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Highlights 

 
• Simple fabrication of a metamaterial absorber based on organic compound;  

 

• Elaboration of silicone foam using a Particle-Template method and sugar crystals;  
 

• Use of long carbon fibers (12mm) for broadband absorption performance;  
 

• Absorption bandwidth between 4 and 18 GHz with a total absorber thickness of 16 mm;  
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Abstract  

This study reports a simple fabrication technique for creating a flexible, organic, and 

microwave-absorbing material using carbon fiber-loaded silicone foam. The "particle-template" 

elaboration method, using sugar crystals as sacrificial particles, is conducted. The material's density 

is adjusted by varying the sugar crystal concentration while ensuring effective dispersion of carbon 

fibers in the silicone foam matrix. The dielectric characterization of a composite with a density of 

0.33g/cm³ and loaded with 2 wt.% of 12mm carbon fibers results in a permittivity ranging from 7 

to 1.1 and a dielectric loss ranging from 1.9 to 0.7 across the frequency range of 2-18 GHz. These 

properties are used in a parametric study to optimize the overall dimensions size of a structured 

absorber to achieve wideband absorption performance. The resulting prototype, with a total 

thickness of 16 mm, demonstrates promising performance by exhibiting broadband absorption (4-

18 GHz), as predicted by simulation.  

 

KEYWORDS: A. composites, A. organic compounds, D. dielectric properties. 
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1. Introduction 

The presence of electromagnetic (EM) waves, including radio waves, is pervasive in our 

modern world, serving various practical applications [1–3]. However, these waves can interfere with 

the proper functioning of sensitive systems like electronic devices [4–6]. Hence, it is important to 

have control over the propagation or absorption of EM waves to ensure their effective utilization. 

In recent years, the demand for EM absorber materials with increasingly stringent specifications 

has been on the rise. These materials need to satisfy specific requirements, such as being lightweight, 

thin, flexible, and capable of efficiently absorbing and dissipating EM waves across a broad 

frequency range [7,8]. As detection systems and electromagnetic equipment encompass wider 

frequency ranges, the need for radar-absorbing materials with robust and broadband absorption 

capabilities becomes increasingly vital. 

Composite material-based absorbers, have gained significant attention in the field due to their 

lightweight nature, cost-effectiveness, and ability to absorb a wide range of frequencies [9,10]. 

These absorbers typically consist of a dielectric matrix, such as polyethylene terephthalate (PET) 

[11], polyurethane (PU) [12] or epoxy [13–15], combined with lossy loads, such as conductive [16] 

or dielectric particles [17,18]. Efforts to optimize absorption performance have focused on designing 

structures like pyramidal [19,20] and multilayer [21,22] structures based on the principle of 

impedance matching. However, these structures often require significantly large thickness, 

particularly for low-frequency absorption (such as L and S bands or UHF range), limiting their 

practical applications and necessitating further improvement. To address this, attempts have been 

made to enhance low-frequency absorption without increasing the thickness of the absorbing 

materials [22–24]. In our previous work, we demonstrated that using longer carbon fibers (CFs), 

such as those measuring 12 mm in length, improves low-frequency absorption  [23,24]. 
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For several years, metamaterials have been the subject of extensive research as electromagnetic 

(EM) absorbers [25]. These materials are artificial and have unusual electromagnetic properties not 

found in naturally occurring materials. Typically, metamaterials consist of a metallic layer with 

periodic structures on a dielectric substrate, which is further metalized on the backside. By designing 

specific patterns on the metallic layer, they can effectively absorb a targeted range of EM 

wavelengths. Initially developed for narrowband absorption, these artificial absorbers have made 

significant advancements in their capability to absorb microwaves across a wide frequency range 

[26],  The evolution of metamaterial-based absorbers has allowed for their expanded applications, 

surpassing the limitations of their initial narrowband usage [27]. 

