KSU Miihendislik Bilimleri Dergisi, 29(2), 2026 KSU J Eng Sci, 29(2), 2026
Arastirma Makalesi Research Article

Kahramanmaras Sutcu Imam University
Journal of Engineering Sciences

Gelis Tarihi : 16.09.2025 Received Date : 16.09.2025
Kabul Tarihi : 09.12.2025 Accepted Date : 09.12.2025

DIELECTRIC CHARACTERIZATION AND MICROWAVE APPLICATION
POTENTIAL OF BIOMATERIALS OBTAINED FROM CUTTLEFISH (SEPIA
OFFICINALIS) INNER SHELL AND BEAKS

MUREKKEP BALIGI (SEPIA OFFICINALIS) iC KABUK VE GAGALARINDAN
ELDE EDILEN BiYOMALZEMELERIN DIELEKTRIK KARAKTERIZASYONU

VE MIKRODALGA UYGULAMA POTANSIYELI
Erkan UGURLU' (ORCID: 0000-0001-8940-8421)
Muharrem KARAASLAN? (ORCID: 0000-0003-0923-1959)
Fatih Ozkan ALKURT’* (ORCID: 0000-0002-9940-0658)
Onder DUYSAK' (ORCID: 0000-0002-7484-3102)

"Faculty of Marine Science and Technology, Iskenderun Technical University, Iskenderun, Hatay, Turkey
2Faculty of Natural Science and Engineering, Iskenderun Technical University, Iskenderun, Hatay, Turkey
*Sorumlu Yazar / Corresponding Author: Fatih Ozkan ALKURT, fozkan.alkurt@iste.edu.tr

ABSTRACT

This study explores the dielectric properties and microwave potential of biomaterials obtained from the bone and
beak of the cuttlefish Sepia officinalis, a cephalopod species abundant in the eastern Mediterranean waters of Turkey.
Non-edible parts such as bones and beaks were collected, cleaned, dried, ground into powder, and characterized using
a Keysight PNA-L Vector Network Analyzer with the open-ended coaxial probe method in the 1-20 GHz range. The
real (¢) and imaginary (¢”) components of complex permittivity were extracted to evaluate their suitability as
microwave substrates. Results indicate that cuttlefish bone exhibits markedly higher dielectric constants () and
dielectric loss (g”) than beak due to its mineral-rich porous structure. Conversely, the beak, composed mainly of
chitin, shows more stable and low loss behavior. These findings highlight that such marine biomaterials, obtained
from biological waste, possess promising potential for microwave engineering, including radomes requiring
controlled absorption and antenna laminates requiring low-loss stability. Their use can decrease reliance on synthetic
substrates while supporting sustainability and introducing a new class of natural materials for high-frequency
applications.
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OZET

Bu calisma, Tiirkiye'nin dogu Akdeniz sularinda bol miktarda bulunan bir kafadanbacakli tiirii olan miirekkep balig1
Sepia officinalis'in i¢ kabugundan ve gagasindan elde edilen biyomalzemelerin dielektrik 6zelliklerini ve mikrodalga
potansiyelini arastirmaktadir. Kemikler ve gagalar gibi yenilemeyen kisimlar toplandi, temizlendi, kurutuldu, toz
haline getirildi ve 1-20 GHz araliinda a¢ik uglu koaksiyel prob yontemi ile bir Keysight PNA-L Vektor Ag
Analizorii kullanilarak karakterize edildi. Mikrodalga alt tabaka olarak uygunluklarini degerlendirmek i¢in karmasik
gecirgenligin gercek (&) ve sanal (¢”) bilesenleri ¢ikarildi. Sonuglar, miirekkep balig1 kemiginin mineral agisindan
zengin gozenekli yapisi nedeniyle gagadan belirgin sekilde daha yiiksek dielektrik sabitleri (') ve dielektrik kayb1
(e") sergiledigini gostermektedir. Buna karsilik, esas olarak kitinden olusan gaga daha kararli ve diisiik kayiplt bir
davranig gostermektedir. Bu bulgular, biyolojik atiklardan elde edilen bu tiir deniz biyomalzemelerinin, kontrollii
emilim gerektiren radomlar (radome, anten korumasi) ve diigiik kayiph stabilite gerektiren anten laminatlar (anten
kaplamasi) da dahil olmak {izere mikrodalga miihendisligi i¢in umut verici bir potansiyele sahip oldugunu
vurgulamaktadir. Bu malzemelerin kullanimu, siirdiiriilebilirligi desteklerken sentetik substratlara olan bagimlilig
azaltabilir ve yiiksek frekansli uygulamalar i¢in yeni bir dogal malzeme sinifi sunabilir.

