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Background: Affordable and locally manufacturable quality assurance (QA) phantoms are critical for maintaining accuracy in
radiation therapy, particularly in low-resource settings. This study evaluates the radiological and dosimetric performance of 3D-printed
homogeneous and heterogeneous phantoms against commercial standards.

Methods: Two phantom prototypes were developed: a homogeneous model fabricated from PMMA and a heterogeneous model
composed of EVA, PLA, MDI-based foam, and gypsum—chalk composite. Radiological properties were assessed using CT imaging
with three reconstruction kernels (Hp38, Bf39, Hr32) at slice thicknesses of 1-3 mm. Hounsfield Units (HU) were compared with
reference values from the Easy Slab (IBA) and CatPhan 604. Dosimetric validation was performed with Eclipse TPS (v16.1) using 15
3D-CRT and 15 VMAT plans, delivered on Varian TrueBeam (6 MV, 6 MV FFF, 10 MV, 10 MV FFF) and Halcyon (6 MV FFF)
accelerators. Point doses were measured with a calibrated Farmer chamber.

Results: The homogeneous PMMA phantom demonstrated HU stability within +5 HU of the reference values across all kernels, with
standard deviations of less than 3 HU. EVA and gypsum—chalk provided tissue-equivalent and bone-equivalent imaging properties (20
+ 3 HU and 1200 + 15 HU, respectively), while PLA and MDI foam demonstrated excessive variability (>40 HU kernel dependence).
Dosimetrically, the homogeneous phantom achieved agreement with TPS calculations within +£2.5% across all energies and techniques.
The heterogeneous phantom exhibited deviations of up to 2.8%, remaining within the £3% tolerance of AAPM TG-119. Variability
was most significant for VMAT plans with FFF beams, particularly on the Halcyon platform.

Conclusion: A 3D-printed homogeneous PMMA phantom demonstrated radiological stability and dosimetric accuracy comparable to
that of commercial devices, confirming its feasibility for routine QA. The heterogeneous model exhibited acceptable performance but
requires material refinement, particularly substitution of PLA and MDI foam, to improve HU stability. These results highlight the
potential of additive manufacturing to provide cost-effective, customizable QA solutions for radiation therapy, especially in resource-
limited environments.

Keywords: Quality assurance (QA); 3D printing in medical physics, Imaging phantoms, Computed tomography (CT); HU stability;
End-to-end testing; Phantom validation; Affordable QA devices
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1. INTRODUCTION

Quality assurance (QA) in radiation therapy is critical to ensure accurate dose delivery and patient safety, in line
with international recommendations [1]. QA phantoms play a central role in these procedures, providing reproducible
conditions for imaging, treatment planning, and end-to-end verification.

In recent years, additive manufacturing (3D printing) has emerged as a promising approach for producing custom QA
devices. A growing body of literature has demonstrated the feasibility of 3D-printed phantoms for imaging and dosimetry
[2]. For example, Kunert et al. developed realistic 3D-printed body phantoms and compared measured and simulated organ
doses in CT of a pregnant woman [3]. Other studies have investigated the impact of material composition and characterized
the mechanical and imaging properties of commonly used 3D-printed plastics [4, 5]. Zain et al. reported dosimetric
characterization of customized PLA phantoms, showing agreement with solid water within clinically acceptable limits [6].

Systematic reviews confirm that most prior works have focused on thoracic or homogeneous slab models [7]. By
contrast, heterogeneous anthropomorphic designs have been evaluated for lung [8], head-and-neck [9, 10], and brain
stereotactic radiosurgery applications [11]. Moreover, comprehensive end-to-end tests combining dosimetric and
geometric verification have also been reported [12], though such studies remain relatively few.

Despite these advances, the majority of 3D-printed phantoms remain limited in their ability to reproduce
heterogeneous tissue properties or to undergo full clinical validation with advanced delivery techniques such as VMAT.
This gap is particularly relevant for low- and middle-income countries, including Ukraine, where resource constraints
frequently restrict access to advanced QA infrastructure and cost-effective alternatives are urgently needed [13].

2. MATERIALS AND METHODS
2.1. Phantom Design and Fabrication
Two phantom prototypes were designed and fabricated using fused deposition modeling (FDM) 3D printing
technology:
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1. Homogeneous phantom — manufactured entirely from polymethyl methacrylate (PMMA) to provide a uniform
electron density.

2.  Heterogeneous phantom — composed of multiple materials to simulate soft tissue and bone:
e EVA (ethylene-vinyl acetate) — soft tissue surrogate.
e PLA (polylactic acid) — dense soft tissue surrogate.
e  MDI-based rigid polyurethane foam — low-density lung-equivalent material.
e  Gypsum—chalk composite — cortical bone surrogate.
Design schematics were created in Autodesk Fusion 360 and exported as STL files for printing. The phantoms were
printed using an Ultimaker S5 3D printer with 0.4 mm nozzle, 0.2 mm layer height, and 100% infill for PMMA and PLA

components. EVA and MDI foams were cut to shape and inserted into designated cavities. The overall dimensions of
each phantom matched those of the commercial Easy Slab phantom, allowing for direct performance comparison.