Over the last decade, significant progress in developing metamaterials with broadband 

absorption capabilities has been made, and this, using different approaches or principles. The first 

successful approach consists of the use of the same resonant structure shape, such as split-ring 

resonators or loop resonators, but with different dimensions. By combining these different structures 

which resonate at different frequencies, Nguyen and al., have been able to create a metamaterial 

with a broadband absorption performance (S11 < -10 dB) between 10.5 and 12.7 GHz [28]. Another 

approach consists of the stacking, along length, of several resonant structures to result in multilayer 

[29] or 3D [30] metamaterial absorbers. In this manner, broadband absorption has been obtained, 

between 10 GHz and 30 GHz, by Sun and al. [29], and between 8 GHz and 14 GHz, by Ding and 

al. [30]. Furthermore, several studies have focused on the association of passive elements (such as 

resistors) with metamaterial structures to broaden their operating band [31]. For example, Nguyen 

et al. [31] proposed adding 4 resistors to a ring structure, which allows the broadening of the 

absorption bandwidth from 0.2 GHz (between 12.4 and 12.6 GHz) to 4.8 GHz (between 7.8 and 

12.6 GHz). More recently, and in our previous work [32], by combining metamaterials with a thin 

layer of lossy material (epoxy foam loaded with 0.075 wt.% of CFs), it was possible to move from 
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a multi-resonant absorber to a broadband absorber with S11 < -10 dB between 2.7 GHz and 18 GHz, 

and with a total thickness of only 16.2 mm. However, all these metamaterial-based absorbers are 

rigid, due to the use of rigid dielectric substrates, which make them not suitable for use in flexible 

or conformal structures such as wearable devices or flexible displays. For this reason, some recent 

studies have been focused on the use of flexible substrates to achieve flexible metamaterial 

absorbers [33]. Nevertheless, there still remains another inconvenience to overcome, the low 

corrosion resistivity, due to the use of a metallic layer for these metamaterial structures. 

Recently, absorbers with a periodic structure exclusively made of composite materials have 

been studied. For example, Epoxy resin loaded with magnetic metallic particles [34] or reduced 

graphene oxide loaded polypropylene fabrics [35], have been proposed. These materials have shown 

very interesting absorption results over a wide frequency range for relatively small thicknesses. 

However, the design and optimization of flexible broadband EM absorbers remains a challenge due 

to the multitude of possibilities that open up, particularly from the point of view of their composition 

(choice of matrix and charge) and of their geometry, to produce absorber materials that present 

increasingly thin, lightweight and ideally easy to produce.  

This study aims to propose a straightforward approach for fabricating an organic metamaterial 

absorber with a broadband absorption performance using silicone foam loaded with carbon fibers. 

On the one hand, The fabrication method employed is the Particle-template method [36], a simple 

technique involving the mixing of a sacrificial filler with the desired matrix, followed by the removal 

of the filler to create a porous material. Various combinations of matrix and sacrificial fillers have 

been explored in previous literature [36–38]. For instance, in [38], hollow microspheres were 

utilized as a sacrificial filler to produce a Si3N4 ceramic foam. On the other hand, we employ a two-

layer structure design strategy inspired by the previous work of Zhang et al. [39] and adapted for 

the frequency range between 2 and 18 GHz. In this work, by combining the Particle-template 
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method with this simplified design approach, we aim to achieve an effective organic metamaterial 

absorber with broadband absorption capabilities. 

This article is structured as follows: elaboration and characterization methods of the composite 

are first detailed. Subsequently, the design of the chosen metamaterial structure, as well as the results 

of the parametric study are shown to explain the dimensions of the final structure. Finally, the 

microwave absorption performances of the achieved prototype are presented and compared to the 

simulated performance.          

2. Material and methods 

2.1. Elaboration method of the absorber composite  

The "sacrificial template method" is used to produce silicone foam [36]. In our case, a 

silicone resin has been used as a matrix with the sugar filler. The elastomeric silicone selected for 

the fabrication of absorber materials is a two-component system composed of a resin and a hardener, 

Momentive's RTV615-A resin and RTV615-B hardener, purchased from “Composites 

Distribution”. The resin and hardener blend exhibits a viscosity of 4000 cps. These two constituents 

should be combined in a mass ratio of Resin to Hardener of 10:1. Carbon fibers, of 7 µm in diameter 

and 12 mm in length, acquired from “Apply Carbon”, are employed as absorbing load. 
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Fig. 1.  Elaboration method of the absorber composite based on silicone foam loaded with CFs. 