This work is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0).
BY
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INTRODUCTION

The cuttlefish (Sepia officinalis Linnaeus, 1758) is one of the most well-known cephalopods worldwide in terms of
its biology and ecology. This species is widely distributed along the eastern Atlantic coastal regions and
Mediterranean coastal regions (Roper et al. 1984; Mangold & Boletzky, 1987; Nesis, 1987). As a demersal and neritic
species, it is typically found on sandy and muddy sea beds and generally inhabits depths of 0—100 meters (Roper et
al. 1984). Due to its high nutritional and commercial value, the cuttlefish is heavily fished (Tiireli et al. 2010). Squid
is widely distributed along the Marmara, Aegean, and Mediterranean coasts of Turkey (Demir, 1952; Duysak et al.,
2008; Katagan & Benli, 1990; Katagan et al., 1993; Katagan & Kocatas, 1990; Mangold & Boletzky, 1987; Roper et
al., 1984).

In 2019, the Food and Agriculture Organization of the United Nations (FAO) reported that a total of 158,494 tons of
cephalopods were caught worldwide, of which approximately 42,872 tons were cuttlefish (FAO, 2021). According
to the 2020 Fisheries Statistics of the Turkish Statistical Institute, 961 tons of squid were caught in Turkey (TSI,
2021). Considering only our country, it is understood that the amount of squid bones and beaks is quite high. The use
of these marine resources in various fields is of great importance in terms of reducing environmental pollution and
contributing to the national economy. The inedible parts of Sepia officinalis, such as cuttlefish bones and beaks, are
abundant. Considering the demand for sustainable and cost-effective materials, especially in advanced microwave
and antenna technologies, these marine-derived biological resources can make significant contributions to
sustainability and innovative materials science.

The studies on cephalopods distributed in the Mediterranean Sea generally focus on metal accumulation, biology,
chitin-chitosan production and ink (Duysak et al., 2023, 2014; Sadek, 2022; Duysak and Ugurlu, 2017, 2020; Ugurlu
et al., 2018, 2020, 2023; Ozyilmaz et al., 2019; Vino et al., 2012; Wan et al., 2021). Recent advancements in
technology and material science have revealed that non-edible parts of S. officinalis, such as cuttlebone and beak
(abundantly available in Tiirkiye’s waters) hold significant potential for broader and high-value engineering
applications. Marine-derived biomaterials, including chitosan-based composites (Ugurlu et al., 2023b), collagen-
hydroxyapatite structures (Mondal et al., 2019), and calcium carbonate-based biomaterials (Singh et al., 2022), are
increasingly utilized in medicine, biomedical and tissue engineering, cosmeceuticals (Ugurlu and Duysak, 2023;
Rigogliuso et al., 2023; Ugurlu et al., 2020, 2023a; Ugurlu, 2023, 2024; Carvalho et al., 2021; Couteau and Coiffard,
2020), as well as advanced electromagnetic applications such as antennas, microwave absorbers, radomes, batteries,
and defense sector materials (Ugurlu et al., 2023b; Rubio et al., 2022; Feng et al., 2021; Wang et al., 2016). The
structural versatility, lightweight nature, biocompatibility, and environmentally friendly characteristics of these
biomaterials make them attractive candidates for sustainable and innovative dielectric substrates and layers in high-
frequency engineering applications.

The growing demand for sustainable and cost-effective materials in high-frequency microwave systems has
accelerated research into the use of natural biomaterials as dielectric substrates for antennas, radomes, and absorber
components (Tesser et al., 2019; Rajakaruna et al., 2024). Radomes, which are protective enclosures for antenna
systems, require materials that possess moderate dielectric constants and low loss tangents to minimize signal
attenuation (Soumya et al., 2017). In this regard, the cuttlebone of Sepia officinalis, with its aragonite rich, porous
microstructure, exhibits a dielectric profile that aligns with the performance criteria for broadband radome and
absorber applications. Similarly, the beak’s chitin protein composition results in a lower permittivity and reduced
dielectric loss, rendering it suitable for low loss microwave substrate use in printed circuit antennas and
communication modules (Aziz et al., 2024). Previous studies have demonstrated that marine derived biomaterials
such as collagen, chitosan, and calcium carbonate-based structures can be successfully employed in electromagnetic
devices with biocompatibility, lightweight form, and low environmental impact (Mondal et al., 2019; Singh et al.,
2022). The findings of this study further validate that the cuttlebone and beak of S. officinalis can serve as promising
alternatives for dielectric components in antenna arrays, microwave sensors, and radome structures, paving the way
for sustainable innovation in RF and defense technologies.

In this study, biomaterials obtained from the bones and beaks of cuttlefish were investigated to evaluate their
dielectric characteristics and to assess their potential suitability for radome technology for the first time. These
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biomaterials were prepared without any processing (simple drying and grinding) from the non-consumable parts.
Additionally, the prepared samples were electrically characterized by extracting component parameters for the 1-20
GHz frequency range.

