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INTRODUCTION

Orbital and peri-orbital tumors represent a major clinical challenge 
in radiation therapy because of the anatomical complexity of the 
orbital region and the close proximity of highly radiosensitive critical 
structures such as the lens, optic nerve, extraocular muscles, and 
craniofacial bones [1]. Modern radiotherapy techniques, including 
conformal radiotherapy, intensity-modulated radiation therapy 
(IMRT), volumetric modulated arc therapy (VMAT), and proton 
therapy, have significantly improved dose conformity and tumor 
control [2,3]. Nevertheless, despite these technological advances, 
unintended irradiation of healthy orbital tissues remains a critical 
issue that may lead to severe complications, including radiation-
induced cataracts [4], optic neuropathy [5], ocular motility 
disorders [6], and post-radiation bone damage [7]. Consequently, 
accurate dosimetric optimization and experimental validation 
of treatment plans require anthropomorphic tools capable of 
realistically reproducing both the anatomical and radiological 
properties of human orbital tissues [8–10]. Anthropomorphic 
phantoms are useful in medical physics and radiation therapy 
because they enable controlled and reproducible investigations 
without additional radiation exposure to patients [11,12]. They are 
widely used for treatment planning system verification, evaluation 
of advanced irradiation techniques, Monte Carlo validation, and 
quality assurance procedures [13,14]. However, currently available 
commercial phantoms present several limitations. First, their 
high cost considerably restricts accessibility in many hospitals 
[15,16]. Second, the materials used in these phantoms do not 
always accurately reproduce the radiological behavior of human 
tissues [17,18], particularly in heterogeneous anatomical regions 
such as the orbit, where soft tissues, bony structures, and highly 
radiosensitive organs coexist within a limited volume. These 
discrepancies may lead to uncertainties in dose calculations and 
reduce the reliability of experimental validations in radiation 
therapy applications [19].

In recent years, substantial attention has been directed toward 
the development of tissue-equivalent materials for dosimetric and 
radiotherapeutic applications [20–23]. The radiological response of 
a material is not determined solely by its physical density, but also 
by key parameters such as mass attenuation coefficient, effective 
atomic number, and electron density. These parameters strongly 
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corresponding human tissues, with values of 601.1±60 HU for bone, 36.0±2.1 HU 
for muscle, 34.7±2.0 HU for optic nerve, and 65.2±6.8 HU for the crystalline lens. 
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the attenuation and radiation interaction properties of orbital tissues under both 
diagnostic and therapeutic conditions.
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influence photon–matter interactions, including the photoelectric 
effect, Compton scattering, and pair production depending on the 
energy range involved [24–26]. Therefore, accurate reproduction 
of the electronic and atomic characteristics of biological tissues 
is essential to ensure realistic simulation of radiation transport 
and dose deposition in radiotherapy environments. Polymeric 
materials, particularly epoxy resin–based composites, have 
emerged as promising candidates for the fabrication of customized 
anthropomorphic phantoms [27–29]. Epoxy resin offers several 
advantages, including chemical stability, structural homogeneity, 
ease of fabrication, low production cost, and compatibility with 
complex anatomical molding techniques [30,31]. Moreover, its 
radiological properties can be modified through the incorporation 
of mineral or organic fillers to achieve characteristics close to those 
of targeted biological tissues [32,33]. Such an approach provides 
substantial flexibility for developing multi-tissue structures suitable 
for both imaging and radiation therapy applications. At the same 
time, advances in medical image segmentation and additive 
manufacturing have facilitated the development of anatomically 
realistic phantoms derived from patient imaging data. Three-
dimensional printing technologies allow precise reproduction of 
the complex geometry of the human orbit, enabling simultaneous 
integration of bone and soft-tissue structures within a single 
anthropomorphic model [34–37]. This combination of anatomical 
realism and radiological tissue equivalence is particularly valuable 
for orbital dosimetry studies, where steep dose gradients may occur 
over very short anatomical distances. In this study, we present the 
development of a multi-tissue anthropomorphic orbital phantom 
dedicated to radiation therapy and dosimetric applications. The 
phantom incorporates several critical orbital structures, including 
orbital bone, extraocular muscles, optic nerve, and lens tissue, in 
order to reproduce the anatomical environment encountered in 
clinical practice. The developed materials were formulated using 
modified epoxy resin–based composites designed to approximate 
the radiological properties of the corresponding human 
tissues. A combined theoretical and experimental approach was 
employed to evaluate the materials in terms of mass attenuation 
coefficient, effective atomic number, electron density, and 
computed tomography response. The primary objective of this 
work is to provide a realistic, reproducible, and cost-effective 
anthropomorphic platform for dosimetric investigations in 
orbital radiation therapy. The developed phantom may be used 
for treatment planning system validation, assessment of dose 
distributions delivered to orbital organs at risk, optimization of 
advanced irradiation techniques, and radioprotection studies 
involving radiosensitive ocular structures. Furthermore, this 
approach offers significant potential for the development of 
patient-specific phantoms dedicated to precision radiotherapy and 
emerging applications in ocular and craniofacial oncology.