 

The elaboration process of silicone foams loaded with CFs involves several steps (Fig. 1). First, 

the CF load are pre-dispersed in a solvent, using an ultrasonic probe (Vibra-Cell from “Sonics”) 

with a power of 300W for 10 minutes. The pre-dispersed filler is then incorporated into a resin / 

hardener mixture, then the whole is homogenized via spatula mixing for 5 minutes. Next, sugar 

crystals of around 0.5 mm diameter (between 0.2 and 0.8 mm) are introduced into the CFs/silicone 

mixture, and mixed again with a spatula for several minutes (10 minutes), ensuring a homogeneous 

distribution of sugar crystals and CFs within the blend. The resulting mixture is then molded and 

placed in an oven at 100°C for at least 2 hours; this step finalizes polymerization and provides 

definitive mechanical properties to the silicone. Following demolding, the sample undergoes 

immersion in warm water at 60°C for 1 to 2 days (depending on its size); this step aims to dissolve 

the sugar crystals. Water is periodically replaced to accelerate this dissolution process. Finally, the 

sample is replaced in the oven at 100°C for the water evaporation, to obtain a silicone foam loaded 

with CFs. 
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2.2. Characterization methods 

2.2.1. Structural characterization  

The morphology of the foam composites was analyzed by a Leica DM 2500 M optical 

microscope and JSM-IT100; JEOL scanning electron microscope (SEM). Composites densities 

were calculated according to the following formula: ρ =  
m

V
  where m is the weight and V is the 

volume of the sample. 

2.2.2. Dielectric and electromagnetic characterization  

The dielectric and the EM characterization of the composites were carried out using the free 

space method [40]. For this measurement, a sample with dimensions of 15 × 15 × 1 cm3 was placed 

inside the anechoic chamber in front of two horn antennas (ETS-Lindgren 3115 model), one 

transmitter, and one receiver (Fig. 2-a). These antennas operate in the [2-18 GHz] frequency range 

and were connected to a vector network analyzer (VNA Agilent PNA-L) with a wave power of -8 

dBm (0.15 mW). Antennas were placed side by side with a negligible angle of incidence shown in 

Fig. 2-b. The complex permittivity (𝜀̃ = 𝜀′ − 𝑗𝜀′′) of the characterized materials was then extracted 

from the measured reflection coefficients (S21) using the method proposed by Fenner et al. [41]. For 

this, four measurements (four S21 parameters) are needed: the sample alone (S_21(sample)), the sample 

with a metallic plate (S_21 (sample_metal)), the metallic plate alone (S_21 (metal)), and the environment (S_21 

(env)) as shown in (Fig. 2-c). Then, the reflection coefficients Γ of the material alone (Γsample) and of 

the material with a metallic plate (Γsample_metal) are calculated, using the four measurements, as 

follows: 

Γsample =
S21(sample)−S21(env)

S21(env)−S21(metal)
                                       (eq. 1) 
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Γsample_metal =
S21(sample_metal)−S21(env)

S21(env)−S21(metal)
                            (eq. 2) 

 

For these EM measurement, a distance (d) must be ensured between the antennas and the 

sample, to satisfy the far field condition (eq. 3), where D is the antenna aperture diameter and λ is 

the highest measured wavelength (at the lowest measured frequency) [41]. 

d ≥
2D2

λ
      (eq. 3) 

 
a) 

 
b) 

  
c) 

Fig. 2. a) Schematic, b) photo of the measurement configuration used for the EM characterization 

in the anechoic chamber and c) different measurements needed for the EM characterization. 
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The measurement of the reflection coefficients of the achieved prototype was performed in the 

same configuration for the normal incidence (θ = 0 °). An angle of 60° between antennas was used 

for measurement at oblique incidence of θ = 30°.  

2.3. Design and Simulation  

The chosen geometry for the organic metamaterial absorber is illustrated in Fig. 3. It consists 

of a first layer serving as a substrate and a second layer with a periodic "parallelepiped" structure. 

The choice of this structure, inspired by the work of Zhang et al. [39], was motivated by its ease of 

implementation. 

The simulation of the reflection coefficient of the absorber is carried out using the commercial 

software CST Microwave Studio, and the measured dielectric properties of the composite material. 

A Perfect Electric Conductor (PEC) is positioned behind the absorber for this simulation conducted 

using the frequency domain. In these simulations, the size (surface) used for a single unit is 31 mm 

x 31 mm. Periodic boundaries are applied to simulate an infinite structure, using the Floquet theory 

implemented in CST software, in the x and y directions, while the electromagnetic wave propagates 

along the z-axis. Once the dimensions of the structure are fixed: a (thickness of the first layer), b 

and c (side and thickness of the parallelepiped structures, respectively), the prototype is 

manufactured and its absorption performance is measured in an anechoic chamber. 

