 7 to remove access oleic acid and ethylene glycol. The precipitants 

were collected and dried in the convection oven at 60 ⁰C for 12 hours. 
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2.3.8 Composite Processing 

2.3.8.1 Solution Mixing 

The PLA composites were prepared by the solution mixing and coagulation method 

[166]. The overall weight of the materials in each mixing batch is set constant at 10g. The 

blending was started by dissolving PLA pellets in 100 mL of DMF via mechanical stirring at 60 

oC. In the meantime, the measured loading of CoFe2O4 was dispersed in 250 mL of DMF via tip 

ultrasonication with the total energy transferred to the system around 250 kJ. The result 

suspension was black without residue CoFe2O4 chunks settling on the bottom of the beaker. The 

decided loading of GNPs was added to the suspension and further ultrasonicated for 150 kJ. 

Afterwards, the suspension was poured into the prepared PLA solution and stirred at room 

temperature for 12 hours. PLA/GNPs/CoFe2O4 suspension was further ultrasonicated for 170 kJ. 

The composite suspension was coagulated in 1200 mL of methanol before filtered. The solid 

filtered cake was dried in the vacuum oven at 65 oC for 48 hours. The dried composite was 

ground into powders and compression molded at 170 oC 2.5 MPa in vacuum hot press. The 

resulting composite plaques were cut into 22.9 mm x 10.1 mm x 5 mm cuboid samples for 

characterization. 

2.3.8.2 Twin Screw Extrusion Compounding 

The compounding was process under the twin screw extruder (Leistritz MIC27/GL-480). 

PLA pellets were fed from the hopper into the extruder at the rate of 183 g/min. In the meantime, 

GNPs powders were fed into another hopper at the rate of 9.63 ,14.85, and 19.26 g/min 

providing the mixing at the concentration of 5wt%, 7.5wt%, and 10wt%, respectively. The screw 

chamber is divided into 8 stages. The temperature was set to 160 oC and 170 oC at the first and 

the second stages, respectively. The rest of the stage and the extrusion die was set to 180 oC. The 
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screw speed was set to make the melt pressure at 1 MPa with the side stuffer speed of 1000 

RPM. The extruded strands were chopped into the pellet with Scheer Bay pelletizer with the 

length around 5 mm and the diameter around 2 mm. Consequently, the pellets were ground into 

powders under liquid nitrogen and compression molded at 170 oC 2.5 MPa in vacuum hot press. 

The resulting composite plaques were cut into 22.9 mm x 10.1 mm x 5 mm cuboid samples for 

characterization. 

2.4 Characterization 

Surface morphologies and elemental analysis by energy-dispersive X-ray spectroscopy 

(EDX) spectrum were characterized by Joel IT500 scanning electron microscopy (SEM). Fourier 

transform infrared spectroscopy (FTIR) spectra were measured from JASCO 4100. The 

crystallographic properties were characterized by X-ray diffraction spectra that was performed in 

Rigaku Miniflex XRD. Magnetizations hysteresis loops were obtained from LakeShore 7404 

vibrating sample magnetometer (VSM). The volumetric DC electrical conductivity was 

determined using a two-points probe resistance technique for through-thickness analysis of 

rectangular samples with 5V supplies from Keithley multimeter. The sample surfaces were 

covered with silver paint to ensure full electrical contact and to perform the average 

measurement across the entire surface. A constant voltage of 5V was applied on both surfaces 

and the resistance was measured. The conductivity (σ) was calculated from  

 σ =  
𝑡

𝑙𝑤𝑅
 (2.1) 

while t is the thickness of the sample, l is the length of the sample, w is the width of the sample, 

and R is the measured resistance across the thickness.  
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Figure 2-3 Schematic of the setup of vector network analyzer characterization with WR90 waveguide 

 

Figure 2-4 Process of Scattering parameters characterization, model validation, and RL/SE determination 

Electromagnetic properties characterization process is shown in figure 2.3 and figure 2.4. 

The process was started by the measurement of scattering parameters S11 and S21 which was 

performed in the Anritsu vector network analyzer (VNA) (figure 2.3). The samples were placed 

in the WR90 waveguide which provides TE10 mode of angle of incidence for the EM wave 

propagating between port 1 and port 2 of the VNA [167]. Material intrinsic properties, including 

complex electrical permittivity (ε*) and magnetic permeability (μ*), were extracted from the 

measured S11 and S21 using Nicholsen-Ross-Weir (NRW) method [168,169]. The extracted 

intrinsic properties were input into transmission line equations [19,170,171] to simulate the 

reflection coefficient (Γ) and transmission coefficient (τ) of the material slab in different 

conditions and modes of propagation. 
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 To validate the extracted material intrinsic properties, complex electrical permittivity (ε*) 

and magnetic permeability (μ*) were input in the set of transmission line equations to back 

calculate the S11 and S21 and compared with the measurement values. 

 Finally, the electromagnetic absorption of the fabricated composites can be determined 

from the reflection loss (RL). The extracted intrinsic properties (ε*, μ*) were input in the 

transmission line equation with PEC load and determined the RL from equation 1.9. 

2.5 Results and Discussion 

2.5.1 Solution Mixing Composites Characterizations 

Each composite system exhibits distinct characteristics that can impact properties related 

to electromagnetic absorption. Unlike pristine GNPs, rGO undergoes multiple processing steps 

involving oxidation and reduction. It contains more out-of-plane functional groups that can affect 

its morphology. Additionally, the presence of residual oxide groups from the reduction process 

can lead to variations in dispersion quality within the composite. The inclusion of CoFe2O4 

magnetic nanoparticles, due to their magnetic properties, further distinguishes composites 

containing only graphene-based materials (rGO, GNPs). Furthermore, differences in the density 

and electrical conductivity of each constituent contribute to distinctions in the electrical 

properties among these composite systems.  

The presence of oxide groups on the rGO can also affect the CoFe2O4 decoration process 

when compared to pristine GNPs. Moreover, CoFe2O4 possesses significantly higher density 

(5.4 g/cm3) compared to graphene (2.2 g/cm3) and PLA (1.2 g/cm3). To tailor the magnetic 

properties without affecting conductivity, a larger amount of CoFe2O4 is required to increase the 

volume fraction of magnetic nanoparticles. As a result, the decoration technique may not be 

applicable, and the magnetic nanoparticles need to be dispersed separately with the conductive 
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constituent. To disperse high concentrations of magnetic nanoparticles, the use of OA/PEG 

surfactants was introduced to prevent magnetic agglomeration. Furthermore, a lack of interaction 

between graphene-based materials (GNPs, rGO) and CoFe2O4 can also influence the 

morphology of the composite, which in turn affects the electromagnetic properties. 

Table 2.2-1 The nomenclatures and compositions of each fabricated sample 

Samples wt% GNPs wt% rGO wt% CoFe2O4 

PLA - - - 

Effect of rGO 

5rGO - 5 - 

8rGO - 8 - 

Effect of CoFe2O4 decorated on rGO 

10rGOCw - 5 5 

15rGOCw - 7.5 7.5 

25rGOC - 7.5 17.5 

Effect of GNPs 

5GN 5 - - 

Effect of CoFe2O4 decorated on GNPs 

10GC 3 - 7 

16.70GC 5 - 11.7 

18GC 5.4 - 12.6 

20GC 6 - 14 

25GC 7.5 - 17.5 

33.33GC 10 - 23.33 

Effect of GNPs + COE 

2.5GN40COE4 2.5 - 40 

2.5GN50COE4 2.5 - 50 

3GN40COE4 3 - 40 

3GN50COE4 3 - 50 

3.5GN40COE4 3.5 - 40 

3.5GN50COE4 3.5 - 50 

 

This study was aimed to compare the effect of different kinds of composite systems and 

their loadings on the properties related to electromagnetic absorption. Table 2.1 shows the 

loading and fillers used in this study. The nomenclatures start by the loading in wt% and filler 

type including rGO, CoFe2O4 decorated on rGO (rGOC), GNPs (GN), CoFe2O4 decorated on 

GNPs (GC), and GNPs dispersed separately with OE/PEG treated CoF2O4 (GNCOE). 



 34 

2.5.1.1 Dispersion of CoFe2O4 

 

Figure 2-5 The dispersion stability test of CoFe2O4, COE1, and COE4 by hand shaking and left undisturbed for a. 0 

min, b. 1 min, and c. 5 mins, and by 100w Tip sonication and left undisturbed for d. 0 hour, e. 1 hour, f. 2 hours, g. 

24 hours, and h. 36 hours 

The effect of the OA/PEG treatment on the CoFe2O4 dispersibility in the matrix were 

tested by mixing neat CoFe2O4, COE1, and COE4 in DMF. It can be assumed that the 

dispersibility of the nanoparticles in DMF is similar to the dispersibility of PLA/DMF solutions. 

Figure 2.5a – 2.5c shows the suspension of CoFe2O4/DMF, COE1/DMF, and COE4/DMF after 

shaking by a hand for 1 minute and left unattended for 0 minutes, 1 minute, and 5 minutes, 

respectively. Obvious sedimentation can be observed for CoFe2O4/DMF immediately after 

shaking, while COE1 started settling down to the bottom of the container after 1 minute. Only 

COE4/DMF suspension can maintain the homogeneity after being left unattended for 5 minutes. 

The investigation was further performed by dispersing the magnetic nanoparticles in DMF using 

ultrasonication at the power of 100 W for 1 minute. The observation took place after the 

suspensions were left undisturbed for 0 hours, 1 hour, 2 hours, 24 hours, and 36 hours, 

respectively. Homogeneous phases were obtained for all suspension of the ultrasonication. The 

neat CoFe2O4 started to precipitate after being left unattended for 1 hour. After 24 hours, neat 

CoFe2O4 nanoparticles completely sedimented to the bottom of the vile, while COE1 and COE4 
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still maintain the stability until 36 hours. This experiment shows that coating OA/PEG on 

CoFe2O4 helps increase the dispersibility in DMF and PLA matrix. The OA molecules may act 

as a surfactant while the presence of PEG can also contribute to the formation of a protective 

layer around the nanoparticles. This coating can help to prevent aggregation of the nanoparticles, 

thereby stabilizing them in solution [159,172–174]. 

2.5.1.2 Fourier Transform Infrared Spectroscopy Spectra (FTIR) 

 

Figure 2-6 FTIR spectra of a. COE4 b. COE1 c. Superposition of the CoFe2O4 and OA/PEG spectra d. CoFe2O4 e. 

OA/PEG f. GNPs g. GNPs/ CoFe2O4 h. GO i. rGO j. rGO/ CoFe2O4 k. 2.5GN50COE4 l. 25GC m.25rGOC n. 5GN 

o. 5rGO p. PLA 

Figure 2.6 shows the transmission FTIR spectra of the fabricated composites and their 

constituents. Figure 2.6a – 2.6e represents the spectra of 4 hours treated COE (COE4), 1 hour 

treated COE (COE1), the superposition of CoFe2O4 and OA/PEG, CoFe2O4, and OA/PEG 

respectively. For OA/PEG (figure 2.6e), the plot shows the combination of the characteristic 

peaks of both OA and PEG. The characteristic peaks are matched with the reported work 

[159,173]. The peak at 3300 cm-1 and 876 cm-1 are attributed to the O-H stretching vibration and 

out-plane -CH bending of the PEG chain. The peak at 1200 cm-1 and 1040 cm-1 are assigned to 

the asymmetric and symmetric stretching C-O-C in PEG. The peaks of -CH 
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asymmetric/symmetric stretching of OA can be observed at 2940 cm-1 and 2865 cm-1 band, 

respectively. The peak at 1455 cm-1 can be attributed to the bending vibrations of the 

hydrophobic chain in OA. Figure 2.6d displays the FTIR spectrum of the synthesized CoFe2O4. 

The peak around 530 cm-1 is attributed to the stretching vibrations of Co-O, a characteristic 

feature observed in spinel ferrite materials. The band at approximately 950 cm-1 corresponds to 

the Fe-Co alloy system [149,152,175]. The peak at 1355 cm-1 is associated with the symmetric 

vibration of the residual NO3
- ions from the precursors. Additionally, the peaks at 1560 and 3350 

cm-1 are assigned to O-H stretching vibrations. The presence of the peak at 1653 cm-1 can be 

attributed to the bending of absorbed water molecules[152,176,177]. These characteristic peaks 

align with existing reports in the literature [149,152,175–178]. Figure 2.6c is the superposition of 

spectra from figure 2.6d and figure 2.6e for comparison with the spectra of the OA/PEG treated 

CoFe2O4 in figure 2.6a - 2.6b. It can be observed that there are additional peaks representing 

bonds from the interaction between CoFe2O4 and OA/PEG in COE1 and COE4 spectra. The 

peaks of COO- asymmetric/symmetric stretching vibration can be observed at 1455 cm-1 and 

1405 cm-1. This carboxyl group exists when the OA has a chemical interaction with CoFe2O4 

nanoparticles [173]. The C = O asymmetric vibration band at 1740 cm-1 is attributed to the 

hydrophilic carboxyl group on OA [173]. It can be observed that the intensity of this peak is 

higher for COE4 compared with COE1 due to the longer reaction time. The absence of this peak 

in Figure 2.5e can be explained by the fact that the sample was a liquid mixture of oleic acid 

(OA) and an excess amount of polyethylene glycol (PEG), as described in section 2.2.5. 

Consequently, the transmission IR signal of OA may have been overshadowed by the signal  

from PEG in the mixture. 
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Figure 2.6f – 2.6j represents the FTIR spectra of graphene-based fillers that were used in 

this work. No significant characteristic peak can be observed from the neat GNPs spectrum 

(figure 2.6f) due to the low amount of out-plane functional chemical content. The existence of 

the peak around 2300 cm-1 can possibly be reasoned by the absorption of CO2 from the 

environment by the graphene [179]. It can be noticed in GNPs/CoFe2O4 spectrum (figure 2.6g) 

that the amount of transmission decreases from the GNPs spectrum in the band around 500 – 

1000 cm-1. This is influenced by the presence of CoFe2O4 which has a very deep peak of Co-O at 

530 cm-1.  However, other characteristic peaks of CoFe2O4 were dominated by GNPs spectrum. 