METHODS

Fabrication of the Anthropomorphic Orbital 
Phantom

Four orbital structures were considered in this study: the orbital 
bone, extraocular muscles, optic nerve, and crystalline lens. 

Different formulations were prepared according to the targeted 
tissue characteristics. The optic nerve–equivalent material was 
developed using a mixture composed of 92% epoxy resin and 
8% acetone, whereas the material intended to reproduce the 
extraocular muscles was fabricated from pure epoxy resin. The 
lens-equivalent material was prepared by incorporating 7% 
sodium bicarbonate into a matrix containing 93% epoxy resin. 
For orbital bone simulation, a composite based on 55% epoxy 
resin and 45% calcium carbonate (CaCO₃) was developed.  The 
anatomical geometry of the phantom was obtained from CT 
images of a 45-year-old patient weighing 75 kg acquired using 
a clinical scanner Philips access 16. The DICOM images were 
imported into 3D Slicer software for segmentation and three-
dimensional reconstruction. Threshold-based segmentation was 
initially used for bone extraction, followed by manual refinement 
for the extraocular muscles, optic nerve, and crystalline lens. The 
reconstructed anatomical structures were exported in STL format 
and fabricated using fused deposition modeling (FDM) three-
dimensional printing with PLA filament. The printed models 
served as master structures for mold fabrication. Silicone RTV-
491 was then used to produce negative molds reproducing the 
orbital anatomy. Before casting, the prepared epoxy mixtures were 
manually degassed to reduce trapped air bubbles generated during 
mixing. After silicone curing, the PLA structures were removed, 
and the prepared epoxy-based tissue-equivalent materials were 
poured into the molds. Following polymerization and demolding, 
all fabricated orbital structures were positioned inside a cubic 
container and embedded within pure epoxy resin previously 
validated as a suitable soft tissue-equivalent material [38,39]. In 
addition, the internal air cavities of the phantom were filled using 
low-density polyurethane foam with a density of approximately 
0.018 g/cm³ to reproduce the radiological behavior of air-filled 
regions within the orbital anatomy [40]. The final assembly 
resulted in a complete anthropomorphic orbital phantom 
dedicated to computed tomography dosimetry and radiation 
therapy applications [Figure 1].

Elemental Composition Calculation

The elemental compositions of the developed composite materials 

Figure 1: Orbital phantom fabrication process: (A) segmentation, (B) 3D 
printing, and (C) final anthropomorphic phantom.
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were determined using a weighted mixture approach based on the 
mass fractions of each constituent component. For every material, 
the elemental weight fraction wi of a given element i was calculated 
from the contributions of epoxy resin and incorporated additives 
according to the relation:

         				               (1)

Where fj represents the mass fraction of constituent j in the 
composite material, and wi,j corresponds to the elemental weight 
fraction of element i in constituent j. The molecular compositions of 
epoxy resin (C₁₂H₂₅ClO₅), acetone (C₃H₆O), sodium bicarbonate 
(NaHCO₃), and calcium carbonate (CaCO₃) were used to 
determine the elemental proportions of hydrogen, carbon, oxygen, 
chlorine, sodium, and calcium in each developed formulation. The 
calculated elemental compositions were subsequently used as input 
data for theoretical calculations of the mass attenuation coefficient, 
effective atomic number, and electron density.

