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ABSTRACT     In this work, Bio-composite of oil palm empty fruit bunch fibre (OPEFB)-filler and 

polycaprolactone (PCL)-polymer has been prepared and characterized. The functional groups and morphology of the 

prepared samples were characterized by Fourier transform infrared spectroscopy (FT-IR). By using the Nicholson-

Ross-Weir (NRW) mode, both of real and imaginary relative permittivity values of the samples were obtained 

simultaneously from the reflection and transmission coefficient measurements of the materials. Whereas, the 

attenuation with the field distribution at the waveguide filled with a sample were considered by using the Finite 

Element Method (FEM). The magnitude of the reflection and transmission (R/T) coefficients of the composite with 

different filler percentages were measured using rectangular waveguide in conjunction with a microwave vector 

network analyzer (VNA) in X-band range of frequency. The computations of the S-parameters were achieved by 

using the FEM technique along with NRW mode. Then, the obtained results were compared with the measured R/T 

coefficients. Relative error results nominated the FEM mode due to its highly accurate results than the other method.  

(Keywords: Microwave measurements, OPEFB, PCL, Bio-composite) 

 

INTRODUCTION 

 

 
 

Fibres are generally added to commercial matrix resins 
to modify properties such as stiffness, tensile strength, 
heat distortion and mold ability [1]. The level of 
enhancement depends mainly on the type of filler, size, 
shape, fibre loading, and surface treatment which 
supports interaction between the filler and the polymer 
[2]. Several past studies suggested that natural fibre-
based composites show remarkably outstanding 
performances and can be produced with a large volume 
at affordable costs [3, 4]. OPEFB fibre has received 
increased attention since it is inexpensive to obtain, 
biodegradable, non-toxic and available in great quantity 
[5,6]. Several studies supported the incorporation of 
OPEFB fibre into different types of polymer matrices to 
obtain cost reduction and reinforcement [7]. The 
properties of thermoplastic composites are generally 
influenced by the processing parameters such as a 
mixing time, rotor speed (rpm), and temperature in the 
compounding process [8]. The melt-mixing method is 
more advantageous due to its simplicity and cost 
effectiveness over other methods such as solution 
mixing which is more expensive and time consuming 
[9,10]. Several approaches have been proposed to obtain 
the electromagnetic properties of reflection and 
transmission coefficients for the samples [11,12]. The 

transmission reflection rectangular waveguide technique 
(T/R) was conducted in order to obtain the reflection 
and transmission coefficients of the materials [13].  

This study reports the morphological properties of the 
OPEFB-PCL composites by using Thermo gravimetric 
and spectroscopy analysis FT-IR. In addition, COMSOL 
software was utilized based on the FEM to approximate 
the rectangular waveguide of three-dimensional 
geometry, where the model consists of a rectangular 
waveguide with microwave propagation transition 
through it. For the wave propagation problem, the RF 
Module’s Port boundary condition was enforced in this 
model. The FEM mode implemented the boundary 
condition to determine the distribution of the electric 
field intensity. Thus, the computation of the 
electromagnetic properties of reflection and 
transmission coefficients was accomplished based on the 
fundamental components of both FEM and NRW 
theorems. A comparable performance of the obtained 
theory results to the measured reflection and 
transmission coefficient values were discussed at 
microwave frequency. The VNA was calibrated by 
using the standard two-port calibration mechanism 
(SOLT). 
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THEORY 

 

Finite Element Method (FEM) 

 

In this paper, FEM mode was implemented for the 

determination of the S-Parameters of OPEFB-PCL 

composites that was loaded in a rectangular waveguide 

which was divided into three main regions (I, II and III) 

for the analysis requirement. For the step formulations, 

the electric field in the rectangular waveguide was 

discretized based tetrahedron elements Fig. 1.  

 

 
Figure 1. Incident transmitted and reflected electro- 

magnetic waves in a filled transmission line.  