This is due to a significant lower volume fraction of the magnetic nanoparticles that were 

distributed non-uniformly on the GNPs surface. Hence, more surface of GNPs was revealed to 

the IR signal. Figure 2.6h is the FTIR spectrum of GO. There are characteristic peaks due to out-

plane functional groups which agree with the existing works [46,180–183]. The bump around 

3350 cm-1 and the peak at 1419 cm-1 represent the O-H stretching vibration and bending from the 

oxidation, respectively. The peak at 1735 cm-1 is assigned to the carboxyl C=O stretching of the 

carboxylic acid and/or carbonyl moieties. The peak at 1573 cm-1 is attributed to the aromatic 

C=C group. Two characteristic peaks at 1255 cm-1 and 1045 cm-1 are assigned to the C-O 

stretching vibration. It can be observed from the spectrum of rGO (figure 2.6i) that most of the 

functional groups were reduced. However, the peaks around 600 cm-1 – 2000 cm-1 suggest that 

there are remaining out-plane chemical contents after the reduction. After the decoration of 

CoFe2O4, the spectrum of rGO/ CoFe2O4 represents the combination of the characteristic peaks 

of rGO and CoFe2O4. Nevertheless, the C=O stretching peak of rGO at 1570 cm-1 shifts to 1570 

cm-1 due to the formation COO- group [184] 
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Figure 2.6k – 2.6o shows the FTIR spectra of all composite systems in this work. The 

characteristic peaks of the composite were mostly dominated by the characteristic peaks of PLA 

which is shown in Figure 2.6p. The peaks at 3000, 2952, 1762, and 1085 cm-1 are assigned the 

C-O stretching, C=O stretching, C-H stretching, -CH3 symmetric stretching, and -CH3 

asymmetric stretching, respectively. The dump of the characteristic peaks around 500-600 cm-1 

of the composites that contain CoFe2O4 (Figures 2.6k – 2.6m) indicate the influence of sharp 

peak of Co-O stretching vibration from the magnetic nanoparticles. 

2.5.1.3 X-ray Diffraction Microscopy Spectra (XRD) 

 

Figure 2-7 Weight normalized XRD spectra of a. COE4 b. COE1 c. CoFe2O4 d. GNPs e. GNPs/CoFe2O4 f. GO g. 

rGO h. rGO/CoFe2O4 i. PLA j. 5GN k. 25rGOC l. 20GC m. 2.5GN40COE1 n. 2.5GN40COE4 o. 2.5GN50COE4 

The weight normalized XRD spectra of the magnetic nano particles COE4, COE1 and 

neat CoFe2O4 are shown in figures 2.7a – 2.7c. The characteristic peaks of CoFe2O4 at 18.79o, 

30.61o, 35.99o, 43.55o, 53.91o, 57.41o, 63.13o, and 74.53o are assigned to (111), (220), (311), 

(400), (422), (511), (440), and (533) crystallographic planes, respectively [148,150,185]. The 

characteristic peaks of the OA/PET treated CoFe2O4 match with the original peaks of CoFe2O4. 

The peak intensity decreases from neat CoFe2O4 to COE1 and increases again to COE4. This can 
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be attributed to the variability of the crystallite size due to the effect of the OA/PET coating 

which matched with the reported works [160,173,174]. 

The weight normalized XRD spectra of the conductive fillers are presented in the figure 

2.7d – 2.7h. The (002) plane of graphitic peak at 2θ around 26.67° and (004) plane at 54.75° are 

shown in GNPs spectrum (figure 2.7d) [150,186,187]. Figure 2.7e shows the combination of the 

characteristic peaks of heterogeneous hybrid materials of CoFe2O4 and GNPs due to the 

decoration, and no second phases were detected. For GO spectrum, the broader (002) graphitic 

peak is fully shifted to (001) plane around 9.19o (figure 2.7e). After the reduction, the (001) peak 

is shifted back toward (002) graphitic plane. This indicates that functionalities and the restoration 

of C=C bonds [186,188] which is resulted by removal of oxygen which leads to the lower 

parallel stacking of rGO sheets than GO [186]. The small diffraction peak at 43.67o is 

contributed to (102) plane of rGO structure [189]. The residue of out-plane functional group 

broadens the peak as a result of the combination of (001) and (002) peaks. 

Figure 2.7i -2.7o illustrate the XRD spectra of the neat PLA and the fabricated 

composites in different methods. The characteristic peaks of semi-crystalline PLA can be 

observed at 16.81o and 19.11o, 22.77o which are similar with the existing reports for α form of 

PLA [190–192]. The spectra of all composite systems show the combination of the characteristics 

peaks of each constituent with matching position of 2θ. It can be noticed that the intensity of the 

CoFe2O4 peaks in 2.5GN50COE is higher than the peaks in 2.5GN40COE due to more volume 

fraction of the COE nanoparticles which increase the crystallinity of the composite. 
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2.5.1.4 Morphology via Scanning Electron Microscopy (SEM) 

 

Figure 2-8 SEM images of a. GNPs b. GO c. rGO d. CoFe2O4 e. COE1 f. COE4 g. GNPs/CoFe2O4 h. rGO/CoFe2O4 

The SEM micrographs of graphene-based fillers of the composites are illustrated in figure 

2.8a-2.8h. From figure 2.8a, the original size of GNPs is approximately around 23 -27 μm, which 

is matched with the specification provided by the vendor [193]. After the oxidation, the GO 

sheets agglomerated together due to the introduction of sp3 hybridized carbon atoms within the 

GO structure that were caused by the functional groups such as carboxylic (-OOH) group, 

hydroxyl (-OH) group, and epoxy group (-O-) between graphene surfaces [180]. Figure 2.8c 

shows the morphology of rGO after the reduction. The approximate diameter of rGO is around 2-

5 μm. The oxidation process can introduce defects on the GNPs surfaces by changing the 

bonding structure in the aromatic ring due to the presence of the functional groups [194]. After 
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the side groups were removed, the defects remain, which results in the decrease in fracture 

toughness of the graphitic plane [194–196] Thus, they were easily torn up during the 

ultrasonication in the reduction process [46]. 

Figure 2.8d represents the morphologies of CoFe2O4 nanoparticles, while figure 2.8e – 

2.8f shows the morphology of COE1 and COE4, respectively. After the functionalization with 

OA and PEG for 1 hour, the diameter of CoFe2O4 increased from 28.0 nm ±5 nm to 37 nm ± 8 

nm. The final size after the reaction progressed to 4 hours is 42 nm ±12 nm. The size increase 

observed over time is due to the coating of OA/PEG on the surface of the nanoparticles 

[159,173,174,197,198]. As the reaction progresses, the OA and PEG molecules continue to 

attach to the nanoparticles, forming a stable coating. The continued adsorption of molecules on 

the nanoparticle surface and the formation of a protective layer can lead to a further increase in 

the effective size of the nanoparticles [159]. 

Figure 2.8g – 2.8h compare the surface morphologies of GNPs/CoFe2O4 and 

rGO/CoFe2O4. It can be observed that the complete coating of the nanoparticles on the rGO 

surfaces, while GNPs surfaces are revealed by the non-uniform distribution of the CoFe2O4 

nanoparticles. Similar morphology can be found in Song et al.’s GNPs/Fe2O3 [21]. CoFe2O4 

nanoparticles can chemically interact with rGO through the formation of chemical bonds. The 

out-of-plane functional groups on graphene-based materials serve as anchoring sites for the 

nanoparticles and can affect their distribution on the graphene surfaces [101,199]. Thus, the 

presence of these functional groups on the rGO which helps prevent the aggregation of CoFe2O4 

due to the dipolar interaction [200]. Moreover, more interaction between CoFe2O4 and graphene 

materials leads to less aggregation of CoFe2O4 during crystal formation in the synthesis reaction 

[185,201]. This resulted in the reduction of CoFe2O4 diameter [46].The diameter of the 
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nanoparticles on rGO is 17.4 ± 4.3 nm while it is maintained the original size of 30.4 ± 4.3 nm 

on GNPs. It can also be noted that the original size of GNPs was preserved after CoFe2O4 

addition. This indicates that the decoration process of CoFe2O4 does not affect the 

intermolecular structure of the GNPs and confirms that the GNPs were not deteriorated by the 

reduction process which matches with our previous report  [46]. 

 

Figure 2-9 SEM images of the cryogenic fracture surface of a. 5GN b. 5rGO c. 20GC d. 25rGOC e. 2.5GN50COE 

Figure 2.9a – 2.9e illustrate the SEM images of the cryogenic fracture surface of the 

composites. Comparing Figure 2.9a and 2.9b, composite containing GNPs exhibits a morphology 

with larger plate-like particle sizes when compared to the composite incorporating rGO. This 

size difference can be attributed to the individual sizes of each filler, as previously discussed. 

The distinction in the distribution of CoFe2O4 nanoparticles in the GNPs composite and rGO 

composite also aligns with the characteristics of the respective fillers used. For Figure 2.9e, The 

COE nanoparticles tend to agglomerate with each other, but they are separate from the GNPs 

composite plane. This is the result of separately dispersing the GNPs and COE nanoparticles, 
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without employing a co-precipitation reaction process. Therefore, there is no interaction between 

the nanoparticles and GNPs. 

2.5.1.5 Elemental Analysis via Energy-Dispersive X-ray Spectroscopy EDS 

 

Figure 2-10 EDS analyzed the atomic percentages of each element in the fabricate filler materials for the 

composites. 

The elemental analysis of each constituent element within the fabricated filler materials 

was carried out through the energy-dispersive X-ray spectroscopy (EDS). The atomic 

percentages pertaining to these elements are visually represented in Figure 2.10 and 

comprehensively tabulated in Table 2.2. The initial GNPs consist solely of carbon atoms, 

accounting for 100% of the elemental composition. Subsequent to the oxidation process, the 

introduction of oxygen functional groups alters the atom ratio, resulting in a carbon-to-oxygen 

(C:O) ratio of 1:0.8 in GO. It can be noticed that there is a minor residue impurity of the sulfur 

(S) content from the reaction which can be eliminated during the reduction process. Subsequent 

to the reduction process, the removal of oxygen functional groups leads to a decrease in the 

oxygen content, resulting in a C:O ratio of 1:0.2 in rGO. 
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Table 2.2-2 Mass percentage and atom percentage of each element in the fabricated fillers obtained from EDS 

elemental analysis. 

Material Element Atom% Ratio 

GNPs C 100 ± 1.0 - 

GO 

C 56.0 ± 1.3 
C:O 

1:0.8 
O 41.7 ± 1.6 

S 2.87 ± 0.2 

rGO 
C 81.8 ± 0.6 C:O 

1:0.2 O 18.2 ± 0.7 

CoFe2O4 

O 56.71 ± 0.55 
Co:Fe 

1:1.9 
Fe 28.33 ± 0.41 

Co 14.96 ± 0.32 

COE1 

C 11.67 ± 0.36 Co:Fe 

1:1.9 

Co,Fe:C 

1:0.2 

O 37.43 ± 0.58 

Fe 33.34 ± 0.57 

Co 17.57 ± 0.46 

COE4 

C 34.63 ± 0.44 Co:Fe 

1:1.7 

Co,Fe:C 

1:1.5 

O 41.87 ± 0.51 

Fe 14.88 ± 0.29 

Co 8.61 ± 0.24 

GNPs/CoFe2O4 

1:1 by mass 

C 63.0 ± 0.6 Atom Ratio 

Co:Fe 

1:2.0 

Co,Fe:C 

1:3.7 

O 19.4 ± 0.4 

Fe 11.5 ± 0.3 

Co 5.6 ± 0.2 

Na 0.63 ± 0.1 

rGO/CoFe2O4 

1:1 by mass 

C 36.8 ± 0.8 

Atom Ratio 

Co:Fe 

1:2.0 

Co,Fe:C 

1:1.4 

O 34.1 ± 0.8 

Fe 17.2 ± 0.6 

Co 8.7 ± 0.4 

Na 3.25 ± 0.3 

The synthesized CoFe2O4 exhibits an atom ratio between cobalt (Co) and iron (Fe) of 

1:1.9, which is not in accordance with the chemical formula for cobalt ferrite (CoFe2O4). This 

can be attributed to the residue unreacted Co which was not removed completely during the 

fabrication. Carbon atoms (C) were introduced following the coating treatment with oleic acid 

(OA) and polyethylene glycol (PEG). After the modification period of 1 hour, the atom ratio 

between the metallic elements (Co, Fe) and C became 1:0.2. After further modification to 4 

hours, the additional carbon atoms were introduced making the atom ratio of Co, Fe to C become 

1:1.5. From this result, it can be confirmed that prolonging the treatment time leads to an 
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increase in the content of the coating polymers. Similar results were reported in the previous 

works [159,173]. 

The atom ratio of Co:Fe in CoFe2O4 remains unaffected by the decoration of the 

nanoparticles on both GNPs and rGO surfaces. However, when CoFe2O4 nanoparticles are co-

precipitated with GNPs and rGO in a 1:1 mass ratio, the atom ratio of carbon to metallic 

elements in GNPs/CoFe2O4 is 3.7:1, which is higher than that in rGO/CoFe2O4, where the ratio is 

1.4:1. This observation indicates that GNPs contain more carbon atoms compared to rGO when 

considering the same mass amount of material. Furthermore, it's important to note that only a 

minimal amount of sodium (Na) impurity, accounting for up to 3% of the overall composition, is 

observable from the decoration process. This level of sodium impurity is considered negligible 

for the purposes of composite fabrication. 

Table 2.3 lists the EDS mapping of each element within the fabricated filler materials. It 

can be observed that CoFe2O4 distributes uniformly on the material surfaces. Furthermore, the 

element density from the mapping matches with the results presented previously in Table 2.2. 
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Table 2.2-3 EDS mapping of each element in the fabricated fillers 

Samples C O Fe Co 

GO 

  

- - 

rGO 

  

- - 

CoFe2O4 - 

   

COE1 

    

COE4 

    

GNPs/CoFe2O4 

    

rGO/CoFe2O4 
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2.5.1.6 Magnetization via Vibrating-Sample Magnetometer (VSM) 

 

Figure 2-11 a. magnetization of fabricated fillers b. CoFe2O4 weight normalized magnetization of fabricated fillers c. 

magnetization of rGOC composite samples d. CoFe2O4 weight normalized magnetization of rGOC composite 

samples e. magnetization of GC composite samples f. CoFe2O4 weight normalized magnetization of GC composite 

samples g. saturation magnetization of each GC composite sample h. magnetization of COE4 composite samples i. 

CoFe2O4 weight normalized magnetization of COE4 composite samples 
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The magnetization data for the fabricated materials are presented in Figure 2.11. The 

magnetic moment was measured within a magnetic field range from -12 Oe to 12 Oe. The 

hysteresis loops of the fabricated materials exhibit ferromagnetic behavior, as noted in reference 

[58]. In Figure 2.11a, the saturation magnetization (Ms) of pure CoFe2O4 (Figure 2.9a) is 

approximately 60.0 emu/g. This value is consistent with previous reports on nanoparticles 

[48,157,202,203]. However, it is lower than the bulk magnetization of CoFe2O4, which is 80.8 

emu/ g [204]. This difference can be attributed to the smaller size of the magnetic nanoparticles 

[184]. The reduction in Ms is explained by the surface effect, specifically spin canting, which 

occurs when the diameter of the nanoparticles is much smaller than the critical single-domain 

diameter. This phenomenon suppresses the formation of magnetic domain walls [178,202]. 