Effective Atomic Number and Electron Density 
Calculations

Following the determination of the elemental weight fractions 
[Table 1], the effective atomic number (Zeff) and electron density 
(ρe) of the developed tissue-equivalent materials were evaluated 
to investigate their radiological similarity to the corresponding 
human orbital tissues over a broad energy range. Theoretical 
calculations were performed using the Phy-X/PSD platforms 
[40] based on the elemental composition of each composite. The 
effective atomic number was calculated as an energy-dependent 
parameter describing the overall atomic behavior of the material 
during photon interactions [42], while the electron density was 
determined because of its important role in Compton scattering 
and radiation transport processes [43]. These parameters were 
evaluated over the energy range relevant to computed tomography 
and radiation therapy applications. The obtained Zeff and 
electron density values were subsequently compared with those of 
reference biological tissues [41] in order to assess the suitability 
of the developed materials for orbital dosimetry and radiotherapy 
applications.

Mass Attenuation Coefficient Calculation

The mass attenuation coefficients (μ/ρ) of the developed materials 
were evaluated to analyze their radiological behavior and tissue 
equivalence relative to the reference orbital tissues over a broad 
energy range (10 KeV, 25 MeV). Theoretical calculations were 
performed using the NIST XCOM database based on the elemental 

compositions and weight fractions of each composite material 
[44]. The mass attenuation coefficients were determined over an 
energy range covering both diagnostic and therapeutic domains 
in order to investigate photon–matter interactions under different 
energy conditions [45]. These calculations take into account the 
main interaction mechanisms, including the photoelectric effect, 
Compton scattering, and pair production. The obtained values 
for the developed tissue-equivalent materials were subsequently 
compared with those of the corresponding reference biological 
tissues to assess their suitability for computed tomography 
dosimetry and radiation therapy applications.

CT Number Evaluation

CT numbers were evaluated using the clinical imaging protocol 
in order to account for the polyenergetic nature of the X-ray 
beam as well as beam hardening effects, which may influence the 
radiological response of the developed materials. Indeed, photon–
matter interactions and attenuation properties strongly depend 
on the effective energy of the incident beam, particularly in bone 
structures and materials containing elements with relatively high 
atomic numbers. Circular regions of interest (ROIs) were manually 
positioned within homogeneous regions of each material to 
measure the mean CT number expressed in Hounsfield Units (HU) 
together with the associated standard deviation. The measured 
HU values of the fabricated materials were subsequently compared 
with those of the corresponding human orbital tissues obtained 
from clinical images in order to evaluate the imaging equivalence 
of the developed composites for computed tomography dosimetry 
and radiation therapy applications.

RESULTS

This study aimed to develop tissue-equivalent materials capable 
of reproducing the radiological properties of the main orbital 
structures for computed tomography dosimetry and radiation 
therapy applications. Different epoxy-based formulations were 
prepared for the orbital bone, extraocular muscles, optic nerve, 
and crystalline lens using specific additives including acetone, 
NaHCO₃, and CaCO₃. The optic nerve–equivalent material 
composed of 92% epoxy resin and 8% acetone exhibited a density 
of approximately 1.16 g/cm³ compared with the reference optic 
nerve density of 1.039 g/cm³. The extraocular muscle–equivalent 
material fabricated from pure epoxy resin showed a density of 
approximately 1.20 g/cm³, while the reference muscle density 
was 1.05 g/cm³. The lens-equivalent material prepared from 93 % 
epoxy resin and 7% NaHCO₃ presented a density of approximately 

  H C N O Na Mg P S Cl K Ca
Skull 0.05 0.212 0.04 0.435 0.001 0.002 0.081 0.003 - - 0.176
Epoxy-CaCO3 0.058 0.371 - 0.351 - - - - - - 0.14
Lens 0.096 0.195 0.057 0.646 0.001 - 0.001 0.003 0.001 - -
Epoxy- NaHCO₃ 0.084 0.481 - 0.301 0.019 - - - 0.115 - -
muscle 0.102 0.143 0.034 0.71 0.001 - 0.002 0.003 0.001 0.004 -
Epoxy Resin 0.089 0.506 - 0.281 - - - - 0.124 - -
Optic Nerve 0.107 0.095 0.002 0.767 0.002 - 0.003 0.002 0.003 0.003 -
Epoxy–Acetone 0.09 0.515 - 0.281 - - - - 0.114 - -