 

Fig. 3. Chosen design and dimension parameters of the metamaterial structure. 
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For the fabrication of the structured absorber prototype, two layers of CF loaded silicone foam 

composite are utilized. According to Fig. 4, the first layer is used as a continuous layer while the 

second one (non-continuous layer) is structured as parallelepiped forms. In our work, these 

parallelepiped forms are simply cut by scissors. Subsequently, these parallelepipeds are affixed to 

the first layer by silicone glue. The different dimensions of the chosen structure were obtained after 

a parametric study which will be presented later in this article (Part 3.3). 

  
Fig. 4. Fabrication steps of the organic metamaterial absorber prototype based on CF loaded 

silicone foam composite. 

3. Results  

3.1. The structure of silicone foams   

To investigate the effect of the Resin-to-Sugar (R:S) ratio on silicone foam density and 

structure, samples without CFs (unloaded silicone foams) were elaborated with eight R:S ratios (1:0, 

1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7). Fig. 5 displays photos of achieved samples. 

According to this figure, it can be observed that the volume of the samples increases with the 

amount of added sugar, and their color changes from transparent to whitish, which is due to the 

multiple reflections of visible light in the increasingly porous structure. The appearance of pores 

(air bubbles) can also be observed with the naked eye beginning at the ratio of 1:1. 
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Fig. 5. Photo of silicone foam samples made with different R:S ratios (sugar amount increases 

from left to right). 

These samples were observed using an optical and Scanning electron microscopes. As expected, 

Fig. 6 illustrates that the number of pores increases with the quantity of sugar added. First, for ratio 

R:S equal to or lower than 1:2 (Fig. 6-a1 and Fig.6-b1), samples show separated porosities, which 

are confined inside the resin matrix and so, are only visible by optical observation (thanks to the 

translucent appearance of the resin). Thus, only some porosities are visible on the surface of the 

samples, as can be observed by SEM images of the Fig. 6-a2 and Fig.6-b2. In this case, the 

dissolution of the sugar can be not completed. Secondly, for ratio R:S of 1:3 and 1:4, SEM images 

Fig. 6-c2 and Fig.6-d2) show an increase of the open porosities towards the sample surface, 

compared to the lower R:S ratios, which facilitates the dissolving of sugar during the composite 

elaboration. Finally, for ratio R:S equal to or higher than 1:5 (Fig. 6-e to Fig.6-g), the empty pores 

(resulting from the dissolution of the sugar) begin to agglomerate (touch each other) to form pores 

with larger size. With the 1:7 ratio (Fig. 6-g), nearly all the pores cluster together, which can be 

more easily observed by optical microscope on the zoom of Fig. 6-g’1. This results in a mechanical 

weakening, making the sample structure very fragile and easy to tear apart. 
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Fig. 6. Optical microscope images (a1 to g’1) and SEM images (a2 to g2) of unloaded silicone 

foam samples made with different R:S ratios. 

Moreover, the expansion of sample volume and the enlargement of pores within these samples 

foreshadow variations in their density as a function of the amount of added sugar. Density 

measurements were conducted on these samples, and the results are presented in Table (1). This 

table illustrates a reduction in sample density as the sugar content increases. For instance, the density 

decreases from 0.9 g·cm-3 for the (1:0) ratio (pure silicone bulk without sugar) to 0.22 g·cm-3 for 

the (1:7) ratio. The size of the porosities, as expected, is between 0.2 and 0.8 mm, which corresponds 

to the dimensions of the sugar crystals used for the elaboration of these materials.  

 

Table 1. Density values of silicone foam samples elaborated with different R:S ratios. 
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Resin: sugar 1:0 1:1 1:2 1:3 1:4 1:5 1:6 1:7 

Density (g·cm-3) 0,9 0,7 0,45 0,35 0,32 0,28 0,28 0,22 

 

According to these results, the two ratios (1:3) and (1:4) demonstrate the best compromises 

between low density and a homogeneous structure while maintaining good mechanical strength. In 

the case of absorber materials, achieving homogeneity is essential for ensuring that the 

electromagnetic properties of the absorbers can be reproducible. The introduction of sugar into the 

resin can potentially disrupt the uniform dispersion of conductive fillers (CFs) within the resin, this 

is due to the viscosity of the mixture which becomes very high and prevents effective mixing of the 

blend. So, as the amount of added sugar increases, it becomes increasingly difficult to maintain a 

consistent distribution of CFs within the resin. This is why we selected a resin-to-sugar ratio of 1:3 

when producing the CFs-loaded silicone foams. 