From figure 2.11a, the weight normalized Ms experiences a decline when moving from 

pure CoFe2O4 and GNPs/CoFe2O4 (35 emu/g) to rGO/CoFe2O4 (13.0 emu/g). This can be 

ascribed to two reasons. First, the reduction in weight fraction of magnetic part in the fillers 

which follows the rule of mixtures. The second reason can be described by comparing CoFe2O4 

weight normalized Ms of each hybrid filler to the Ms of neat CoFe2O4 (Figure 2.11b). The values 

of 60 emu/g are comparable for the GNPs/CoFe2O4 and CoFe2O4. However, significant drop can 

be observed for rGO/CoFe2O4 hybrid material (20 emu/g) which has also been noted in previous 

studies by other researchers [201,205,206]. This decrease is consistent with the smaller size of 

the nanoparticles in the hybrid material, which is approximately 17.4 nm, compared to the 

roughly 28 nm size of the neat material [46]. In the case of the GNPs hybrid materials, the 

CoFe2O4 particles have a diameter of around 30 nm, which is similar to that of the neat material. 

This reduction could also be attributed to the impact of graphene on the surface properties and 

microstructure of the CoFe-based material, as reported in reference [137]. These graphene-
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induced effects might contribute to the additional drop in Ms. On the other hand, the coercivity 

(Hc) of CoFe2O4 was not affected by incorporation with rGO. 

Figure 2.11a also displays the hysteresis loops after coating the CoFe2O4 nanoparticles 

with OA/PEG. There is no significant drop of Ms after the treatment for 1 hour. Notably, there is 

no substantial reduction in the Ms observed after this treatment for 1 hour. However, there was a 

significant drop in the Ms from pure CoFe2O4 (60 emu/g) after coating the polymers for 4 hours 

in COE4 (48 emu/g). This can be ascribed to the considerable decrease in the weight fraction of 

the magnetic component within the coated CoFe2O4 (COE) nanoparticles as compared to the 

pristine CoFe2O4 nanoparticles. These results align with and are consistent with the results of the 

elemental analysis that were discussed earlier. Moreover, the coercivity (Hc) of the polymer 

coated CoFe2O4 (COE) is noticeably higher and shows an increase as the coating reaction time is 

extended. These results are consistent with the previous reports [207]. The increase in coercivity 

(Hc) can be reasoned by the reduction of the magnetic dipole coupling interaction between 

neighboring magnetic nanoparticles that caused by encapsulation of the magnetic nanoparticle 

[207]. Bertram et al. reported that a strong dipole coupling interaction appears to facilitate 

magnetization reversal, leading to a decrease in the coercivity value [208].  

The composite weight normalized magnetizations of rGOC composites are depicted in 

Figure 2.11c. The trend in Ms corresponds to the weight fraction of CoFe2O4 in the composites, 

following the order of 10rGOCw, 15rGOCw, and 25rGOC, respectively, in line with the rule of 

mixtures. In the case of GC composites, the Ms increases linearly with the loading of 

GNPs/CoFe2O4, as shown in Figure 2.11e and 1.11g. This trend aligns with previous reports 

[21,64,157,201]. A similar increasing trend in Ms can also be observed for GNCOE composite 

samples, as seen in Figure 2.11g. However, further investigation is required to confirm the slight 
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differences in Ms for the composites containing 3.5wt% GNPs (3.5GN40COE4 and 

3.5GN50COE4) compared to other GNCOE composites. Considering the CoFe2O4 weight 

normalized Ms of rGOC composites (Figure 2.11d), the values align closely with that of the 

pristine rGO/CoFe2O4 composite, with one exception noted for 15rGOCw. Significant decreases 

in the CoFe2O4 weight normalized Ms can be noticed for GC composites (Figure 2.11f) and 

GNCOE (Figure 2.11i) composites (25-37 emu/g) compared with neat GNPs/CoFe2O4 

(60emu/g). The reduction of CoFe2O4 weight normalized Ms of CoFe2O4 after mixing with 

polymers can also be found in existing reports [205,206,209,210]. Further investigation is needed 

to understand the deviation in Ms observed in the case of 15rGOCw, GC, and GNCOE 

composites. The coercivity (Hc) range of all composite materials tends to be matched and scaled 

with their original fillers. 

2.5.1.7 Through Thickness Electrical Conductivity 

Table 2.2-4 Through thickness DC electrical conductivity of the fabricated composite samples 

Samples 
Through Thickness     

Conductivity (S/m) 
Samples 

Through Thickness 

Conductivity (S/m) 

PLA 1.16E-09 2.5GN40COE 1.43E-02 

5rGO 7.33E-09 2.5GN50COE 1.19E-03 

8rGO 8.77E-02 3GN40COE 3.26E-03 

10rGOCw 1.08E-09 3GN50COE 1.62E-02 

15rGOCw 1.39E-06 3.5GN40COE 5.27E-03 

25rGOC 2.99E-04 3.5GN50COE 2.21E-02 

5GN 7.57E-04   

10GC 1.17E-09   

16.70GC 4.29E-05   

18GC 2.16E-04   

20GC 2.81E-04   

25GC 3.36E-02   

33.33GC 8.18E-02   

 

The DC electrical conductivity (σ) of the fabricated composites has been measured and is 

provided in Table 2.4. As anticipated, the conductivity increases as the volume fraction of the 

conductive fillers (rGO, GNPs) in the composites increases. Furthermore, it is observed that 
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composites containing GNPs exhibit higher conductivity than those with rGO at the same 

concentration. This reduction can be attributed to the smaller lateral size of the rGO particles 

than GNPs particles [46]. This finding aligns with the SEM micrograph analysis discussed 

earlier. Additionally, the presence of a higher number of out-of-plane functional groups in rGO 

results in an increased distance between the conductive carbon planes when particles come into 

contact. This leads to a reduced likelihood of contact between particles and an increase in carrier 

scattering at the interface due to inter-particle resistance [211]. 

Moreover, the uniform distribution of the insulated CoFe2O4 nanoparticles on the 

rGO/CoFe2O4 hybrid fillers can block the connection between the conductive fillers in the rGOC 

composites and reduce the length of the conductive pathways which leads to the tunnelling effect 

[60,113]. Thus, the GC composites exhibit higher conductivity than rGOC composites. It is 

evident that GNCOE composites exhibit higher conductivity compared to other filler systems, 

despite having a significantly lower weight fraction of conductive filler (GNPs). This can be 

attributed to the higher volume fraction of GNPs, which results from the substantial loading of 

high-density CoFe2O4 (COE) nanoparticles. However, it is important to note that the trend in 

conductivity of GNCOE samples does not strictly follow the rule of mixtures, especially when 

the GNPs loadings are quite similar in each composite. It is believed that other factors, such as 

the quality of dispersion of both GNPs and COE within the composites, may lead to different 

distributions of each constituent, particularly at high COE concentrations (40-50 wt%).  

The recommended DC conductivity range for designing materials for EM absorber 

applications is typically within the range of 10-4 – 10-2 S/m [36]. The fabricated composites that 

exhibit conductivities close to this specified range are underlined in Table 2.4. However, it is 

important to reiterate that DC electrical conductivity serves as a general guideline for 
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determining the conductive filler loading in composites for EMI shielding applications. This 

range does not precisely correspond to the ideal absorption range. The primary absorption 

performance is primarily contingent on whether the absorption resonant peak of reflection loss 

(RL) occurs within the operational frequency band. This characteristic can be evaluated through 

the scattering parameters at high frequencies using a vector network analyzer. 

2.5.1.8 Electromagnetic Intrinsic Properties 

The scattering parameters (S11, S21) obtained from a vector network analyzer (VNA) 

were utilized as input data for the Nicholsen-Ross-Weir (NRW) calculations [168,169,212] to 

extract the complex electrical permittivity (ε* = ε' + ε'') and complex magnetic permeability (μ* 

= μ' + μ'') in the X-frequency band (4-12 GHz). The real parts of both parameters (ε', μ') signify 

dielectric and magnetic energy storage, respectively. On the other hand, the imaginary parts (ε'', 

μ'') are associated with the dissipation of energy in terms of dielectric and magnetic losses 

[17,100,103]. 

 

Figure 2-12 Real permittivity of a. neat PLA, rGO composites, and rGOC composites b. 8rGO c. 5GN and GC 

composites d. GNCOE composites 
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Figure 2-133 Imaginary permittivity of a. neat PLA, rGO composites, and rGOC composites b. 8rGO c. 5GN and 

GC composites d. GNCOE composites 

The real permittivity (ε’) is plotted in Figure 1.12. It is evident that the real part of the 

permittivity of all produced composites show an increase with higher loading of conductive 

fillers (GNPs, rGO) according to the effective medium theories [20,21,127]. This trend aligns 

with observations in polymer composites containing conductive fillers [21,46,98,137,157,213–

222]  and can be attributed to the increase in the number of micro-capacitors and polarization 

centers within the composites as a result of the conductive filler loading 

[62,106,112,157,214,223]. These micro-capacitive networks are formed with conductive fillers 

acting as electrodes, embedded within the insulating constituents which results in more energy 

storage [106]. This rise in capacitance is likely due to an increase in the conductive network 

within the composite. With narrow insulative gaps between the conductive layers, high electrical 

field strength may build up which contributes to the dipolar polarization and electronic 

polarization of the composites [24,103,223]. Thus, the larger size of conductive fillers (GNPs), 
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that provide a greater chance for contacting each other, exhibits higher ε’ than the smaller one 

(rGO). This result aligns consistently with the DC conductivity trend. In the case of higher 

loading of conductive fillers, complex fluctuations in the real permittivity can be observed. 

These fluctuations indicate the presence of resonance, which can occur when the material 

becomes highly conductive, and the skin effect becomes a dominant factor in its behavior 

[216,218,221]. Moreover, the resonance was also possibly due to the matching frequency of 

electron hopping between the conductive layer to applied EM wave frequency [224]. Similar 

trends of these fluctuations due to high conductive filler loadings have been documented in 

previous studies [98,137,157,213–216,218–221]. 

On the other hand, the imaginary part, which is associated to the EM energy dissipation, 

primarily contributes to the synergistic effect involving both conduction loss and dipolar 

relaxation loss, as described by Debey's relaxation [21,62]. 

The imaginary permittivity (ε”) of the manufactured composites also shows consistent 

increases with the loading of the conductive fillers (GNPs, rGO) of the composite (Figure 1.13). 

The observed overlap between each concentration is due to two reasons. First, the volume 

fraction of the conductive fillers in the same system in each plot are very close to each other. 

Thus, the values of each loading are close to each other. Second, the fluctuation in the imaginary 

permittivity (ε”) over the frequency band is caused by the dielectric resonance that occurs when 

the frequency of electron hopping between conductive fillers matches with of the EM wave 

[127,224].  

The conduction loss is directly related to the conductive filler concentrations when 

comparing the composites with the same filler system. Additionally, the conductivity of the 

composites is also dependent on the size of the conductive filler and the dispersion quality that 
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affect the ability to construct the conductive network inside the composite as described 

previously. Consequently, electrons in the composite have a greater mean free path for transfer, 

enabling them to dissipate more electrical energy [21,24].  Therefore, the composites consist of 

GNPs fillers provide higher ε” than the ones with rGO. Additionally, the increase in conductivity 

also causes the shift in dipole polarization [213,219]. The relaxation loss is mainly correlated 

with the delay of dipolar polarization and electric polarization with respect to a changing 

electrical field within the material [21,62,103,223]. Moreover, the structural defects in the fillers 

such as the out-of-plane functional group create polarization centers in the composites 

[62,106,214]. Furthermore, the increase in filler loading, and the presence of the insulated 

magnetic CoFe2O4 nanoparticles also results in enhancement of the Maxwell-Wagner interfacial 

polarization due to charge accumulations at the interface between each constituent [215,220]. 

Thus, the loading of both conductive fillers (GNPs, rGO) and insulated magnetic constituents 

(CoFe2O4, COE) influence the imaginary permittivity of the fabricated composite. 

As depicted in Figure 2.14 and Figure 2.15, the complex permeability (μ*) of the 

composites shows values close to 1 for the real part (μ') and around 0 for the imaginary part (μ''). 

Only the 33.33GC and GNCOE samples, which have extremely high loading of magnetic 

nanoparticles (CoFe2O4, COE), exhibit a slight increase in both these values. This behavior is 

consistent with existing reports on polymer composites filled with magnetic nanoparticles, which 

also show complex permeabilities (μ*) hovering around the same range, even at high loading 

levels [21,52,62,101,134,137,145,157,213,217,220,225–227]. All these reported magnetic 

materials have saturation magnetization (Ms) comparable to CoFe2O4. However, the complex 

permeabilities of their composites remain within the same range as observed in this work. The 

fluctuations in both the real (μ') and imaginary (μ'') parts of the complex permeability are 
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attributed to the higher Ms associated with higher loading of magnetic constituents in the 

composites, a phenomenon also observed in previous studies [52,62,103,134,145,156]. 

 

Figure 2-144 Real permeability of a. neat PLA, rGO composites, and rGOC composites b. 5GN and GC composites 

c. GNCOE composites 

 

Figure 2-155 Imaginary permeability of a. neat PLA, rGO composites, and rGOC composites b. 5GN and GC 

composites c. GNCOE composites 

Typically, the magnetic loss in ferromagnetic materials results from various factors, 

including magnetic hysteresis, domain wall motion, eddy current effects, and ferromagnetic 

resonance. [137,217]. In this case, hysteresis loss can be considered negligible due to the 

application of a weak magnetic field [137,217,228]. Moreover, the domain wall motion usually 

affects the magnetic loss in the MHz range [137,217]. Likewise, the magnetic resonance loss of 

ferromagnetic material usually occurs in the frequency less than 6 GHz [21,137,217]. Therefore, 

the main mechanism for magnetic loss in the X-band frequency range for this material is the 

eddy current effect. However, the eddy current effect may not significantly impact magnetic loss 

due to the insulating behavior of CoFe2O4. This could explain the low permeability observed in 

the fabricated composites. Nevertheless, the presence of CoFe2O4 can still contribute to 
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electromagnetic absorption by manipulating both complex permittivity and permeability through 

other mechanisms, such as polarization and internal scattering effects, resulting from impedance 

mismatches at the interface [21,137,217]. 

 

Figure 2-16 Schematic of EM absorbing mechanism for hybrid composites presented in this work. 

As shown in figure 2.16, incorporating graphene-based conductive materials CoFe2O4 

nanoparticles in the polymer composites does not only help absorb EM energy via tuning the 

intrinsic properties through the rule of mixtures, but also exhibits other loss mechanisms as 

discussed previously in this section. 