Table 1: Elemental weight fractions of the reference biological tissues [41] and developed epoxy-based tissue-equivalent materials.
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1.25 g/cm³ relative to the reference lens density of 1.07 g/cm³. For 
orbital bone simulation, the composite composed of 55% epoxy 
resin and 45% CaCO₃ exhibited a density of approximately 1.49 
g/cm³ compared with the reference bone density of 1.61 g/cm³. 
The Zeff results [Figure 2]. Showed that the largest deviations 
between the developed materials and the corresponding reference 
tissues were observed at low energies below 60 keV, where photon 
interactions are mainly dominated by the photoelectric effect and 
are therefore highly dependent on the atomic composition of the 
materials. In this low-energy region, the mean deviations were 
approximately −7.4% for the Epoxy–CaCO₃ bone-equivalent 
material, +43.7% for the Epoxy–NaHCO₃ lens-equivalent 
material, +33.8% for the muscle-equivalent epoxy resin, and 
+31.0% for the Epoxy–acetone optic nerve–equivalent material. In 
the diagnostic energy range between 60 and 200 keV, the differences 
progressively decreased for all investigated materials, indicating a 
closer radiological behavior relative to the reference orbital tissues. 
The average deviations in this region were approximately −9.5% 
for bone, +8.1% for lens, +7.1% for muscle, and +8.0% for the 
optic nerve. This behavior is mainly attributed to the increasing 
predominance of Compton scattering, which depends primarily 
on electron density rather than atomic number. At higher energies 
ranging from 200 keV to 25 MeV, the Zeff values of the developed 
composites remained relatively stable and followed trends close 
to those of the corresponding biological tissues. In this energy 
region, the mean deviations were approximately −9.1% for bone, 

+6.0% for lens, +4.8% for muscle, and +5.5% for the optic 
nerve, demonstrating the overall radiological equivalence of the 
fabricated materials for computed tomography dosimetry and 
radiation therapy applications.

The electron density analysis revealed a strong energy dependence 
for all developed tissue-equivalent materials [Figure 3]. In the 
low-energy region below 60 keV, the developed composites 
exhibited the largest deviations relative to the corresponding 
reference orbital tissues, mainly due to the significant influence 
of chemical composition and the electron concentration of the 
incorporated additives within the epoxy matrices. The average 
deviations observed in this region were approximately +4.9% 
for the Epoxy–CaCO₃ bone-equivalent material, +34.7% for 
the Epoxy–NaHCO₃ lens-equivalent material, +31.8% for the 
muscle-equivalent epoxy resin, and +15.8% for the Epoxy–acetone 
optic nerve–equivalent material. As the energy increased within 
the diagnostic range between 60 and 200 keV, the electron density 
curves of the developed materials progressively approached those of 
the corresponding biological tissues. In this region dominated by 
Compton scattering, the average deviations significantly decreased 
to approximately +0.04% for bone, +2.2% for the lens, +2.0% for 
muscle, and +0.8% for the optic nerve. This substantial reduction 
in the differences indicates a good electronic compatibility of the 
developed composites under clinical computed tomography energy 
conditions. Above 200 keV and up to 25 MeV, the electron density 
values remained relatively stable for all investigated materials. The 

Figure 2: Energy-dependent effective atomic number (Zeff) comparison for (A) crystalline lens, (B) orbital bone, (C) optic nerve, and (D) Extraocular muscle tissue-
equivalent materials.
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obtained trends stayed very close to those of the corresponding 
reference tissues, with low average deviations of approximately 
+0.8% for bone, +0.1% for the lens, −0.6% for muscle, and +1.5% 
for the optic nerve. These results confirm that the developed 
materials satisfactorily reproduce the electronic behavior of orbital 
tissues over the energy ranges relevant to dosimetry and radiation 
therapy applications.