3.2. Dielectric properties of silicone foam loaded with 12mm CFs 

For this study, a composite based on silicone foam loaded with carbon fibers of 12 mm length 

were chosen. This choice was motivated by our previous work [23] which showed the interest of 

long fibers (12 mm) for EM absorption. Here, a resin-to-sugar ratio of 1:3 and 2 wt.% of CFs are 

used. This choice ensures that our material exhibits high dielectric losses while maintaining a 

relatively homogeneous and uniform distribution of charges within the material. Fig. 7-a shows the 

photo of the elaborated composite made with flexible silicone foam loaded with CFs. Fig. 7-b) 

shows the SEM image of this sample with the CFs stuck in the sample porosities. 

To carry out the simulation and parametric study of the structured absorber, dielectric properties 

of our composite are needed. Fig. 7-c) displays the real permittivity (ɛ') and dielectric losses (tan δ) 

extracted for this sample from measurements in an anechoic chamber. The graph illustrates that both 
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the real permittivity and dielectric losses decrease with increasing frequency. For instance, in the 

range from 2 GHz to 15 GHz, the real permittivity and dielectric losses decrease from ɛ' = 7 and tan 

δ = 1.9 to ɛ' = 1.1 and tan δ = 0.7.  

It should be noted here that usually, for a standard absorber (without structuring) based on a 

dielectric composite, a low permittivity (as close as possible to that of air ’  1) associated with 

high losses, but less than 1, is needed. These conditions are necessary to ensure impedance 

matching, and therefore low reflection, at the air/material interface [23]. In the case of a structured 

material, this condition is not necessary, and so, the highest losses are sought.  

  
                                             a)                                        b) 

 
c) 

Fig. 7. a) Photo of the flexible composite b) SEM image of the composite and c) Dielectric 

properties (’ and tan) of the composite based on silicone foam loaded with 2 wt.% of CFs of 12 

mm length. 

3.3. Simulation of metamaterial absorber based on silicone foam loaded with CFs :  
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The measured properties of CF loaded silicone foam, obtained through measurements 

conducted in an anechoic chamber, serve as the basis for a parametric study. This study aims to 

evaluate the impact of each dimension parameter on the absorption performance of the structured 

organic absorber. In the simulation, the size of the individual unit (period length) is fixed at 31 mm, 

while the parametric investigation focuses on three variable parameters: a, b, and c. Notably, the 

structured component, which constitutes the second layer, is a rectangular parallelepiped with 90° 

angles. It features a square top surface with dimensions b x b and a thickness of c; the thickness of 

the first layer is a. Limits are imposed on these parameters as follows: the thickness of the first layer 

(a) varies between 4 and 10 mm, the side length of the square (b) ranges from 10 to 22 mm, and the 

thickness of the second layer (c) is constrained between 6 and 12 mm. A 1 mm step increment is 

used for the thicknesses of the two layers (a and c) where a 2 mm increment is applied for the square 

side length (b). These parameter limits and steps are summarized in Table 2. One can note here that 

all the simulations done for the parametric study are done for a normal incidence (θ = 0°) of EM 

waves. 

Table 2. Dimension limits and steps used for the parametric study of the metamaterial structure. 

Parameters Min (mm) Max (mm) step (mm) 

a 4 10 1 

b 10 22 2 

c 6 12 1 

 

First, Fig.8-a displays the reflection coefficients resulting from the parametric study of the 

structured absorber, considering different values of a thickness (a) between 4 and 10 mm, to 

investigate how the thickness of the first layer (a) affects the reflection coefficient of the absorber. 

The other parameters are fixed to values of b = 12 mm and c = 10 mm. From this first simulation 

results, we can notice that all the studied structures present an absorption from a frequency around 
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4 GHz. It's also noticeable that as (a) increases from 4 mm to 6 mm, the reflection coefficient 

decreases. However, beyond a thickness of 7 mm, the absorption coefficient begins to rise once 

more. The best reflection coefficient is achieved with an optimal thickness of 6 mm; this value is 

chosen for the rest of the parametric study for the optimization of the other two variables.  