MATERIALS AND METHODS

In this study, specimens of Sepia officinalis were sourced from the Iskenderun fish market, Tiirkiye, in January 2024.
Upon transportation to the laboratory, dissection was performed under sterile conditions to extract two primary
anatomical components: the beak and the cuttlebone (Figure 1.a and 1.b). These structures were selected due to their
distinct biochemical compositions and potential electromagnetic response characteristics.

The preparation steps applied in this study follow widely adopted procedures for marine derived biomaterials, as
reported in the literature (Ugurlu et al., 2025). The beaks, composed primarily of chitin protein complexes, were
manually separated from the buccal mass and collected in large quantities (Figure 1.a). In parallel, the cuttlebones,
which are porous, lightweight internal shell structures made predominantly of aragonitic calcium carbonate, were
carefully removed from the mantle cavity (Figure 1.b). Both types of biological materials were thoroughly rinsed
multiple times using bidistilled water to remove organic residues, salts, and surface impurities. After cleaning, the
samples were air dried for one hour and subsequently placed in a laboratory oven at 60°C for 24 hours to ensure
complete moisture removal without inducing thermal decomposition.

Once dried, the samples were individually ground into fine powders using a high-speed mechanical grinder. To ensure
homogeneity and reproducibility, the powders were sieved using a mesh size of 200 um. The resulting powdered
samples of S. officinalis cuttlebone and beak were visually distinct in texture and color (as shown in Figure 1), and
were immediately stored in airtight Falcon tubes within a desiccator at room temperature to prevent ambient moisture
absorption prior to further thermal and electromagnetic characterization.

Figure 1. S. officinalis; a. beak and beak powder, and b. cuttlebone and cuttlebone powder.

MICROWAVE ANALYSIS

In this study, the open ended coaxial probe method is a widely used non destructive technique for extracting the
complex permittivity of materials. In this approach, the Vector Network Analyzer (VNA) measures the complex
reflection coefficient (S11), which is then converted into the real (¢') and imaginary (¢") parts of permittivity through
probe. The probe behaves as a small aperture whose input impedance varies with the dielectric loading of the material,
and the VNA uses this impedance together with calibration references such as open, short, and load to solve the
nonlinear equations relating S11 to complex permittivity. This technique provides accurate broadband
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characterization, and the probe used in this study is specifically designed for powdered and semi solid samples. The
measurement range was selected between 1 GHz and 20 GHz, which covers typical frequencies used in microwave
and communication applications.

Before the actual measurements, a three-step calibration procedure was performed to ensure high accuracy and
minimize system errors, reflections, and losses originating from the probe or cable mismatches. The calibration
process is illustrated in Figure 2:

e (b) Open calibration: The diclectric probe was exposed to open air, which served as a standard reference
with known dielectric properties (¢' = 1, €” = 0). This step eliminates the systematic errors related to open-
circuit reflections.

e (c) Short calibration: A metallic shorting block was connected to the end of the probe to create a short-
circuit condition. This step compensates for phase errors and internal mismatches in the probe assembly.

e (d) Load calibration: The probe was immersed in distilled water, which has well-characterized and stable
dielectric properties. This step ensures accurate impedance matching by correcting for complex permittivity
and loss contributions from the probe and surroundings.

Following this calibration steps, the dielectric probe was positioned into the powdered sample (as shown in Figure
2.a) to record the complex permittivity values across the designated frequency range. The measurements provide
both the real part (&'), that represents the material’s energy storage capability, and the imaginary part ("), which
indicates dielectric losses within the sample. This carefully calibrated setup provides reliable and reproducible
dielectric property data for the investigated biomaterials, which were further analyzed for potential use in microwave
and antenna applications.

0000
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Analyzer

Dielectric
Probe Kit

Figure 2. Calibration and dielectric measurement setup using PNA-L Vector Network Analyzer. a. Measurement
of complex permittivity of powdered sample using a dielectric probe. b. Open-circuit calibration in air. ¢. Short-
circuit calibration with metallic shorting block. d. Calibration with distilled water as reference material.