Overall, the mass attenuation coefficient results demonstrated that 
the developed materials satisfactorily reproduced the radiological 
behavior of the corresponding reference orbital tissues over a wide 
energy range [Figure 4]. The largest deviations were observed at low 
energies, mainly below 60 keV, where photoelectric interactions 
dominate and remain strongly dependent on the atomic 
composition of the materials. In this energy region, the average 
deviations were approximately −8.7% for the Epoxy–CaCO₃ 
bone-equivalent composite, +52.3% for the Epoxy–NaHCO₃ 
lens-equivalent composite, +39% for the muscle-equivalent epoxy 
resin, and +34% for the Epoxy–acetone optic nerve–equivalent 
composite. Within the diagnostic energy range between 60 and 
200 keV, the differences progressively decreased for all investigated 
materials, indicating improved agreement in the region dominated 
by Compton scattering. The average deviations in this range were 
approximately −1.2% for bone, +1.6% for the lens, −0.2% for 
muscle, and −0.3% for the optic nerve. At high energies between 
200 keV and 25 MeV, the mass attenuation coefficients of the 

developed composites exhibited trends very close to those of the 
corresponding biological tissues, with relatively low and stable 
deviations. The average differences observed in this energy region 
were approximately −1.6% for bone, +0.09% for the lens, −1.0% 
for muscle, and −1.1% for the optic nerve. These results confirm the 
suitability of the developed materials for computed tomography, 
dosimetry, and radiation therapy applications involving orbital 
structures.

The CT number analysis demonstrated a close agreement between 
the developed tissue-equivalent materials and the corresponding 
human orbital tissues [Table 2]. The orbital bone-equivalent 
material exhibited a mean CT number of 601.1±60 HU, which 
was comparable to the reference human bone value of 601.7±80 
HU. Similarly, the muscle-equivalent material showed a CT number 
of 36.0±2.1 HU compared with 35.8±4.8 HU for human extraocular 
muscle tissue. The optic nerve–equivalent material presented a mean 
value of 34.7±2.0 HU, in agreement with the reference optic nerve 

Figure 3: Energy-dependent electron density comparison for (A) crystalline lens, (B) orbital bone, (C) optic nerve, and (D) extraocular muscle tissue-equivalent 
materials. Lower panels show the relative deviations (%).

Tissue Human Tissue (HU) Tissue-Equivalent Material (HU)
Bone 601.7 ± 80 601.1 ± 60
Muscle 35.8 ± 4.8 36.0 ± 2.1
Optic nerve 34.9 ± 3.1 34.7 ± 2.0
Eye lens 65.9 ± 12.9 65.2 ± 6.8

Table 2: Comparison of CT number values between human tissues and 
developed tissue-equivalent materials.
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value of 34.9±3.1 HU. For the crystalline lens, the developed Epoxy–
NaHCO₃ composite produced a CT number of 65.2±6.8 HU, 
closely matching the corresponding human lens value of 65.9±12.9 
HU. The limited differences observed for all investigated structures 
confirm the ability of the developed materials to reproduce the X-ray 
attenuation characteristics of orbital tissues under clinical computed 
tomography conditions, supporting their suitability for imaging, 
dosimetric, and radiation therapy applications.

DISCUSSION

The objective of this study was to develop and characterize 
epoxy-based tissue-equivalent materials capable of reproducing 
the radiological properties of the main orbital structures for 
computed tomography, dosimetric investigations, and radiation 
therapy applications. The obtained results demonstrated that the 
agreement between the developed materials and the corresponding 
biological tissues strongly depended on photon energy, reflecting 
the evolution of the dominant photon–matter interaction 
mechanisms.

At low energies below approximately 60 keV, the largest deviations 
were observed for both the effective atomic number Zeff and 
the mass attenuation coefficients μ/ρ. In this region, photon 
attenuation is mainly governed by the photoelectric effect [46], 
whose interaction probability strongly depends on both photon 
energy and atomic number, approximately proportional to Zn/
E3 [47]. Consequently, relatively small differences in elemental 

composition between the developed composites and biological 
tissues may produce significant variations in attenuation behavior 
at low energies. This phenomenon was particularly observed for 
the Epoxy–NaHCO₃ lens-equivalent material and the muscle-
equivalent epoxy resin, which exhibited higher mass attenuation 
coefficients than the corresponding biological tissues at low 
energies. The incorporation of sodium in the lens-equivalent 
material, as well as the intrinsic elemental composition of the epoxy 
matrix, contributed to increasing the effective atomic number 
of the composites, thereby enhancing photoelectric absorption. 
Similarly, the Epoxy–CaCO₃ bone-equivalent composite 
exhibited attenuation values close to those of the reference bone 
tissue because calcium increased the effective atomic number and 
improved the photoelectric interaction properties required for 
bone simulation [48]. The relationship observed between Zeff ​ 
and the mass attenuation coefficients confirms the important role 
of atomic composition in low-energy attenuation processes [49]. 
Materials presenting effective atomic numbers close to those of 
the reference biological tissues generally exhibited lower deviations 
μ/ρ, particularly within the diagnostic energy range. This behavior 
highlights the importance of optimizing elemental composition 
during the development of tissue-equivalent materials intended to 
reproduce realistic radiological properties.