Fig. 8-b illustrates the influence of the parallelepiped surface on the reflection coefficient of the 

periodic structure. It should be noted here that for our simulations, we only considered a square 

surface (b x b) for the parallelepiped structures. Here, the (b) parameter is varied between 10 and 

22 mm and the other parameters are fixed to a = 6 mm and c = 10 mm. The simulation results show 

that increasing the size of the squares up to 14 mm enhances the absorption of EM waves. However, 

starting from 16 mm, the absorption peaks shift towards lower frequencies while their absorption 

level diminishes. For this raison, b = 14 mm was selected because it presents a compromise between 

absorption at low and high frequencies. It exhibits a prominent resonance peak at 7.8 GHz with a 

minimum reflection coefficient of -48 dB. Additionally, it provides a wide absorption bandwidth 

spanning from 3.2 GHz to 18 GHz. 

For the last parametric study, values of a = 6 mm and b = 14 mm are kept constant to determine 

the influence of the second layer thickness (c) on the reflection coefficient; simulation results are 

presented in Fig. 8-c.  Based on these results, a similar trend of the reflection coefficients, as 

previously obtained when varying the thickness (a) (Fig. 8-a), is observed. As (c) increases from 6 

mm to 10 mm, the reflection coefficient decreases. However, when the thickness reaches 11 mm, 

the absorption coefficient starts to rise again. Thus, the optimal reflection coefficient, the best 

compromise, is achieved with a thickness of 10 mm. Consequently, the chosen parameters for the 

prototype are a = 6 mm, b = 14 mm, and c = 10 mm.  
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a) 

 
b) 

 
c) 

Fig. 8. Simulated reflection coefficients of the organic metamaterial absorber for different values 

of dimension parameters (a), (b), and (c). 
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It should be noted here that the absorption performance of our structured absorber is mainly 

related to the different dimensions, and in particular to the thickness of the two layers constituting 

the absorber. Indeed, the absorption peaks observed in Fig. 8 are a consequence of the resonance 

frequencies of the two layers of thicknesses (c) and (a + c), as illustrated in Fig. 9. Zhang et al. [39] 

show that the resonance frequency (f) of the periodic structure is dependent on two frequencies, 

namely, 𝑓1 et 𝑓2, which can be described by the following Lichtenecker formula (eq. 4) [39]: 

                                                       log 𝑓 = 𝑅𝑠 log 𝑓1 + (1 − 𝑅𝑠) log 𝑓2                       (eq. 4) 

Where 𝑓1 and 𝑓2 are the resonance frequencies of layers with thicknesses (a + c) and (a), respectively, 

𝑅𝑠 represents the surface ratio between the upper layer (c) and the lower layer (a); in our case, 𝑅𝑠 = 

(b/31)2. 

 

Fig. 9. Schematic of the periodic structure compared to two monolayers of thickness (a) and 

thickness (a + c). 

3.4. Fabrication and measurement of the structured organic absorber  

Fig. 10 displays photographs of the achieved absorber prototype fabricated using a silicone 

foam loaded with 2 wt.% of 12 mm-CFs. This prototype consists of a first layer of 6 mm thickness, 

a second layer composed of parallelepiped structures of 10 mm (resulting in a total thickness of 16 

mm), and a surface of 14 x 14 mm². the distance between the center of each parallelepiped is 31 

mm. Dimensions of the final prototype are 150 x 150 x 16 mm3. 
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Fig. 10. Photos of the achieved prototype of silicone foam loaded with 2 wt.% of CFs of 12 mm 

length. 

The reflection coefficient Γ of this prototype was measured in an anechoic chamber. To conduct 

this measurement, the prototype was affixed to a metallic plate of the same surface dimensions 

(150x150 mm²). Absorption performance was measured in both normal (θ = 0°) and oblique 

incidence (θ = 30°) of EM waves. The measured absorption performance is compared to the results 

obtained through simulation in Fig. 11.  

Under normal incidence (θ = 0°) as shown in Fig. 11-a, the prototype demonstrates wideband 

absorption, with a reflection coefficient below -10 dB between 4.2 GHz and 18 GHz and staying 

below -20 dB between 5.4 GHz and 18 GHz. In the case of oblique incidence (θ = 30°) depicted in 

Fig. 11-b, the prototype also exhibits broadband absorption spanning from 4 GHz to 18 GHz, with 

a reflection coefficient below -20 dB between 5.2 GHz and 18 GHz. 

 
a) 

-60

-50

-40

-30

-20

-10

0

2 4 6 8 10 12 14 16 18


(d

B
)

Frequency (GHz)

Measurement
Simulation

( = 0°)

                  

ACCEPTED MANUSCRIPT / CLEAN COPY



 

b)
 

Fig. 11. Simulated and measured reflection coefficients of the prototype for a) normal incidence 

(=0°) and b) oblique incidence (=30°) of EM waves. 