In each tetrahedron, the unknown field can be 

interpolated from each node value by using the first 

order polynomial of the form [14] 

  (     )                                 ( ) 

While, the electric field E can be calculated from 

   ∑  
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Where   
    = 1, 2, 3...6 are the six complex amplitudes 

of E associated with the six edges of the tetrahedron, 

and   
 (     ) is the vector basis function associated 

with the i
th 

 edge of the tetrahedron. The global matrix 

equation over all the tetrahedron elements in the sample 

region can be given as follow 

[ ]  {  }  { }                                                     ( ) 

The vector solution {  } of the matrix equation in (3) is 

then applied for the determination of the reflection (R) 

and transmission (T) coefficients which are defined as 

follow 

  ∬  ⃗⃗  ⃗                                              ( ) 

  ∬  ⃗⃗  ⃗                                                    ( ) 

 

Where, COMSOL software utilized the values of R and 

T in (4) and (5) respectively. 

Nicolson-Ross-Weir algorithm 

 
Nicholson-Ross-Weir (NRW) theorem [15] provided a 

direct calculation of both the permittivity and 

permeability from the input S-parameters. It is the most 

commonly used technique for performing such 

conversions where the measurement of reflection (R) 

and transmission (T) coefficients require both values of 

S-parameters for the material under test to be measured. 

The reflection coefficient equation is given by 

 

    √                                                                          
(6) 

Where 
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While T is given by 

 

  
(       )  
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EXPERIMENTAL SECTION 

 

Sample Preparation  

 

The mixing process of OPEFB-PCL compound was 

accomplished in a Thermo Haake machine by blending 

the fibre of 250μm size and PCL polymer at 70
o
C with 

rotor speed at 50 rpm for only 20 minutes. The 

substrates were prepared by placing 10 g of the blends 

into a mold of 10-8cm
2
 dimensions and 1 mm 

thickness. After that, OPEFB-PCL compounds were 

preheated for 10 minutes with the top and bottom plate 

in 70
o
C. A 10 second breathing time was allowed for 

bubble sand releasing to reduce the void and then 

pressed at the same temperature for another 10 minutes 

with 110 kg/cm2 pressure. Finally, a cooling with 

pressure 110 kg/cm2 was carried out for another 10 

minutes. 
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FT-IR spectroscopy  

 

The FT-IR spectroscopy analysis was achieved by 

using a Spectrum 100, FT-IR spectrometer, Perkin 

Elmer. For the testing case, a small sample was pressed 

into a film form and then analyzed. The transmission of 

infrared spectra was obtained in between pictorial 

representation 400 and4000 cm-1 ranges at the room 

temperature.  

Dielectric and scattering parameter 

 

The measurement of the dielectric properties of the 

material was performed with the industrial de-facto 

standard Agilent 85070E open ended coaxial dielectric 

probe kit. The measurement setup of S-parameters 

requires an Agilent N5230A PNA-L network analyzer 

and a pair of standard rectangular waveguide. 

 

RESULTS AND DISCUSSION 

FT-IR analysis was used to investigate the interaction 

of fillers onto PCL matrix and to verify the formation of 

ester bonds at the material interfaces. Fig. 2 shows the 

FT-IR spectra of OPEFB-PCL composites at room 

temperature with several specific stretching regions. It 

can be observed from the figure that there are strong 

and complex multiple peaks of carbon-oxygen (-O-C-

O) stretching absorption between 1000 and 1300 cm
-1

. 

Close inspection of the results reveal that these peaks 

do not significantly shift with the addition of OPEFB 

fibre in the composite. This implies that there is no 

extra interaction or new bond formed due to the mixing 

which is expected since the mixture of PCL and fibre 

are not chemically treated. Hence, the interaction 

between PCL and fibre is mainly due to chain 

entanglement of fibre particles-polymer matrix which 

improves the electrical and physical properties of the 

composites.  

 
Figure 2. FT-IR spectra of the OPEFB-PCL 

composites. 