2.5.1.9 Electromagnetic Absorption in X-Band 

The reflection loss (RL) can be utilized as a figure of merit to determine the absorption of 

the fabricated composites. The extracted complex electrical permittivity (ε*) and magnetic 

permeability (μ*) of each fabricated composite were put in the transmission line equations from 

chapter 1 to simulate the reflection loss (RL) at the normal incidence on the front face of the 

materials. The parametric sweep was set for the thicknesses of the material from 1 mm to 10 mm 

with 1 mm step. The maximum RL and the operation frequency bandwidth (BW) at the RL at -
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20 dB are focused as the performance of the absorber in this work, since the RL at -20 dB meets 

the minimum requirement for most of the commercial applications [1–6]. 

 

Figure 2-17 Reflection loss of composites with 1-10 mm thickness a. PLA b. 5rGO c. 8rGO d. 10rGOCw e. 

15rGOCw f. 25rGOC 

 

Figure 2-18 Reflection loss of composites with 1-10 mm thickness a. 5GN b. 16.7GC [ASC cited] c. 18GC d. 20GC 

e. 25GC [ASC cited] f. 33.33GC [ASC cited] 
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Figure 2-19 Reflection loss of composites with 1-10 mm thickness a. 2.5GN40COE b. 2.5GN50COE c. 3GN40COE 

d. 3GN50COE e. 3.5GN40COE f. 3.5GN50COE 

The simulated reflection losses (RL) for the fabricated composites are illustrated in 

Figure 1.16, Figure 1.17, and Figure 1.18. As expected, neat PLA (Figure 1.16a) displayed a low 

RL with a maximum value of -2.5 dB, owing to its insulating and non-magnetic properties, 

making it transparent to electromagnetic (EM) energy. Similarly, composites such as 8rGO, 

25GC, 33.33GC, 2.5GN40COE, 3GN50COE, and 3.5GN50COE, which exhibit high 

conductivity and become highly reflective to EM energy in the X-band, also show the RL values 

that do not exceed -20 dB. This can be attributed to the significant impedance mismatch between 

these composites and free space, resulting in high reflection at the front face of the materials. The 

high conductivity in these composites can be explained by two factors. First, they contain high 

concentrations of conductive fillers (rGO, GNPs) that exceed the conductive percolation 

threshold. Second, the interconnection of conductive filler morphologies forms a conductive 

network within the composite, which is influenced by the types of fillers and their dispersion 

quality, impacting the overall conductivity of the bulk composites, as discussed in the previous 

section on DC conductivity. 
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The composites consist of 5rGO, 10rGOCw, 15rGOCw, 25rGOC, 20GC and 

3.5GN40COE have DC conductivity close to the recommended range [36]. However, there is no 

absorption peak in the focused frequency band (8-12 GHz) for 25rGOC, 20GC, and 

3.5GN40COE. This can be ascribed to the intrinsic impedance, that are acquired from the 

intrinsic properties (ε*, μ*), does not provide the standing wave condition that can match with 

the design thicknesses within the frequency range [20,21,170]. Normally, the attenuation can be 

enhanced if the thickness of the material matches with the sequence of a quarter wavelength of 

the standing wave [170]. Furthermore, the maximum absorption peaks above -20 dB for 5rGO, 

10rGOCw, 15rGOC exist at the composite thickness of 8 mm or above due to the same reason. 

Therefore, these composites may not be appropriate for applications that have size limitations. 

 

Figure 2.20 Reflection loss of composites with 1.5 – 3.0 mm thickness a. 5GN b. 16.7GC c. 18GC d. 20GC e. 

2.5GN50COE f. 3GN40COE 

The composites exhibiting absorption peaks around -20 dB or greater within the 

frequency band include 5GN 16.7GC, 18GC, 2.5GN50COE, and 3GN40COE. These peaks 

occur at a thickness of approximately 2 mm for all these composites. Further analysis of the 
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reflection loss (RL) for these composites was carried out at thicknesses ranging from 1.5 mm to 

3 mm, with a sweep resolution of 0.1 mm.  

In the case of the 5GN composite (Figure 2.20a), the maximum RL ranges from -25 dB to 

-30 dB within thicknesses ranging from 1.9 mm to 2.6 mm. Notably, there is an observable trend 

where the peak shifts towards lower frequencies as the thickness of the composite increases. This 

phenomenon can be ascribed to the matching between the propagation distance and the sequence 

of quarter wavelengths of the electromagnetic (EM) wave inside the material the material, while 

the wavelength of the EM wave for 8-12 GHz frequency band is ranging from 37.5 – 25.0 mm.  

Consequently, resonance occurs, leading to the attenuation of EM energy at a specific frequency 

where the wavelength equals the mentioned distances. Therefore, the thicker composite leads to 

longer propagation distance that matches with the quarter wavelength, which lowers the 

frequency at the peak. The effective operation bandwidths (BW) within the -20 dB range span 

from 600 MHz to 930 MHz. Notably, there is an observed trend where the peaks at higher 

reflection loss (RL) also correspond to wider bandwidths.  

The 16.7GC composite (Figure 2.20b) exhibits a similar pattern to the 5GN composite, 

with the peak shifting towards lower frequencies as the thickness increases. However, this 

composite only features two peaks achieving absorptions greater than -20 dB. The maximum 

absorption is noted at -27 dB for a thickness of 1.9 mm, with a corresponding bandwidth of 280 

MHz. It is noteworthy that the peak primarily exists around 12 GHz, indicating that the effective 

bandwidth is mainly accounted for in the X-band. Similarly, the 18GC composite (Figure 2.20c) 

follows the same trend in peak positions. Notably, lower RL is observed as the thickness 

decreases. This behavior can be attributed to the onset of phase mismatch occurring as the 

thickness decreases, particularly at the 1 mm step. The difference between the quarter-
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wavelength distance and the thickness becomes more pronounced with increasing thinning in 

each step. The highest RL peak is at -19dB. The significant deep peaks can be achieved from 

2.5GN50COE composite (Figure 2.20d). The absorption at -37 dB and -38 dB are attributed to 

the thickness of 2.3 mm and 1.9 mm, respectively. The corresponding BW for these peaks are 

630 MHz and 610 MHz, respectively. The final effective composite is 3.5GN40COE (Figure 

2.20e). The maximum RL -23.5 dB with BW of 400 MHz was achieved. 

Table 2-5 The comparison of EM absorption and BW with other reported absorbers 

Reports Materials 
Thickness 

(mm) 
Max RL (dB) 

Max BW 

(GHz) @-

10dB 

This Work GNPs/CoFe2O4 in PLA 1.9 -38.0 
3.21@-10dB 

0.36@-20dB 

Zong et al. 

[213] 
rGO/CoFe2O4 in Paraffin 2.0 -47.9 4.9 

Fu et al 

[153] 

PVP/rGO/CoFe2O4 in 

Paraffin 
2.0 -18.5 3.7 

Song et al. 

[21] 
Paraffin/GN/CoFe2O4 1.5 -28.5 1.1 

Min et 

al.[49] 
SBA-15/CoFe2O4 2.0 -18.0 4.5 

Li et al. [62] Nickel-N@carbon in Paraffin 3.0 -32.3 5.0 

[101] FeCo/rGO in Paraffin 2.5 -40.2 3.2 

Kong et 

al.[223] 

rGO/CNTs in  

poly(dimethyl siloxane) 
2.75 -55 3.5 

Fu et al. [59] 
NiFe2O4 nanorod/rGO in 

Paraffin 
2.0 -29.2 4.5 

Cui et al. 

[229] 

MXene/rGO/Nb2CTx/Fe3O4 

in Paraffin 
2.5 -59.17 6.8 

Bi et al. 

[136] 

Ni@Co/Carbon@polypyrrole 

in Paraffin 
2.0 -48.76 5.10 

Hou et 

al.[225] 

NiSe2-CoSe2@C/Ti3C2Tx in 

Paraffin 
2.6 -60.46 5.7 

Ran et 

al.[226] 

BaTiO3 nanotubes/rGO in 

Paraffin 
2.5 -44.9 5.4 

Wang et al. 

[52] 
Ti3C2/Fe3O4 in PANI 1.9 -40.3 5.2 

Zhang et 

al.[50] 

NiCo2S4@C/Porous Carbon 

in Paraffin 
2.1 -59.36 6.8 
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The example of the published reports on the composites consisting of polymers, 

conductive materials, and magnetic materials at thickness around 2 mm are listed in Table 5. It 

can be noticed that this work can compete with other works that contain materials with similar 

production complexity. The literatures that provide higher performance of the absorber require 

higher effort to overcome the production complexity, as well as higher cost on the precursor 

materials. This can imply that our work provides guidelines for composite absorber fabrication 

that are cheap and simple but can achieve the performance that meets most application 

requirements. 

2.5.2 Electrical Conductivity and Electromagnetic Absorption of Twin-Screw Compounding 

PLA/GNPs 

 

Figure 2.21 Intrinsic properties of T7.5GN a. electrical permittivity b. magnetic permeability 

In order to expedite the production rate and achieve the requirement of economical 

scalable method. The PLA/GNPs composite with the concentration of 7.5wt% were also 

manufactured by twin screw compounding method. The electrical conductivity, intrinsic 

properties, and EM absorption of the fabricated composite were characterized similarly to the 

composites fabricated from solution mixing method. The DC electrical conductivity of the 

composite was achieved at 1.0 S/m which is higher than the recommended range for EM 
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absorber applications. However, the characterized intrinsic properties (Figure 2.21) provide the 

absorption peak of -21 dB within 8 – 12 GHz band (Figure 2.22) with the BW at -20 dB of 0.2 

GHz at the thickness of 2.0 mm. Thus, this composite can also be a good candidate for a baseline 

material used to design and fabricate the periodic porous EM metamaterial absorbers. The 

difference between composites produced by solution mixing and twin-screw compounding 

methods in the morphologies and their effect on electrical conductivity were already reported in 

our previous work [230]. 

 

Figure 2-22 Reflection loss of T7.5GN at 1.5 - 3.5 mm with 0.1 mm step 

2.6 Conclusions 

In summary, the hybrid fillers composites consist of conductive fillers (rGO, GNPs) and 

magnetic nanoparticles (CoFe2O4) in PLA matrix were prepared and characterized. The 

comparative study in the effects of graphene types, the incorporation with CoFe2O4, 

concentration, dispersion quality, and production technique on the EM absorption performance at 

8-12 GHz band were performed. Moreover, this work also proposes the technique to disperse 

high concentration of CoFe2O4 in the composites by introducing the stabilizer OA/PEG on the 

surface of CoFe2O4 nanoparticles. Unlike the decoration on graphene technique, this method was 
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used to avoid an effect on the concentration of the conductive fillers. The results show an 

enhancement in magnetic permeability with the increments of CoFe2O4. Moreover, the electrical 

permittivity can also be improved by tuning the concentration of conductive fillers. Furthermore, 

the designing of the micro morphologies of the composite systems also affects the EM 

absorption performance through other loss mechanisms such as polarization and internal 

scattering. Thus, the desired absorption and operation bandwidth can be achieved. The maximum 

RL achieved is -38 dB with the operation BW at -20dB of 630 MHz. This absorption level can 

compete with previous works that require similar production complexity and cost effectiveness. 

Moreover, the composites manufactured by twin screw extruder, which is economical scalable 

than solution mixing, also provide the RL that meets the minimum requirement for commercial 

applications. It is believed that the reported composites from both methods can be great potential 

baseline material for periodic porous EM metamaterial absorber design.
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Chapter 3 Electromagnetic Field – Based Computational Modelling for Periodic Porous 

Structure Metamaterial EM Absorbers 

3.1 Related Publication 

1. Kanat Anurakparadorn, Alan Taub EM. Design and Optimization of the Porous 

Metamaterial EM Absorbers in X-band. in 2023 IEEE Symposium on Electromagnetic 

Compatibility & Signal/Power Integrity (EMC+ SIPI), IEEE, 2023. Grand rapids, Michigan, 

USA pp. 218-218. 

3.2 Introduction 

In the first chapter, it is discussed that incorporating porous structures into polymer EM 

absorbers offers several advantages for improving absorption. This improvement occurs through 

multiple mechanisms, including heightened internal scattering, enhanced impedance matching, 

and increased filler concentration on the cell wall. Additionally, the introduction of pores serves 

to decrease the density of the absorbers, making them well-suited for applications where 

lightweight materials are preferred [36,55,67–71,74,79,80,191,231–236]. The most 

straightforward method for incorporating a porous structure into the material involves foaming. 

Nevertheless, the characteristics of the resulting foams, including pore size, cell wall thickness, 

and pore distribution, heavily rely on the conditions during the foaming process 

[71,98,99,237,238]. This dependence poses challenges in precisely controlling these conditions 

to achieve the desired porous structures. The range of processing parameters that can be adjusted 

for varied morphologies includes foaming methods, temperature, pressure, time, foaming agent, 
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and pressurizing rate. Furthermore, the resulted morphologies are random and not repeated. 

Therefore, experimenting with parameter variations to identify an optimal morphology for EM 

absorption is not feasible in practical design scenarios.  

In addition, alternative methods for incorporating macro pores into absorbers, such as 3D 

printing or machining of scaffolds and honeycombs [75,78,79,234,235,239–242], can demand 

substantial effort to attain the desired morphologies for EM absorption. Given these challenges 

and limitations in experimental approaches, computational modeling methods emerge as a more 

practical and cost-effective means to predict EM absorption performance. These modeling 

techniques offer the advantage of forecasting absorption outcomes before the actual fabrication 

of samples for experimental testing. There are existing reports on structure design for porous EM 

absorbers that utilized computational modelling to predict their absorption performance. For 

instance, Luo et al. [241] designed the gradient porous structures for broadband microwave 

absorbing applications using finite element integral technique (CST Microwave Studio). The 

study varied the parameters including the number of layers, layer height, apertures of square 

holes and the wall thickness, and simulated the scattering parameters (S11, S21) for absorption 

prediction. The optimal geometry provided a match between simulation results and experimental 

measurements of the absorber with BW@10 of 14.06 GHz. Méjean et al. also combined 

computational simulations and prototyping to design pyramidal absorbers from carbon fibers 

loaded with epoxy foam. The resulted RL of -30 dB was achieved which is 10 dB higher than the 

commercial pyramidal absorbers (APM12 from SIEPEL). 