 

Fig. 11 exhibits a good agreement between simulated and measured reflection coefficients for 

both incidence angles (0° and 30°). The slight variations between these results can be attributed to 

imperfections in the structure produced by the cutting method of our prototype. Measurement of the 

dimensions of the produced prototype shows values ranging from 5 to 6 mm for parameter a, 

between 14 and 16 mm for parameter b, and between 9 and 10 mm for parameter c; as a reminder, 

the targeted values were a = 6 mm, b = 14 mm, and c = 10 mm. 

Fig. 12 illustrates the simulation of the reflection coefficient for the prototype using the selected 

parameters (a=6 mm, b=14 mm, and c=10 mm) in comparison to three other simulations, each 

involving a change in one of the parameters (a, b, or c). These simulations provide insight into the 

tolerance of our prototype's dimensions. Notably, variations in these parameters can impact the 

absorption level at high frequencies and the magnitude of the absorption peak around 8 GHz. As an 

example, reducing the thickness of the first layer from 6 mm to 5 mm increases the reflection 

coefficient from -28 dB to -16 dB at 12 GHz and from -47 dB to -12 dB at 8 GHz.  
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Furthermore, when comparing these simulations to the measurement, we observe that the 

measured curve falls within the range of the different simulation curves. This confirms that the 

difference between the simulation and the measurement is primarily due to errors in the molding 

and cutting of the prototype.  

 

Fig. 12. Measured reflection coefficient of the achieved prototype compared to simulated 

coefficients made with different values of parameters (a), (b), and (c). 

4. Conclusion  

Our objective was to introduce a novel microwave-absorbing material that is both flexible 

and lightweight, achieved through a straightforward fabrication method for the composite and a 

simplified approach to its structuring. We present the template-particle method, which involves 

incorporating sugar crystals as sacrificial particles to create silicone foam. The resulting silicon-

based composites exhibit varying structures and densities depending on the Resin:Sugar ratio. 

Among the ratios tested, a ratio of 1:3 was selected as it demonstrated the optimal balance in terms 

-60

-50

-40

-30

-20

-10

0

2 4 6 8 10 12 14 16 18

Γ
(d

B
)

Frequency (GHz)

a=6 mm b=14 mm c=10 mm

a=5 mm b=14 mm c=10 mm

a=6 mm b=16 mm c=10 mm

a=6 mm b=14 mm c=9 mm

Measurement

                  

ACCEPTED MANUSCRIPT / CLEAN COPY



of density, homogeneity, and stable mechanical properties. This ratio allows for a composite density 

of 0.33 g/cm³, highlighting its suitability for the desired properties of the absorber material. 

The dielectric characterization, conducted in the anechoic chamber, of the composite loaded 

with 2 wt.% of 12mm-CFs, shows high dielectric losses (between 2 and 0.75) associated with a 

moderate relative permittivity (between 7 and 1.1) in the frequency range of 2-18 GHz. These 

properties were used for a parametric study to determine the optimal dimensions for a periodic 

structure, aiming to enhance absorption performance. The chosen design for the absorber combines 

a first continuous layer of the composite and a second layer composed of parallelepiped structures 

made with the same composite. The best-simulated reflection coefficient was achieved with a first 

layer thickness of 6 mm and a structured second layer thickness of 10 mm, the parallelepiped surface 

is 14 x 14 mm².  

A prototype, presenting final dimensions of 16 x 150 x 150 mm3, was fabricated and 

measured. A reflection coefficient below -10 dB across the frequency band (4-18) GHz and reaching 

-20 dB between 5.4 GHz and 18 GHz were then confirmed, thus validating the simulation results.  

In conclusion, this study validates the absorption performance of the proposed structured 

material utilizing carbon fiber loaded silicone foam. The findings suggest that there is potential for 

enhancing the performance of these silicone foam-based absorbers by exploring more intricate 

geometries or adjusting the loading percentages of the CFs. These possibilities open up new avenues 

for the application of this lightweight and flexible absorbing material, paving the way for further 

advancements in the field. 
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