RESULTS AND DISCUSSION

Figure 3 illustrates the frequency dependent dielectric response of the S. officinalis cuttlebone and beak materials in
terms of both the real (¢') and imaginary (¢") parts of the complex permittivity over the 1-20 GHz frequency range.
For validation purposes, measurements for air were also included as a reference, with its expected permittivity values
(g'=1,&"=0).
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As shown in Figure 3.a, the real part of permittivity (¢') for both biological samples decrease with increasing
frequency, a typical behavior associated with frequency dispersion and diminishing polarization. The cuttlebone
sample starts at approximately 3.5 at lower frequencies and decreased gradually to about 2.3 at 20 GHz. In contrast,
the beak sample exhibited slightly lower €' values, ranging from about 2.5 at 1 GHz to 1.7 at 20 GHz. This difference
was attributed to the inherent compositional and structural disparities between the two materials, the cuttlebone
predominantly consists of aragonitic CaCO; with a highly porous matrix, whereas the beak was rich in chitinous
biopolymers and proteinaceous phases with relatively lower polarizability.

The imaginary part of permittivity (¢”), depicted in Figure 3.b, represents dielectric losses associated with
polarization and conduction mechanisms. Both samples show a rising trend with frequency up to a certain point, after
which €” levels off or slightly decreases. Specifically, the cuttlebone exhibits a peak &” value close to 1.0 around 13-
14 GHz, while the beak reaches a maximum of approximately 0.6 in the same frequency range. This behavior
suggested that both materials undergo dielectric relaxation within the mid-GHz range, with cuttlebone demonstrated
a stronger loss response, likely due to its more polarizable mineral structure and interfacial porosity.

When the dielectric constant and loss characteristics presented in Figure 3 are evaluated, it is seen that both
biomaterials exhibit frequency dependent behaviors significant for application in the S, C, X and Ku bands. The beak
sample offers a suitable profile for low loss antenna and ISM band applications due to its low &’ and &” values, while
the mineral rich and porous cuttlebone, with its increased €” values, particularly in the X and Ku bands, provides
advantages for radome and absorber designs requiring controlled absorption. These biomaterials are also suitable for
use in composite structures when combined with polymer matrices. It is possible to increase mechanical strength and
improve structural integrity with biopolymer reinforcements such as chitin, chitosan, or collagen. Furthermore,
because S. officinalis is a species abundantly fished along the Turkish coast, inedible parts such as bones and beaks
are already considered waste. Recycling these materials presents a new class of sustainable, low cost, and
environmentally advantageous dielectric materials.

In general, it has been found that cuttlefish bone samples exhibit higher permeability and greater dielectric loss than
beak samples. This indicates that it is more suitable for applications requiring medium dielectric constants and
controlled absorption, such as radomes or absorber substrates. In contrast, the beak’s relatively stable and lower loss
profile demonstrates its potential for use as a dielectric layer in low loss antenna or microwave laminate systems.
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Figure 3. Complex dielectric constant a. real and, b. imaginary part

Finally, €' and ¢" values are qualitatively compared with commonly used synthetic materials such as PTFE (&' = 2.0,
very low loss), polypropylene (¢’ = 2.1-2.3), and FR-4 (¢’ = 4.2-4.6, higher loss). This comparison demonstrates that
the beak exhibits a low loss dielectric profile similar to PTFE (Teflon, Polytetrafluoroethylene) like laminate
substrates, while the cuttlebone’s moderate permittivity and higher loss characteristics place it closer to radome
materials requiring controlled absorption.
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Future studies will focus on extending the dielectric characterization of cuttlebone and beak based biomaterials to
higher frequency bands and varying environmental conditions to evaluate their stability in practical applications. In
addition, composite formulations incorporating these powders into polymer matrices will be explored to improve
mechanical strength and control electromagnetic performance for specific radome, antenna, and absorber designs.
Mechanical testing, microstructural analysis, and fullwave simulations will also be conducted to establish a stronger
link between material properties and device level performance. These efforts are expected to advance the use of
marine derived biomaterials as sustainable alternatives in next generation microwave engineering.

CONCLUSION

This study presents a comprehensive dielectric and microwave characterization of powdered cuttlefish bone and beak
samples obtained from Sepia officinalis, a cephalopod found in abundance in Turkish waters. Through systematic
preparation and dielectric analysis using a PNA-L Vector Network Analyzer within the 1-20 GHz range, it was found
that both biomaterials exhibit frequency dependent dielectric properties that are highly relevant for modern
microwave applications. The cuttlebone demonstrated higher real and imaginary permittivity values compared to the
beak, indicating stronger polarization and loss mechanisms, primarily due to its porous and mineral rich structure.
These characteristics make the cuttlebone a promising candidate for use in absorptive microwave components, such
as radome layers or electromagnetic shielding substrates. In contrast, the beak with its lower dielectric loss and
relatively stable permittivity profile, holds potential as a low loss dielectric layer in antenna or microwave laminate
technologies. The results of this study also contribute to the broader vision of sustainable material science by using
seafood processing byproducts. This is not surprising, given that in the future we will likely see surface
functionalization or composite formulation studies aimed at further adapting these types of marine biomaterials for
specific radar, communication, or bio-integrated device applications.
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