Furthermore, the metamaterial concept which is based on the interactions between the 

repeated units in periodic structures provides opportunities to enhance absorptivity through 

resonance, as well as to obtain the multi-resonance modes which result in broader operational 
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bandwidths [15,83–85]. The structural design for metamaterial absorber can also be performed 

via computational modelling. For example, Ren et al. [94] utilized numerical simulation to 

design the meta-structure of carbon/ABS composites. The structures contain repeated arrays of 

cylinder pillars on the flat surface. The simulation was used to predict the dielectric resonant 

modes of electric field at each frequency which cause the attenuation based on metamaterial 

concept. The 3D-printed samples were fabricated for validation and showed good agreement 

with the modelling results. The produced absorber provided an absorptivity higher than 90% 

over the whole operating band from 3.9 to 12 GHz. Ding et al. [14] also employed the 

computation simulation to design the absorbers composed of a periodic array of metal-dielectric 

multilayered quadrangular frustum pyramids. The pyramids provide resonant absorption modes 

at multi-frequencies which overlap with each other resulting in a wide band of absorption. The 

simulation agreed with the experimental results which produced the absorption at normal 

incidence above 90% in the frequency range of 7.8–14.7 GHz. Similar works on using 

computational modelling for designing the metamaterial absorbers are reported for both on 

traditional metamaterials that consisted of metallic structures on the dielectric slabs 

[15,85,90,243–245] and metamaterials that contain complex porous structures 

[80,87,92,93,95,96]. 

Table 3-1 EM intrinsic properties of 30 wt% Fe2O3/GNPs in paraffin wax extracted from Song et al. [21] by 

Bregman et al. [99] 

Frequency (GHz) ε' ε" μ' μ" 

8 14.40 10.21 1.18 0.04 

9 10.68 8.40 1.19 0.06 

10 9.19 5.56 1.17 0.07 

11 10.34 4.21 1.15 0.14 

12 11.41 3.99 2.00 0.16 
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By combining the advantages of porosity of foams and the periodicity of metamaterial, 

the novel periodic porous structured EM absorbers were designed to satisfy multi-objective 

characteristics (high absorption, wide operation bands, multi-incidence angles, polarization 

independence). Recently, a previous member in our group, Bregman et al. [97–99], proposed the 

ability to investigate the EM absorption responses of periodic porous structure via EM field-

based computational method. The simulation was performed using finite element analysis for the 

complex porous meta-structures. The simple geometries (cubic, sphere, cylinder) of air pores 

were introduced to the periodic unit cell (Figure 3-1a). The input material intrinsic properties 

were obtained from Song et al. [21] for rGO/Fe3O4/Paraffin composite which are listed in Table 

3-1. The result shows the improvement of RL with the shift of the peak frequencies when the 

different geometries of air pores were input (Figure 3-1b). The electric field distribution plot in 

Figure 3-1c reveals notable enhancements at specific positions on the cell wall, corresponding to 

the frequency peak of RL. These enhancements stem from the interaction among periodic pores, 

inducing resonance within the absorber structure and showcasing metamaterial behavior. 

However, the improvement trend is not consistently increasing with pore geometry. This 

suggests that only specific geometries can be optimized to achieve the highest absorption 

performance, highlighting the challenge in predicting structures for optimal design using a 

parametric sweep method that addresses the multi-objectives of the absorbers. 

Given this complexity, it is proposed that an optimizer program be applied. Such a 

program could determine the maximum RL while simultaneously identifying the optimal point 

for multi-objective design. This approach is anticipated to provide a more systematic and 

efficient means of achieving the desired absorber performance by addressing the intricate 

relationships between pore geometry and electromagnetic absorption characteristics. 
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Figure 3-1 Computational modelling periodic sphere void metamaterial structure reported by Bregman et al. [99] a. 

Concept of Modelling b. RL of the reported absorbers with different size of sphere void c. electric field distribution 

from X-Y direction (top-view) at different frequencies of the model with 8.18 mm3 sphere void size. 

 

Figure 3-2 Validation of computational model with scattering measurement in TE10 mode provided by Bregman et 

al. [98] a. the geometry consists of arrays of cylinder pores that is used for the validation b. validated SE results of 

5wt% M15-grade GNPs c. validated SE of 5 wt% M25-grade GNPs 

Furthermore, Bregman et al.  [98] conducted experiments to validate the accuracy of their 

models by fabricating real absorber samples. Figure 3-2a displays Bregman et al.'s GNPs/PLA 

composites, created through compression molding and machining periodic arrays of cylinder 

holes on the top surface. EMI SE was measured using a Vector Network Analyzer (VNA) with a 

WR-90 waveguide in TE10 mode, and the results were compared with simulation outcomes. The 

measured SE trends closely matched the modeling at each frequency point, with slight 
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differences in magnitude. This alignment suggests that the author's modeling method is reliable 

for designing periodic porous metamaterials. 

Building on this validation, the chapter identifies opportunities for further exploration of 

periodic porous structures and emphasizes the potential for optimization to achieve a multi-

objective design for EM absorbers. Utilizing material intrinsic properties from Chapter 2 as 

inputs, computational models were developed based on Bregman et al.'s method [97–99]. The 

exploration extended to higher levels of complex structures, and a Monte-Carlo algorithm was 

developed and applied to identify the optimal structure for multi-objective design, considering 

both RL and BW. The results indicated that enhanced RL and broadened BW could be achieved 

beyond baseline composites, meeting the absorption requirements demanded at a military level 

for EM absorbers. 

3.3 Computational of Periodic Porous Structure 

3.3.1 Model Construction 

 

Figure 3-3 a. Schematic showing a unit cell of EM metamaterial absorber which is used in this work. b. Example of 

single cone void geometry generated in COMSOL. 

The computational modeling methodology was based on the approach proposed by 

Bregman et al. [98,99]. Finite Element Analysis (FEA) was conducted using COMSOL 
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Multiphysics 5.6 with the Radio Frequency (RF) module [246]. The models comprised 3D 

periodic cuboid lattice in Cartesian coordinates, serving as unit cells with layers of materials. 

These models aimed to determine scattering parameters responsive to input EM radiation. The 

simulation was performed in the X-band frequency ranging from 8-12 GHz corresponding to the 

wavelength of 25.0 – 37.5 cm in free space. 

The unit cell's top surface, representing the absorber layer, had an excitation port 

boundary condition with periodic reference points and 1W input power in transverse electric 

polarization mode (TE). The angle of incidence can be defined as input conditions as normal 

incidence, oblique incidence, or TE10 mode. To prevent secondary effects from surface 

reflections, domain-backed slit conditions combined with a perfectly matched layer (PML) were 

applied to the top air layer. Periodic boundary conditions were used in both x and y directions. 

For SE simulations, a receiver port boundary condition was applied at the bottom of the 

absorber. The simulated S21, representing the transmission coefficient (τ), was used to calculate 

SE based on Equation 1.10. For RL simulations, a perfect electrical conductor (PEC) surface 

boundary condition was applied at the absorber's bottom. The simulated S11, representing the 

reflection coefficient (Γ), was used to determine RL using Equation 1.2. 

In cases involving metamaterial structures, air pores or material pillars were introduced 

into the material layer. Figure 3-3b illustrates an instance of the model generated in COMSOL, 

featuring a conical air pore within the unit cell. 

3.3.2 Mesh Discretization and Elemental Order Tests 

Figure 3-4 depicts the mesh refinement analysis conducted for the model. According to 

the COMSOL RF module user guide [246], the criteria for defining mesh size constraints are 
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based on being less than 1/10 of the wavelength (λ) and 1/2 of the skin depth (δ), the latter of 

which is determined by the equation: 

 δ =  √
2𝜌

2𝜋𝑓𝜇𝑜|𝜇∗|
  (3.1) 

Here, ρ represents the bulk resistivity of the material, f is the frequency, μ₀ is the magnetic 

permeability of free space, and μ* is the magnetic permeability of the material. The simulation 

employed the auto-meshing option in COMSOL with size constraints. A rectangular sweep was 

utilized in the PML layer, while free triangular meshes were applied to the surfaces, and free 

tetrahedral meshes were employed for the internal 3D structures. Mesh sizes were finer in 

smaller parts of the geometry. 

 

Figure 3-4 Mesh discretization sensitivity test of a single slab absorber a. comparing the solutions between each 

mesh size and analytical solution from transmission line equation (MATLAB) b. Simulation time of models with 

different mesh sizes. c. Degree of freedom of the models with different mesh sizes. d. Example of mesh sizes 

defined in COMSOL [246]. 

Various mesh size options, including Normal, Fine, Finer, and Extra Fine, were tested 

with a bulk material. FEA solutions were compared with analytical solutions calculated from the 

transmission line equation from Chapter 1 using MATLAB. As depicted in Figure 3-4a, the 
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solutions from each mesh size setting closely matched the analytical solutions, with less than a 

0.1% error. 

Figure 3-4b and 3-4c illustrate the simulation time and the degree of freedom (DOF), 

which increase as smaller meshes are selected. Slight increases were observed from Normal to 

Fine to Finer before a sharp rise with the selection of the Extra Fine mesh. Consequently, a finer 

mesh was deemed the optimal setting for this study. 

Figure 3-5 displays plots of the elemental order test in both the transverse electric 

polarization mode (TE) and transverse magnetic polarization mode (TM). The simulation results 

were compared with analytical results. Notably, it is evident that the linear elemental order yields 

the highest error when compared to the analytical solution. While the cubic order demonstrates 

an overlap with the analytical solution for TE, errors persist in the TM mode. Consequently, the 

quadratic elemental order is identified as the most suitable choice for this study. 

 

Figure 3-5 Elemental order analysis that compared each elemental order with analytical solution from transmission 

line equations (MATLAB) a. for transverse magnetic field mode b. for transverse electric field mode. 

3.3.3 Model Validation 

After mesh discretization and elemental order optimization, the model was validated by 

inputting material intrinsic properties from Song et al. [21] as shown in Table 3-1. RL was 

simulated (figure 3-6a) and compared the value with experimental reported by Song el al. (figure 

3-6 b). The results shows agreement in the trend and position of the absorption peak around 4.7 
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GHz. The reported maximum RL from the experiment was -27.5 dB while the simulated result 

from our model was -24 dB which is still lower than the experimental result. Combined with the 

validation performed by Bregman et al [98], it can implies that this model can be used to 

predicted the EM absorption of periodic porous structure metamaterial EM absorber. 

 

Figure 3-6 The validation of modelling result a. in this work compared with experimental result from b. Song et al. 

[21] for Fe2O3/GN-3 sample. 

3.4 Monte-Carlo Optimization 

3.4.1 Optimizer Construction 

 

Figure 3-7 Concept of global solution and local solution adapted from COMSOL Radio Frequency Module user 

guide [246]. 

As mentioned in the introduction of this chapter, the parametric sweep method typically 

involves systematically varying parameters within a specified range to explore the design space. 

However, when the parameter space is large or the relationship between parameters and 

objectives is not straightforward, this approach may become impractical or inefficient. In such 

cases, an optimization algorithm can be employed to intelligently search for the optimal set of 

parameters that satisfy multiple design objectives [247]. By using an optimizer program, the 
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process of finding the best configuration for your meta-structure EM absorber can be automated, 

taking into account multiple objectives. This can save time and resources compared to exhaustive 

parametric sweeps. Additionally, it allows for a more systematic and intelligent exploration of 

the design space, leading to improved performance in terms of the specified criteria. 

The choice of the optimization algorithm must be selected carefully so that the optimized 

solution can reach the global solution in the parameter space. Figure 3-7 illustrates the concept of 

local minimum solution and global minimum solution. Some optimization algorithms such as 

Nelder-Mead method [248,249] or particle swarm [13,250] provide the optimized solution by 

improving the objective function from the initial point. However, such algorithms provide a 

chance to achieve the solution at the local point which may not be the global point in the 

parameter space. Therefore, the algorithms that are able to search the solution distributionally all 

over the parameter space are more applicable.  

 

Figure 3-8 Example of parameter scattering in the parameter space showing the control variables of 2.5GN50COE 

with single cone void that include t: thickness of the absorber, lx: x-length of the unit cell, ly: y-length of the unit 

cell, tvoid: thickness of the cone, rconetop: radius of the cone at the top surface, and rconebottom: radius of the cone 

at the bottom surface. 
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The Monte-Carlo method [251,252] which performs randomized searching all over the 

parameter space with uniform distribution of parameter points in the space, is one of the 

algorithms that can provide the optimized solution closest to the global point. The inputs of this 

method include the iteration number and the initial seed for generating randomized points in the 

parameters space.  In this study, the random number generator U16807 [252] was used to 

generate the random number between 0 to 1 and scaled up to the range of each parameter to 

select the random points based on the input iteration number. The constraints such as upper 

bound, lower bound, and manufacturing resolution were added to the selection criteria to avoid 

generating the points in the undesired space.  

The optimizer was generated in MATLAB and communicated with COMSOL FEA 

model though Livelink to MATLAB module [253,254]. The generated set of parameters from 

the optimizer was input in the model automatically and solved for the RL result. The result was 

analyzed in the same program for maximum RL and BW in each case. These processes were run 

into the loop with the defined iteration times. The objective functions were compared with the 

previous solutions and the set of parameters that provide global maxima was selected as the 

optimized case of the absorber structure. Figure 3-8 visualizes the example of selected points in 

the space for a single layer structure with conical void inside the absorber slab. The control 

variables, encompassing parameters like absorber thickness (t), unit cell dimensions (lx and ly), 

cone thickness (tvoid), and cone radii (rconetop and rconebottom), are subject to this 

optimization. It can be observed that the iteration point distributes uniformly over the parameter 

spaces while adhering to the specified constraints. 
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Figure 3-9 Example of the solution from the optimizer for 2.5GN50COE with single cone. 

The solutions based on the example case for conical void in an absorber slab are plotted 

in Figure 3-9. It can be observed that each control variable set provided a different RL to the 

input EM radiation. The proposed optimizer selects the parameter set that most benefits the 

provided objective functions. The examples of objective functions include maximizing the RL, 

maximizing the BW, minimizing the effect of polarization, minimizing the effect of angle of 

incidence change. In this study, the objective function for maximizing the RL and maximizing 

the BW at -20 dB were input in the weighting ratio of 1:19 which more focus on broadening the 

BW. 

 

Figure 3-10 RL of the optimized structure taking material intrinsic properties from Song et al. [21] The structure 

contains a cuboid void inside a unit cell. Parameters in the legend include t: thickness of the absorber, lx: a unit cell 

lenght in x direction, ly: a unit cell length in y direction, tvoid: void height, lvoidx: void length in x direction, lvoidy: 

void length in y direction. 
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The generated optimizer testing results are shown in Figure 3-10. Material intrinsic 

properties from Song et al. [21] were input into the FEA model of an absorber slab with a single 

cuboid void in a unit cell. The control variables include t: thickness of the absorber, lx: a unit cell 

lenght in x direction, ly: a unit cell length in y direction, tvoid: void height, lvoidx: void length in 

x direction, lvoidy: void length in y direction. The optimized result shows the RL with two 

combined absorption peaks at -36 dB and -31 dB corresponding to the frequency at 8.2 GHz and 

10.3 GHz respectively. This peak combination yields the BW at -18 dB around 2 GHz while 

BW@10 around 5 GHz at the thickness of 3.4 mm. This result shows a significant improvement 

from the original material slab reported by Song et. al. [21] as shown in Figure 3-6b. 