 

Furthermore, the variation in dielectric constant ( ') 

and loss factor ( '') of OPEFB fibre, PCL and the 

composite from 8 GHz to 12 GHz are shown in Fig. 3.  

Interestingly, it can be observed that the dielectric 

constant and loss factor of the OPEFB fibre, PCL and 

the composites are almost consistent in the X-band 

frequency.  

of the OPEFB fibre and PCL polymer. 

 

Comparison of the Measured and Calculated 

 S-parameters 

 

The comparisons between the calculated S-parameters, 

S11 and S21 based NRW formulations (6 to 8), FEM 

Method to the measurements are illustrated in the Fig. 4 

and Fig. 5. The dielectric properties, which obtained 

from the measurement of OPEFB-PCL samples, were 

used as initial inputs to NRW and FEM to calculate the 

S11 and S21 of the composites. It is known that the 

convergence analysis was only carried out for FEM, 

while it is not required for the NRW formulations.  

Generally, in this figures, the magnitude of S11 

decreased and S21 increased with the percentage 

increment of the OPEFB filler.  

The higher value of the dielectric constant, the higher is 

the impedance mismatched at the surface of the sample 

inside the T/R rectangular waveguide.  However, the 

materials with higher loss factor absorbed more energy.  

The accuracy of S11 and S21 values can be decided 

through the relative error calculation with respect to the 

measurement results, as follows 

Relative error of S11 = 
    (           )     (        )

   (           )
   

                                                 (9) 
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Figure 3. Dielectric constant ( ') and loss factor ( '') εε

ε
ε



 
 

The relative error of S11 and S21from Table 1, shows 

that among the two applied methods, FEM is more 

accurate method than NRW when samples of OPEFB-

PCL composite were tested. The mean relative error 

values of FEM were observed to be 0.287 and 0.048 

respectively, while the value for NRW is reported as 

0.460 and 0.096 respectively. Therefore, the FEM is 

recommended for this test. In spite of the NRW is based 

 

 

 
Figure 4. Comparison of measured, simulated and 

calculated S- Parameters (S11, S21 ) for 12.2% OPEFB 

+ 87.8%PCL composites. 

 

 

 

on closed form, the numerical simulation showed better 

agreement. This is because of the calculation of the S-

parameters using NRW involves several 

approximations that are mostly eliminated with the 

numerical simulation setup when samples of fibre 

reinforced polymer were tested for different percentage 

of OPEF filler. 

 

 

 

 
Figure 5. Comparison of measured, simulated and 

calculated S- Parameters S11 and S21 for 63.8% OPEFB 

+ 36.2%PCL composites. 

 

Table 1. Relative error of S11 and S21 for FEM and NRW of OPEFB-PCL composites 

Sample 

Mean Measured 

S-Parameters 

Mean relative error  

S11 S21 

S11 S21 NRW FEM NRW FEM 

12.2%OPEFB +87.8%PCL 0.238 0.847 0.411 0.175 0.104 0.032 

63.8%OPEFB +36.2%PCL 0.306 0.883 0.509 0.399 0.087 0.064 

Mean Relative Error 0.460 0.287 0.096 0.048 

 

CONCLUSION 

 

In this work, OPEFB-PCL composites were 

successfully prepared by melt blending method. The 

FEM and NRW procedures have been presented to 

determine the distribution of electric field intensity of 1 

mm thick composite. Where, the dielectric properties 

(|S11| and |S21|) of the composite were obtained 

successfully by FEM, NRW and experimental method 

as well. Microwave properties of the composites were 

characterized using FT-IR spectroscopy which reveals 

any extra interaction or new bond formed due to the 

mixing. It is clear that the composite of 12.2% filler 

exhibits higher |S11| and lower |S21| than the composite 

with the 63.5% filler. Generally, the given figures 

clearly marked the level of transmission is greater than 

reflection and the reflection and transmission 

coefficients that obtained by FEM technique are more 

accurate than the obtained NRW results based on the 

mean relative error values. 
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