In the intermediate energy range between approximately 60 
and 200 keV, corresponding to the spectrum typically used in 
clinical computed tomography [50], the differences between 
the developed materials and the reference tissues decreased 

Figure 4: Energy-dependent mass attenuation coefficient (μ/ρ) comparison for (A) crystalline lens, (B) orbital bone, (C) optic nerve, and (D) extraocular muscle 
tissue-equivalent materials. Lower panels show the relative deviations (%).
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substantially. In this region, Compton scattering becomes the 
dominant interaction mechanism [51], and photon attenuation 
depends primarily on electron density rather than atomic number 
[43]. This explains the progressive convergence observed between 
the mass attenuation coefficient curves and the electron density 
values of the developed composites and the corresponding orbital 
tissues. The electron density results showed low average deviations 
in this energy range for all investigated materials, indicating that 
the developed composites reproduced the electronic environment 
of biological tissues with satisfactory accuracy. Consequently, the 
experimentally measured CT numbers also showed close agreement 
with those of the corresponding human tissues. Since CT numbers 
directly depend on the attenuation properties of materials under 
polyenergetic X-ray beams, this agreement confirms that the 
developed materials realistically reproduce tissue attenuation 
behavior under clinical imaging conditions. Furthermore, the low 
deviations observed despite beam-hardening effects indicate that 
the developed composites remain stable under realistic imaging 
conditions involving broad photon spectra rather than ideal 
monoenergetic beams.

At high energies above 200 keV and extending up to the megavoltage 
range used in radiation therapy, the developed materials also 
demonstrated stable radiological behavior. In this energy region, 
photon–matter interactions progressively evolve with an increasing 
contribution of pair production at very high energies [52]. In this 
domain, electron density and radiological interaction properties 
play a major role in photon transport and dose deposition [53]. The 
low deviations observed for electron density and mass attenuation 
coefficients indicate that the developed composites satisfactorily 
reproduce the physical interaction processes involved at high 
energies. This aspect is particularly important for orbital radiation 
therapy applications, where accurate dose estimation is required 
because of the high radiosensitivity of critical structures such as the 
crystalline lens and optic nerve. Overall, the agreement observed 
for effective atomic number, electron density, mass attenuation 
coefficients, and CT numbers confirms the radiological suitability 
of the developed epoxy-based composites for anthropomorphic 
orbital phantom fabrication. The obtained results demonstrate 
that the proposed materials can provide realistic attenuation and 
radiation transport properties over energy ranges relevant to CT-
based dosimetry, and radiation therapy application.

CONCLUSION

This study enabled the development of a low-cost anthropomorphic 
orbital phantom based on epoxy resin tissue-equivalent materials 
for computed tomography and radiation therapy applications. 

The developed materials for orbital bone, extraocular muscles, 
optic nerve, and crystalline lens showed close agreement with 
the corresponding biological tissues in terms of effective atomic 
number, electron density, mass attenuation coefficients, and CT 
numbers over energy ranges relevant to both diagnostic imaging 
and high-energy radiotherapy applications. The obtained results 
confirm the ability of the proposed phantom to realistically 
reproduce the radiological properties of radiosensitive orbital 
structures, making it a relevant tool for medical imaging, CT 
protocol optimization, and dosimetric investigations.

Future perspectives include the integration of dosimetric 
detectors within the different orbital structures to evaluate dose 
distribution during CT examinations and radiation therapy 
procedures. Additional studies may also focus on dose assessment 
to the crystalline lens and optic nerve under different irradiation 
techniques, as well as on the optimization of imaging protocols 
and treatment plans aimed at reducing radiation exposure to 
critical orbital organs.
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