 

Figure 3-11 Electric Field distribution of the optimized structure taking material from Song et al. at the absorption 

peak frequencies showing in figure 3-10. 

Figure 3-11 illustrates the electric field distribution of the optimized structures at the 

resonant peaks. It can be observed at both resonant frequencies that there are the electric field 

enrichments at the top edges of the pore along the x axis which confirms that the resonances 
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from the void are the main absorption mechanism of this structure as a concept of the 

metamaterial absorbers. This confirms that applying Monte Carlo approach offers a systematic 

and randomized exploration, aiming to identify optimized solutions for the electromagnetic 

absorber design, especially in scenarios involving intricate and non-linear optimization 

challenges. 

3.4.2 Meta-structures Optimization for Solution Mixed 5 wt% PLA/GNPs (5GN) 

After the model and optimizer were generated and proved to be applicable for designing 

the EM metamaterial absorber, they were applied to design various pore structures with the input  

intrinsic material properties from chapter 2. 

 

Figure 3-12 RL of 5GN with different thicknesses ranging from 1.5 mm to 3.0 mm. 

Figure 3-13 visualizes the optimized RL of each designed structure that was input in the 

model and optimizer for the material 5GN. Figure 3-13a shows the RL of the single-void 

structures in a unit cell. In the legend, pillar geometry means geometry is the inversed void, 

which is material instead of free space and vice versa for the spaces between each pillar. The “Z” 

symbol in the legend means the pore structure stack on each other in z direction. Figure 3-13b 

illustrates the RL of the structures that include multiple voids with different pore sizes in a unit 
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cell. Similar to the single void structure, the “X, Y, Z” represent the direction of the multiple 

pore alignment in the unit cell.  

 

Figure 3-13 RL of the optimized geometries for 5GN containing a. single void in a unit cell b. multiple voids in a 

unit cell. The legends indicate the pore geometries and thickness of the absorbers. 

Compared with the original RL of the bulk absorber shown in figure 3-12, most of the 

designed meta-structures provide improvement in maximum RL. The highest increase can be 

observed from -29 dB up to -54 dB for the absorber thickness around 2 mm when adding 2-

cylinder voids in the unit cell in y direction. The maximum BW@20 was also broadened from 

approximately 0.8 GHz to 1 GHz when adding a cylinder pillar inside the unit cell. 

 

Figure 3-14 Electric field distribution at the resonant frequency for 5GN with optimized single cone void geometry 

in a. x-y plane b. y-z plane c. x-z plane. 

Figure 3-14 visualizes the example of the electric field distribution of the optimized 

structure which includes one conical void in the absorber slab positioning at the absorption peak 
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at 11.5 GHz. I can also detect that the electric field was enhanced around the pore interface 

within the material along the y direction.  This enrichment is the result of the resonance from the 

interactions between repeated structures that provide the absorption as the metamaterial behavior 

[85,92,94,243].  This non-uniform distribution of the electric field leads to the formation of the 

dipolar relaxation which enhances the absorption through dielectric loss, ohmic loss, 

interference, and impedance matching mechanisms [15,85]. Thus, the RL level can be enhanced. 

3.4.3 Meta-structures Optimization for Twin Screw Compounded 7.5 wt% PLA/GNPs 

(T7.5GN) 

From chapter 2, T7.5GN is more economical scalable and faster to be fabricated than 

solution mixing composites due to the twin screw extrusion process. It is also worthy to use this 

composite for the production of periodic porous metamaterial absorbers. 

 

Figure 3-15 RL of T7.5GN with different thicknesses ranging from 1.5 mm to 3.0 mm a. normal incidence b. TE10 

mode. 

Figure 3-15 displays the RL of the baseline T7.5GN plaque in different thicknesses for 

both normal incidence (Figure 3-15a) and TE10 mode (Figure 3-15b) as references for 

comparison with the absorbers containing meta-structures. It can be noted that the highest RL 
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attained by the bulk composite under normal incidence is -21 dB at a thickness of 2.0 mm with 

BW@20 of 0.2 GHz, while under oblique incidence, it is -11.3 dB at the same thickness. 

Figure 3-16a and 3-16b shows the RL results of the T7.5GN with different meta-

structures introduced to the baseline material slab for normal incidence case. The thickness of the 

optimized structures absorber ranges from 1.9mm to 2.5mm. From Figure 3-16a, the maximum 

RL can be enhanced up to -67 dB when a single cylinder pore was introduced to the 2.3 mm 

thick absorber with the BW@20 enhanced to 0.8 GHz. Similar RL improvements from the 

plaque can be obtained from other pore structures including multiple pores in a unit cell as 

shown in Figure 3-16b. Moreover, the RL was also enhanced significantly for TE10 mode after 

adding pore into the unit cell from -11.3 dB to -27 dB with the BW@20 of 0.4 GHz. The 

outcomes obtained for the TE10 mode can be applied in the fabrication of absorbers. These 

absorbers, once created, can then be utilized for the purpose of validating measurements in a 

WR-90 waveguide setup. These results indicate that even the baseline materials that do not 

provide efficient absorption for the commercial requirements (-20 dB) can also be improved by 

introducing the porous meta-structure to the material. 

Figure 3-17 also shows the example of the electric field distribution of two-cylinder voids 

structure positioned at the absorption peak at 8.75 GHz. It can be noticed that the electric field 

enrichment is along x direction which due to the interaction between the unit cell structures 

while there is no interaction between each void within a unit cell can be observed. Moreover, the 

resonance density is different between both pores in the unit cell which can be related to the pore 

size. This result implies that there is a wide space of geometry that can be explored for different 

resonant modes which results in different absorption behavior depending on the desired objective 

functions. 
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Figure 3-16 RL of the optimized geometries for T7.5GN containing a. single void in a unit cell b. multiple voids in a 

unit cell c. single void in a unit cell for TE10 mode. The legends indicate the pore geometries and thickness of the 

absorbers. 

 

Figure 3-17 Electric field distribution at the resonant frequency for 7.5GN with optimized two-cylinder voids 

geometry along y direction in a. x-y plane b. y-z plane c. x-z plane. 

3.4.4 Meta-structures Optimization for Solution Mixed 2.5 wt% GNPs 50 wt% COE in PLA 

(2.5GN50COE) 

Finally, the meta-structure design technique was applied to the most efficient baseline 

composite material 2.5GN50COE obtained from chapter 2 which provide absorption peak of -38 
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dB in normal incidence mode with BW@20 around 0.61 GHz at the thickness of 1.9mm (Figure 

3-18a). The maximum RL for TE10 was also obtained from the 1.9 mm thick composite at -19.5 

dB with no BW@20 presented (Figure 3-18b). 

 

Figure 3-18 RL of 2.5GN50COE with different thicknesses ranging from 1.5 mm to 3.0 mm a. normal incidence b. 

TE10 mode. 

Figure 3-19a shows the RL of the 2.5GN50COE composite after introducing porous 

structures in the unit cell. The maximum RL can be enhanced to -59 dB after adding a single 

cuboid void to the 2.0 mm thick slab while the BW@20 can be significantly enhanced to 1.1 

GHz or almost twice the value obtained from the bulk material.  

Since the introduction of periodic pores in the absorbers provides efficient benefits on the 

absorption level and bandwidth, further exploration on more complex structures was performed. 

Inspired from the traditional metamaterial absorbers that consisted of the metallic resonant unit 

on top of the dielectric materials [15,84,85,88–91,243], the PEC boundary condition was applied 

on the pore (or pillar) geometries to study the effect of the conductive layer. The results are 

presented in Figure 3-19b and 3-19c. For normal incidence, the BW@20 can be further enhanced 

by this method up to 1.5 GHz with the maximum RL of -37dB when the meta-structure consists 

of truncated cone pillars that contain larger diameter on the top surface with PEC boundary 

condition was added to 2.2 mm thick absorber. Figure 3-19d shows the RL result for truncated 



 86 

cone pillars with PEC on top that the cone angles are equal to the countersinking drill bits which 

are designed for manufacturing capability reason. The example of this kind of structure is shown 

in figure 3-20 while the PEC layer is highlighted in blue. The most efficient structured found was 

the truncated cone with the angle of 100⸰ that have the PEC on top surface with 2.3 mm 

thickness. The BW@20 can be broadened to 1.8 GHz with the maximum RL of -37dB. The 

meta-structure also benefits the absorption band for TE10 mode of this composite. The BW@20 

can be enhanced to 1.5 GHz with the maximum RL of -32 dB. None of the proposed results from 

meta-structures shows the decrease in maximum RL from the bulk material while the BW@20 

was widely improved. This improvement indicates the potential for further improvement of the 

performance of the EM absorber when metallic layer is introduced in the meta-structure. 

 

Figure 3-19 RL of the optimized geometries for 2.5GN50COE containing a. simple void in a unit cell b. a void in a 

unit cell with PEC plate on the top of the geometries c. single cone pillar with PEC on top surface of the cones using 

the geometries of the countersinking drill bits. d. single cone pillar with PEC on top surface of the cones using the 

geometries of the countersinking drill bits for TE10 mode. The legends indicate the pore geometry thickness of the 

absorbers. 
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Figure 3-20 The PEC position for PEC on top surface models 

 

Figure 3-21 Electric field distribution at the resonant frequency for 2.5GN50COE with optimized 60⸰ cone pillar 

geometry with PEC on top surface of the cone. in a. x-y plane b. y-z plane c. x-z plane. 

The electric field enhancement is obviously observed around the additional PEC layer on 

top of the pillar structure as shown in Figure 3-21. The introduction that PEC layer results in 

charge accumulation around the PEC which acts as the secondary resonant source additionally 

from the interaction of the periodic meta-structure. Thus, the combination of the resonance peaks 

extends the absorption bandwidth significantly. 

3.5 Conclusions 

In this chapter, the computational modelling and optimization techniques were introduced 

to further enhance the EM absorption of the polymer-based composite based on the design 

criteria of periodic porous metamaterial structures. The FEA model was constructed based on the 

method proposed by Bregman et al. [99] . The accuracy of the model was investigated by mesh 
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refinement and elemental order tests. The model was validated with the existing reported 

experimental result from Song et al. [255] which providing agreement in trend and peak position 

while the magnitude of RL is slightly different. Monte-Carlo optimizer was generated to help 

explore the parameter spaces for meta-structure design with constraints for manufacturing 

capabilities. The simulation results show the improvement in both maximum RL and operation 

bandwidth after adding the periodic pores in to the material. The most efficient structure for 

broadened operation bandwidth obtained in this study is the truncated cone pillar with PEC on 

the top surface for the 2.3 mm thick 2.5GN50COE that provides BW@20 of 1.8 GHz while the 

maximum RL is maintained as the original bulk material at -37 dB. This study also provides an 

efficient method to enhance the RL of the poor absorption composite as T7.5GN from -21 dB to 

-67 dB for the thickness around 2 mm. The enhancement in both absorption level and operational 

bandwidth was benefited from the metamaterial behavior that induced from the resonance caused 

by the interaction between the repeated pores. This resonance can be achieved by tuning the pore 

size and geometry as well as the unit cell size by using the optimizer. The outlined strategy offers 

the capability to design and manufacture metamaterial absorbers with superior performance. 

These absorbers not only demonstrate high RL but also incorporate additional advantages as 

specified by user-defined weighted objective functions.
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Chapter 4 Progress in Manufacturing of Periodic Porous Structure  

Metamaterial EM Absorbers 

4.1 Introduction 

In the second chapter of this investigation, polymer-based composites were 

systematically tailored to exhibit intrinsic properties aligned with the commercial requirement of 

the RL of -20 dB. This achievement underscores their foundational role as essential materials in 

the realm of EM metamaterial absorbers. Subsequently, the intrinsic properties from Chapter 2 

were leveraged in the computational modeling conducted in Chapter 3. An optimization process 

was subsequently implemented to ascertain the geometries of periodic porous meta-structures, 

thereby enhancing overall absorbing performance. The production of physical products for the 

metamaterial absorbers constituted the next step, involving the integration of the designed 

composite materials with the optimized periodic porous structures. Different manufacturing 

techniques were applied to the pre-engineered composite materials discussed in Chapter 2, 

facilitating a comprehensive comparative analysis. 

Numerous existing reports detail various manufacturing techniques for the production of 

periodic porous structures absorbers. For instance, one approach involves pre-manufacturing 

bulk composites as the initial material, followed by machining through conventional Computer 

Numerical Control (CNC) machines to create arrays of repeated pores [98]. Additionally, 

additive manufacturing techniques, derived from pre-compounded composites, have been 

employed to design intricate repeated structures [77,78,95,241,242]. Integrated techniques have 

also been proposed, such as the pre-printing of honeycomb structures from baseline polymers, 
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followed by the coating of conductive constituents [87,93]. Furthermore, Yuan et al. [79] 

introduced a complex manufacturing technique where the commercial Nomex honeycomb 

precursor, comprising poly(m-phenylene isophthalamide) (PMIA), was pyrolyzed into 

conductive carbon fibers/polymer composites before depositing reduced graphene oxide on the 

surfaces. Each of these examples presents conductive porous structures suitable for EM absorber 

applications. 

This chapter provides a summary of our advancements in manufacturing techniques for 

the fabrication of periodic porous structures using the designed baseline composites. The 

discussion unfolds in three main sections. Firstly, the simplest technique involving material 

subtraction from molded bulk composites utilizing a conventional CNC machine is explored. 

Secondly, an examination of additive manufacturing, specifically in terms of Fused Deposition 

Modelling (FDM), is presented. This section delves into the production of filaments and 

investigates the properties of the printed products. Lastly, the chapter reports on the compression 

molding of meta-structures using pre-manufactured molds. 

The evaluation of these manufacturing techniques incorporates optical observations to 

assess accuracy and resolution. These observations serve as crucial benchmarks for establishing 

constraints in the optimization process and guiding future work in composite design. 

4.2 Meta-Structures Manufactured by CNC Machining 

4.2.1 Experimental 

The primary method employed for manufacturing the meta-structures involves the 

subtraction of material from pre-molded bulk composites. In this investigation, the T7.5GN 

composite served as the baseline material, chosen for its advantages in the twin-screw extrusion 

technique, which offers a higher production rate compared to the solution mixing method. The 
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compression molding method applied to these composites has been previously detailed in 

Chapter 2. 

To create the desired structures, bulk samples, sized to WR-90 waveguide dimensions 

(22.86 mm x 10.14 mm), were ground to the specified thickness. Subsequently, cylindrical pores 

were machined into the samples using a CNC machine. The machining parameters, including a 

spindle speed of 2000 rpm, peck machining at 0.5 mm/step, a feed rate of 50 mm/min, and the 

array size, were established using the array program. For cylindrical pores exceeding a diameter 

of 2.5 mm, a milling program was applied to generate a flat bottom hole. For pores with a 

diameter less than 2.5 mm, drill bits were utilized to create holes of specific sizes. In instances 

requiring closed-cell structures, a composite slab was applied to seal the cylinder cell atop the 

sample using Chloroform (Sigma-Aldrich, Inc., USA) for material bonding. The resulting 

structures underwent optical observation using an Olympus optical microscope. 

4.2.2 Resulted Structures 

Table 4-1 Geometrical parameters of the fabricated T7.5GN metamaterial structures from CNC machine 

Parameters (mm) Sample 1 Sample 2 Sample 3 Sample 4 

X Array 5.7 4.5 1.6 4.6 

Y Array 5.1 3.4 1.5 5.0 

Pore Dept 1.4 2.0 1.2 1.5 

Pore Diameter 4.6 2.8 1.0 2.0 

Thickness 2.5 3.0 2.3 2.5 

 

In this investigation, four distinct cylindrical meta-structures, as detailed in Table 4-1, 

were manufactured for comprehensive characterization. Each of these structures was derived 

from the optimization process elucidated in Chapter 3. Specifically: 

Sample 1: This structure features open cylinder cells on the bottom surface of the 

composite slab and was optimized for TE10 mode. 
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Sample 2: Characterized by open cylinder cells on the top surface of the composite slab, 

this structure was designed to operate in TE10 mode. 

Sample 3: This structure comprises cylinder pores situated in the middle of the slab and 

was optimized for normal incidence. 

Sample 4: Featuring cylinder pores in the middle of the slab, this structure was optimized 

for TE10 mode. 

The optimized RL responses for each of these structures can be referenced in Chapter 3 

for a comprehensive understanding of their electromagnetic absorption properties. 

 

Figure 4-1 The produced meta-structure from T7.5GN with Cylinder pores a. Sample 1 b. Sample 2 c. Sample 3 d. 

Sample 4 

Figure 4-1 provides visual representations of the resulting samples. The first column 

showcases photographs of the manufactured samples, offering a macroscopic view of their 

physical appearance. The second column displays top surface images captured through an 
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Olympus optical microscope. The last column depicts 3D scans of the structures obtained using 

the Olympus optical microscope. 

Upon analysis of the results, several defects become apparent across all manufactured 

samples. Notably, crack formations in the cell walls on the side surfaces of the samples are 

observed, attributed to misaligned surfaces during the manufacturing process. The CNC machine 

movement deviated from the designed positions of the pore arrays, leading to errors in pore 

alignment. In the case of sample 3 and sample 4, discrepancies in hole depths were noted, caused 

by non-flat drill bit heads that resulted in the formation of conical shapes at the bottom of the 

holes. Additionally, a step on the top surface of material was detected in the 3D scanning of 

sample 3, potentially attributed to measurement errors. It is noteworthy, however, that this step is 

not visually apparent in the samples themselves. 

Importantly, these observed defects are on the order of magnitude comparable to the 

wavelength (30mm at 10GHz), suggesting a potential impact on the RL response. Further 

investigation into these defects and their implications on EM properties is warranted.

 

Figure 4-2 The fabricated sample 5 for T7.5GN close cell cylinder pores optimized for normal incidence. 
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To investigate the sensitivity of manufacturing errors on the absorption performance, a 

meticulous remanufacturing process was employed for Sample 3, resulting in the creation of 

Sample 5. Notably, the diameter of the pore, pore depth, and array sizes were accurately 

reproduced, maintaining a tolerance within 0.2 mm of the design specifications. Additionally, 

careful attention ensured that the cell walls remained undamaged in this remanufactured sample. 

Despite these efforts, a persistent defect within the structure, identified within the red 

circle in Figure 4-2, was still detected. This flaw necessitates further consideration in 

understanding its potential impact on the electromagnetic properties of the structure. Sample 5, 

with its refined manufacturing precision, was subsequently utilized for characterizing the 

scattering parameters. This characterization serves as a basis for comparing modeling results 

with the corresponding measurement outcomes, facilitating a comprehensive evaluation of the 

structure’s electromagnetic shielding performance. 

 

Figure 4-3 Comparison of the scattering parameters between measurement and modelling of Sample 5 in term of RL 

and SE of the fabricated Sample 3 structure in TE10 mode a. RL of the of the close cell b. SE of the close cell c. SE 

of the open cell. 
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In order to ascertain the congruence between the manufactured Sample 5 and modeling 

outcomes, the VNA was employed to measure the scattering parameters, specifically S11 and 

S21, for subsequent comparison with the modeling results. Reflecting the model's configuration, 

silver paint was applied to the back of the absorber to represent the PEC layer in the 

experimental setup. For the SE results, the material slab was directly introduced into the VNA. 

Notably, "open cell" denotes the manufactured meta-structures without bonding the top slab to 

close the pores. 

Figure 4-3 depicts the comparative analysis between the measured RL and SE, 

juxtaposed against the modeled results. Evidently, discrepancies are observed, which can be 

attributed to the manufacturing errors delineated earlier. Nevertheless, noteworthy trends in both 

measured SE and RL exhibit a general alignment with the modeling outcomes, albeit with 

discernible variations. 

These findings not only underscore the significance of addressing manufacturing errors 

but also provide crucial insights for future endeavors. The observed trends furnish valuable 

guidance for optimizing manufacturing parameters and constraints during computational 

modeling, necessitating a nuanced consideration of potential errors in the manufacturing process.  

4.3 Fused Deposition Modelling (FDM) 

Additive manufacturing has emerged as a promising technique, offering swift 

adaptability to design modifications by enabling the creation of intricate topological architectures 

without the need for pre-molding. Among these additive manufacturing methods, fused 

deposition modeling (FDM), commonly known as 3D printing, stands out as a straightforward 

yet powerful approach. This method involves the melt extrusion of filament materials through a 
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heated nozzle, facilitating layer-by-layer deposition on a platform. Consequently, FDM proves to 

be a versatile method for the production of complex metamaterial structures in our study. 

However, to harness the full potential of FDM for the fabrication of metamaterial 

absorbers, a thorough exploration and optimization of processing parameters are imperative. This 

research delves into the FDM fabrication of conductive composites as a foundational material, 

aiming to elucidate the factors influencing the conductivity of these composites. The insights 

gleaned from this study serve as valuable guidelines, paving the way for the future production of 

periodic structure metamaterial absorbers utilizing the FDM technique. This exploration 

contributes not only to the advancement of FDM-based manufacturing processes but also to the 

broader landscape of metamaterial research and design. 

4.3.1 Experimental 

 

Figure 4-4 Filament Extruder set up a. the extruder b. the cooling station c. pulling station d. spooling station. 

 

Figure 4-5 FDM of the fabricated PLA/GNPs filament. 
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The fabrication process commenced by obtaining composite pellets through the twin-

screw extruder, utilizing the processing parameters detailed in Chapter 2. Following the twin-

screw compounding process, the resulting strand exhibited a diameter of approximately 2.6 ± 0.4 

mm, subsequently cut into pellets with a length of 2.8 ± 0.1 mm. The composite pellets, 

comprising Poly(lactic acid) (PLA) and Graphene Nanoplatelets (GNPs) at concentrations of 5 

wt%, 7.5 wt%, and 10 wt%, were then introduced into a single-screw extruder (Filafab). 

The extrusion process utilized two temperature stages in the extruder: 145 ⸰C followed by 

155 ⸰C, as depicted in Figure 4-4a. The extruded strand, emerging from the pulling station 

(Figure 4-4c), traversed through the cooling stage (Figure 4-4b) to solidify the filament and 

regulate the diameter of the extruded strand. Subsequently, the filaments underwent 

measurement using a laser sensor, providing feedback to control the spooling speed in the 

spooling station (Figure 4-4d). This control and monitoring of the extrusion process contributes 

to the precision and quality of the resulting filaments, ensuring consistency in diameter and 

overall material characteristics. 

The resultant filament underwent a pulling and winding process before being fed into the 

3D printer, specifically the MakerGear M2, as delineated in Figure 4-5. The printer's nozzle size 

was set at 2.5 mm. Uniform printing conditions were maintained across all concentrations, 

encompassing a printing temperature of 230 ⸰C, a printing speed of 1000 mm/min, an extrusion 

flow rate multiplier of 1.2, a line width of 0.2 mm, and a layer thickness of 0.1 mm. This 

standardized printing protocol ensures consistency and comparability across the fabricated 

specimens, facilitating an accurate assessment of the impact of graphene nanoplatelet 

concentrations on the printed structures.  
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The extruded filaments from the single-screw extruder exhibited a diameter of 

approximately 1.4 ± 0.3 mm, subsequently cut into 30 mm lengths for density and DC electrical 

conductivity assessments. For these measurements, all plaque specimens were uniformly cut to 

dimensions of 22.9 mm x 10.1 mm x 3 mm. 

Density determination was executed by measuring the specimen's dimensions and weight, 

allowing for the precise calculation of density. The DC conductivity measurement adhered to the 

methodology expounded in Chapter 2, ensuring consistency and comparability with previously 

established parameters. These measurements contribute to a comprehensive understanding of the 

material properties, crucial for evaluating the effectiveness of the fabricated composite filaments 

for subsequent applications. 

4.3.2 Experimental Results 

 

Figure 4-6 The density of the fabricated composites in different phases including pellets, filament, and 3D printed 

parts compared with compression molded composites and solution mixed composites adapted from [230]. 
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Figure 4-7 SEM micrograph of the 3D printed PLA/GNPs composite a. 5wt% b. 7.5wt% c. 10wt% adapted from 

[230]. 

The resulting densities are shown in figure 4-6. The densities of pellets, filaments, and 

3D printed composites were compared with the compression molded composites from grounded 

pellets (Pellet mold) and solution mixing powders (solution mold). The processing parameters 

for pellet mold and solution mold composites were already discussed in Chapter 2. The flat green 

lines represent the theoretically calculated densities, determined using the rule of mixture. A 

consistent density trend is evident across all concentrations, with the exception of 7.5 wt%. 

Notably, there is a discernible increase in filament density compared to the starting pellets for all 

loadings. This observed phenomenon is attributable to the heightened crystallinity of the PLA, 

induced by the shear stress encountered during the thermal extrusion process [256–258]. The 

augmentation in crystallinity is a key factor contributing to the observed density variations in the 

fabricated filaments across different concentrations. The density of the 3D printed plaque 

decreases from the filament. This is due to the porosity gaps between printing lines and layers 

[259–262].  

Figure 4-7 depicts SEM micrographs of the printed composites. Notably, gaps resulting 

from unfused material between layers are observable. It is essential to highlight that all printed 

samples were produced under the same printing conditions, which were not optimized for 

achieving the most effective bonding between the extruded lines. Consequently, the observed 

gaps between layers underscore the need for further refinement and optimization of the printing 



 100 

parameters to enhance the overall structural integrity and cohesion of the printed composite 

materials. Thus, the 3D-printed composites show significantly lower density than the 

compression molded samples represented in pellet mold and solution mold samples. The optimal 

printing parameters will be determined in future work. The discussion for the density trend for 

pellet mold and solution mold composites were already presented in the published work [230]. 

  

Figure 4-8 The DC conductivity of the fabricated composites in different phases including pellets, filament, and 3D 

printed parts compared with compression molded composites and solution mixed composites adapted from [229]. 

Figure 4-8 illustrates the measured DC conductivity of the produced composite in each 

direction. Consistently, with the same fabrication method, the conductivity exhibits an ascending 

trend from 5 wt% GNPs to 7.5 wt% GNPs to 10 wt% GNPs, aligning with the rule of mixture. 

Furthermore, each loading demonstrates a conductivity trend that correlates with the density, 

except for the pellet and filament of 10 wt% GNPs. The observed drop in conductivity of the 

filament compared to the pellets presents an intriguing reverse which can be attributed to the 

agglomeration which occurs at higher concentration. In contrast, for the remaining 

concentrations, the increase in conductivity is attributed to the shear alignment facilitated by the 
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extrusion process. This alignment enhances the contact area between GNPs flakes within the 

composite, contributing to the overall conductivity improvement [256,263]. The nuanced 

relationship between fabrication processes, material morphology, and resulting electrical 

properties underscores the complexity of optimizing composite materials for specific 

applications. Further studies will be instrumental in elucidating the underlying mechanisms and 

refining the understanding of these intricate interactions. 

 

Figure 4-9 Optical microscopic images for the 3D printed 10wt% GNPs/PLA composites a. on the top surface b. on 

the bottom surface which was contacted with the printer bed c. on the side surface 

The observed differences in conductivity along each direction are ascribed to the 

anisotropic effect induced by FDM. Notably, a substantial increase in conductivity is evident 

from the through-thickness to through-width to through-length directions in 3D printed samples 

as depicted in Figure 4-9. This phenomenon is attributed to the shear-force alignment of 

graphene along the printing path, as discussed in prior studies [264]. Moreover, the presence of 

air spaces and pure polymer layers between the printed layers emerges as a primary factor 

contributing to the comparatively lower through-thickness conductivity, as illustrated in Figure 

4-7 and Figure 4-9c. These interactions emphasize the multifaceted nature of electrical 

conductivity in composite materials, emphasizing the importance of considering fabrication 

processes and material morphology for achieving desired anisotropic properties. The discussion 
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about the comparison of the DC conductivity of the compression molding composites were 

already report in the published work [230]. 

From the results, it can be concluded that there is room for processing parameter 

optimization to achieve the desired level of conductivity suitable for EM absorption applications 

in the future works. 

4.4 Meta-Structures Manufactured by Compression Molding 

4.4.1 Experimental 

 

Figure 4-10 Mold components and design a. the top plunger part, the bottom part assembly c. the meta-structure 

machined on the bottom part surface d. the CAD design of the mold e. the physical fabricated mold. 

The third method for fabricating periodic porous metamaterial absorbers, utilizing the 

composites detailed in Chapter 2, involves the application of compression molding with pre-

designed structural molds. This technique enables the replication of intricate and predefined 

structures, ensuring the production of metamaterial absorbers with specific geometric 

configurations. 
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In this study, the optimized structures of periodic truncated cone pillars derived from 

computational modeling results (Chapter 3) were manufactured. These structures were 

specifically crafted from the baseline composite 2.5GN50COE. The design of the truncated cone 

structures was informed by the angles associated with commercially available countersinking 

drill bits. Notably, this chapter employs the optimized structures for tools with angles of 60⸰ for 

normal incidence and 82⸰ for TE10 mode to design the molds, aligning with the specific 

requirements dictated by the EM angle of incidence modes under consideration. 

The process of mold fabrication commenced with the design of a 4" x 4" mold, featuring 

arrays of conical holes with countersinking angles, using Computer-Aided Design (CAD) 

software (SolidWorks). The spacing between these holes corresponds to the optimized structures 

obtained from Chapter 3. Subsequently, the mold was meticulously machined using a CNC 

system on raw aluminum materials. This mold comprises a bottom part housing the machined 

meta-structures, a top part functioning as plungers, and four side panels securely fastened to the 

bottom part. The machined patterns of the meta-structures were subject to thorough inspection 

through the lens of an Olympus optical microscope, ensuring precision and fidelity to the 

intended design. This quality control step is imperative to validate the accuracy and integrity of 

the fabricated molds, essential for producing metamaterial absorbers with the desired EM 

absorption. 

The compression molding process was carried out using a hot press (Carver). Teflon 

mold release (3M) was pre-applied to the mold before the operation. The sequence of operations 

involved loading the composite powders into the mold, followed by the assembly of the mold 

components. A vacuum bag was placed over the mold set up which was connected to the vacuum 

pump to remove the porosity during the compression molding. The mold assembly was 
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prepressed at 1.5 MPa for 20 minutes to densify the powders before releasing the pressure. The 

pressure was applied in a step of 0.2 MPa gradually starting when the temperature reached 

150⸰C. The set up was dwelled at 160⸰C for 15 minutes before cooling down automatically to the 

room temperature. The samples were demolded and cut into the WR-90 sample size for 

characterization. 

4.4.2 Manufacturing Results 

Table 4-2 The optimized geometries obtained from the optimizer for each case. 

Parameters (mm) 60⸰ Normal Incidence 82⸰ TE10 

X Array 4.7 21.5 

Y Array 3.0 9.5 

Cone Dept in the Mold 1.9 3.3 

Truncated Cone Thickness 0.7 1.6 

Cone Radius on the Bottom 1.1 2.9 

Base Thickness 0.3 1.0 

Top Slab Thickness 1.1 0.4 

 

Table 4-2 lists the geometrical parameters of the optimized meta-structures for the 

absorber contain 60⸰ truncated cones for normal incidence and 82⸰ truncated cones for TE10 

modes that were obtained from chapter 3. This data was used as the reference for the fabricated 

molds and absorber samples. 

The dimensions of the meta-structures machined mold of 60⸰ truncated cones for normal 

incidence are shown in Figure 4-11. It can be observed that the spacing between the unit cells in 

both X and Y directions are close to the design values within 0.05 mm tolerance. However, the 

depth and the diameter of the holes contain large errors from the design parameters. Further 

optimizations of the CNC machining operation and manufacturing parameters are needed to 

improve the mold geometries with tighter tolerance. 
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Figure 4-11 The measured mold geometry for optimized meta-structure consist of periodic arrays of 60⸰ truncated 

cone for normal incidence absorption mode a. X spacing between unit cells b. y spacing between unit cells c. the 

dept of the cone hole drilled by CNC machine. 

 

Figure 4-12 The measured mold geometry for optimized meta-structure consist of periodic arrays of 82⸰ truncated 

cone for normal incidence absorption mode a. X spacing between unit cells and y spacing between unit cells b. the 

dept of the cone hole drilled by CNC machine. 

The dimensions of the meta-structures machined mold of 82⸰ truncated cones for TE10 

are shown in Figure 4-12. All dimensions obtained from the fabrication shows close tolerances 
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with the design value with the largest difference of 0.3 mm. However, the optimization of the 

CNC machining operation and manufacturing parameters is still needed to improve the mold 

geometries with tighter tolerance. 

 

Figure 4-13 Fabricate 2.5GN50COE composites from the manufactured molds a. sample1: 60⸰ truncated cone for 

normal incidence b. solvent bonded cracks of sample1 c. sample2: 82⸰ truncated cone for TE10 mode d. back of 

sample1. 

Figure 4-13 illustrates the compression molded composites from the fabricated molds. 

Sample1 represents the composite with the meta-structure of 60⸰ truncated cone for normal 

incidence while Sample2 represents the composite with the meta-structure of 82⸰ truncated cone 

for TE10 mode. Sample1 shows excessive cracks after demolding which are distributed all over 

the samples (Figure 4-13a and 4-13d). All cracks are located on the flat area between the cones. 

It can be assumed that the cracks are caused by the residue stress during the cooling process 

induced by the meta-structure. The pulling force from the contraction was applied to the 

composite in the flat area between the cones which are constrained by the mold. Further 

investigation is needed to evaluate the reason for the fracture. It can also be noted that bonding 

the crack by solvent (Chloroform) does not fuse the material completely and cracks still occur 
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(Figure 4-13b). Only a part of Sample2 was eligible to be used for further EM absorption 

characterization in the future work. However, minor porosities can still be observed on the 

surface of Sample2. This result indicates that compression molding process optimization is still 

needed to achieve the higher quality of the EM absorber samples. 

4.5 Conclusions 

This chapter has presented advancements in exploring potential composite manufacturing 

techniques applicable to the fabrication of periodic porous metamaterial absorbers. The first 

technique involves post-processing through CNC machining of pre-molded bulk composites. 

Results indicate the method's capacity for high precision and operational simplicity, with 

potential for future refinement through adjustment of a few CNC machining parameters to attain 

high-quality samples. However, the method's capability to accommodate complex meta-

structures may be limited. In contrast, the second method, utilizing FDM additive manufacturing, 

offers an avenue to tailor the complexity of structures. Yet, optimization of processing 

parameters for both filament extrusion and FDM is essential to achieve desired material 

properties suitable for EM absorber applications. The third method demonstrates potential for 

large-scale production of metamaterial absorbers. Tolerances in the fabricated absorber 

dimensions primarily depend on CNC machining during mold fabrication. However, 

optimization of the compression molding process is still required to mitigate potential fractures. 

In summary, while each proposed method shows promise, further enhancements are crucial to 

achieve the desired properties of the designed absorbers. Adjustments and optimizations in 

processing parameters, mold fabrication, and compression molding are imperative for the 

successful realization of high-quality metamaterial absorbers.
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Chapter 5 Conclusion and Future Works 

5.1 Conclusion 

The rapid expansion of high-speed electronic and wireless technologies necessitates the 

development of high-quality electromagnetic (EM) absorbing materials. These materials are 

crucial for filtering out undesirable radiation and protecting sensitive objects. The requirements 

for these filters extend beyond absorbing EM energy; they must also offer protection across a 

wide operation bandwidth (BW), various angles of incidence, and different polarizations. The 

objective of the research is to design, fabricate, and optimize composite materials with a periodic 

porous structure for EM absorption. The approach involves leveraging the concept of 

metamaterials to achieve multiple goals in absorption performance in the frequency range of 8-

12 GHz (X-band). This entails creating materials that not only absorb a significant amount of 

EM energy but also exhibit effectiveness across a broad spectrum of operational parameters, 

making them versatile and efficient in shielding against electromagnetic radiation. 

In the initial research phase, fundamental polymer-based composites are designed to meet 

commercial application requirements, ensuring a minimum absorption level of -20 dB [22]. 

These composites serve as a baseline for later metamaterial design, with a focus on careful 

consideration of composition, dispersion, and micromorphology for specific intrinsic properties. 

Chapter 2 concentrates on designing graphene-based composites, comparing electrical 

permittivity. Larger lateral size of graphene nanoplatelets (GNPs) show potential for higher 

electrical conductivity, related to permittivity, but may compromise homogeneity due to 
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dispersion challenges compared with reduced graphene oxide (rGO). Incorporating CoFe2O4 

magnetic nanoparticles allows customizable magnetic permeability as well as manipulation of 

the micromorphology of the composites resulting internal interaction with the EM wave. 

However, their natural agglomeration prompts surface modification with oleic acid and 

polyethylene glycol to enhance dispersion, especially at higher loading fractions. Different 

compounding techniques are compared, with solution mixing (2.5GN50COE) achieving -38 dB 

RL and 0.63 GHz BW at -20 dB for the absorber thickness of 2.3 mm, while twin-screw extruder 

(T7.5GN) offers higher production but maxes at -21 dB RL with the BW at -20 dB of 0.2 GHz at 

the absorber thickness of 2.0 mm. These baseline materials set the reference for subsequent 

metamaterial-enhanced absorption performance. 

The subsequent phase of the study involves designing and optimizing meta-structures 

using the fabricated baseline materials to achieve multiple design objectives. Computational 

modeling and optimization, detailed in Chapter 3, are employed to simplify the complex design 

process. The chapter outlines the construction of EM-field-based finite element models for 

simulating the RL response of periodic porous structures. The Monte-Carlo optimizer is 

introduced to tailor the selection of structures based on a multi-objective function, including 

maximizing RL and operation bandwidth. The most efficient structure identified by the optimizer 

is the truncated cone pillar with PEC on the top surface, achieved from the 2.3 mm thick 

solution-mixed 2.5GN50COE. This structure provides a broadened operation bandwidth at -20 

dB of 1.8 GHz. The optimizer enhances the RL of the poorly absorbing composite material 

(T7.5GN) from -21 dB to -67 dB for a thickness of around 2 mm. This improvement results from 

metamaterial behavior induced by resonance from the interaction between repeated pores, 

confirmed by electric field distribution analysis.  
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In addition to the design and optimization of the periodic porous structure metamaterial 

absorbers, this research also provided the guidelines to produce the meta-structure absorbers 

from the prefabricated composite material. The first manufacturing technique utilized the 

traditional material subtraction method for the pre-molded composites using CNC machining. 

The second method contributed to the extrusion-based additive manufacturing as FDM 

technique. The final method presented in this work is the compression molding of the pre-

engineered mold assembly. However, there is room to improve the processing parameters of 

each technique to achieve the desired composite intrinsic properties and structural accuracy and 

precision.  

In summary, the approach outlined in this study presents the capacity to design and 

produce metamaterial absorbers that enhance absorption performance. These absorbers not only 

showcase elevated RL but also encompass added benefits aligned with user-defined multiple 

objective functions. 

5.2 Future Work 

Envisaging prospective avenues for research development stemming from this study, 

several areas warrant thorough investigation to refine and augment the initially outlined 

outcomes. Within the foundational phase of the composite material, opportunities exist to 

optimize its electromagnetic (EM) absorption performance. Delving into the intricacies of 

micromorphology, dispersion, and constituent elements is imperative for enhancing absorption 

capabilities and expanding the operational bandwidth. A systematic exploration of alternative 

conductive and magnetic fillers is indispensable, considering the promising attributes of 

advanced materials such as MXene [87,92,229] and carbon nanotubes (CNTs) 

[22,36,66,72,147,265] documented in prior research. Simultaneously, the integration of 
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alternative advanced magnetic constituents presents a pivotal avenue for further absorption 

enhancement, aligning with findings in existing literature [43,52,57,59,62,117,136,224,266]. The 

mechanical attributes of the composites, crucial for feasibility and manufacturability, necessitate 

a discerning approach. The prevailing brittleness, attributed to the heightened volume fraction of 

ceramic CoFe2O4, underscores the exigency of investigating alternative matrices, constituents, 

ternary systems, and compositions. These strategic considerations transcend the refinement of 

this research's objectives, bearing significance for the broader landscape of materials science and 

electromagnetic applications. 

In the realm of computational modeling and the optimization of meta-structures, there 

exists the prospect of elevating the performance of metamaterial absorbers through the 

incorporation of additional objective functions. Parameters such as wide-angle incidence, 

polarization independence, and insensitivity to manufacturing errors can be integrated into the 

optimizer to attain superior outcomes. Acknowledging the constraints imposed by manufacturing 

limitations, particularly pertaining to the baseline composite design, a judicious modification of 

constraints in the optimization analysis becomes imperative. Furthermore, considerations 

encompassing mechanical properties, aesthetic attributes, thickness variations, and 

environmental resistances must be factored into the computational modeling for meta-structures 

and the experimental design for baseline composites, aligning with the specific requirements of 

diverse applications. Notably, the current optimizer employs the Monte-Carlo method, which 

involves testing objective functions at randomly defined iteration points within uniformly 

distributed parameter spaces. While this approach facilitates proximity to the global optimized 

solution, it may fall short of reaching the pinnacle of optimization performance if the iteration 

count is insufficient. Exploring alternative algorithms grounded in improvement concepts, such 
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as particle swarm [248–250], Nelder-Meads [248,249], or Broyden, in conjunction with the 

established Monte-Carlo optimizer presents a promising avenue for enhancing global solutions. 

By initializing from the solution obtained through the Monte-Carlo method, these alternative 

algorithms offer the potential to further refine and maximize the global solution. It is crucial, 

however, to opt for gradient-free methods, given the inherent challenges in deriving derivatives 

for the objective functions within our computational modeling framework. 

As outlined in Chapter 4, the presented results serve as guiding principles for the 

production of periodic porous metamaterial absorbers. However, several facets in the realm of 

manufacturing demand further refinement to achieve successful production with the desired 

properties. Firstly, in the context of CNC machining, critical processing parameters such as 

spindle speed, feed rate, and tool selection necessitate meticulous optimization tailored to the 

designed composite systems, post-processing requirements, and meta-structure designs. 

Additionally, the processing parameters for composites, particularly in compression molding, 

including molding temperature, pressure, heating and cooling rates, and dwell time at each step, 

remain subject to optimization for attaining the desired structures and mechanical properties of 

absorbers without compromising the micromorphology of the composites. Furthermore, additive 

manufacturing techniques, considered as potential methods for rapid prototyping during the 

design and optimization phase, require precise tuning of parameters for successful production of 

absorber prototypes through Fused Deposition Modeling (FDM). Parameters such as printing 

speed, temperature, cooling rate, pattern, linewidth, layer thickness, and the quality of the input 

filament, including uniform diameter, well-dispersed fillers, and suitable mechanical properties, 

demand optimization to ensure the efficacy of the printing process. These refinements in 
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manufacturing parameters are essential steps towards the realization of metamaterial absorbers 

with the intended properties. 

As emphasized earlier, the enhancement of periodic porous structure metamaterial 

absorbers requires a comprehensive and simultaneous integration of efforts across multiple 

facets. It is imperative to synchronize advancements in material design, structural design, and 

production methodologies to collectively elevate the overall performance of these absorbers. 

Recognizing the interdependence of these elements, a holistic approach that addresses each 

aspect concurrently is essential for achieving optimal outcomes in the development of 

metamaterial absorbers with improved periodic porous structures. This integrated strategy 

ensures that material properties, structural configurations, and production processes are mutually 

aligned, thereby contributing synergistically to the overarching objective of enhancing absorber 

performance.
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