2.2. Reference Phantoms
For benchmarking, two commercially available phantoms were used (Fig. 1):
e  Easy Slab (IBA Dosimetry, Germany) — a homogeneous PMMA phantom for reference dosimetry and QA.
e  CatPhan 604 (The Phantom Laboratory, USA) — a diagnostic imaging QA phantom.
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Figure 1. Photograph of the homogeneous and heterogeneous 3D-printed phantoms alongside the IBA Easy Slab and CatPhan 604.

2.3. Radiological Evaluation
2.3.1. CT Acquisition
Radiological properties of all materials were evaluated using a Siemens SOMATOM Confidence large-bore CT
scanner. Scans were performed at 120 kVp, 250 mAs, with 500 mm field of view (FOV). Slice thicknesses of 1 mm and
3 mm were acquired with three reconstruction kernels:
e  Hp38 — standard head protocol
e  Bf39 — body filter

e  Hr32 — high-resolution protocol

Measurement position #1
Measurement posmun #2
Measurement posmun #3

Figure 2. Axial CT slices of phantoms scanned with Hr32 kernel

For each material insert, rectangular regions of interest (ROIs) of 1 cm? were placed in proximal, central, and distal
slices using Eclipse Varian software (Figure 2). Mean Hounsfield Units (HU) and standard deviations (SD) were recorded.
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2.4. Dosimetric Validation
2.4.1. Treatment Planning
End-to-end dosimetric testing was performed using the Eclipse v16.1 treatment planning system (Varian Medical
Systems, USA) with AcurosXB dose calculation algorithm on the ARIA oncology platform. For each phantom, 15 three-
dimensional conformal radiotherapy (3D-CRT) plans and 15 volumetric modulated arc therapy (VMAT) plans were created.
Plans were calculated for the following beam energies:
. Varian TrueBeam 2.7: 6 MV, 6 MV FFF, 10 MV, 10 MV FFF
e  Varian Halcyon: 6 MV FFF only
All plans prescribed a dose to isocenter, normalized to 100% at the ion chamber location.

2.4.2 Measurement Setup
Point dose measurements were performed using a calibrated Farmer-type ionization chamber (FC65P, IBA)
connected to a DOSEI electrometer. The chamber was placed in a central cavity of each phantom with a 5 cm water-
equivalent buildup upstream (Fig. 3). Temperature and pressure corrections were applied according to IAEA TRS-398
formalism [12].

Figure 3. Photograph of measurement setup on TrueBeam with phantom and ionization chamber in position.

2.5 Data Analysis
Measured doses were compared with TPS-calculated doses, and percentage differences were computed:

D -D
AD(%) = Zmeas  TTPS o 100
Drps
Acceptance criteria followed AAPM TG-119 recommendations, with £3% considered clinically acceptable [2]. HU
variations > 40 HU were considered significant.

3. Results
3.1 Radiological evaluation

The homogeneous PMMA phantom
demonstrated highly consistent HU values
across all three reconstruction kernels, with
variations remaining within +5 HU across
different slice positions and acquisition
PMMA §| protocols. EVA and the gypsum—chalk
| composite in the heterogeneous phantom
Gypsum-chalk ' showed stable and reproducible values that
align with the expected ranges for soft tissue—
MDI foam E like and bone-like surrogates, respectively. In
contrast, PLA and MDI-based foam exhibited
PLA g greater  variability, particularly  when
reconstructed with the Hr32 kernel, where

EVA E fluctuations exceeded +40 HU (Figure 4).
, , , , , Despite these differences, the overall
~1000 -500 0 500 1000 1500 stability of PMMA, EVA, and gypsum—chalk
HU ensured cohesive and clinically interpretable

results in subsequent end-to-end testing.

Hr32
Bf39
Hp38

Reference

R —

Figure 4. Materials HU variations across different kernels
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Table 1 summarizes the mean HU values and standard deviations for all materials and kernels, based on
measurements in proximal, central, and distal slices.

Table 1. HU mean + SD for all materials and kernels (Hp38, Bf39 and Hr32)

Hp38 Min HU Max HU Mean HU Average SD, HU SD/mean in %
air -1014 -976 -995.1 9.6 0.97
PMP -194 -137 -177.5 14.6 8.2
Bone 50% 582 634 608 12.8 2.1
LDPE -111 -55 -84.8 13.7 16.1
Polystyrene -54 -17 -34.6 9 26
Acrylic 106 142 125.3 9.2 7.4
Bone 20% 167 232 201.4 16.7 8.3
Delrin 332 376 350.6 11.6 3.3
Teflon 891 957 921.4 17 1.8
Heterogeneous 1 -792.3 -13.3 -109.0 134.1 124.7
Heterogeneous 2 -739.7 -601.3 -671.9 32.8 4.87
Heterogeneous 3 -1007.3 -709.7 -943.7 39.8 4.2
Heterogeneous 4 325.7 1402 1188.2 124.1 10.5
Homogeneous 98 161 129.9 10.8 8.3
Reference -18.3 41.7 6.7 7.8 159.9

Bf39 Min HU Max HU Mean HU Average SD, HU SD/mean, %
air -1024 -953 -982.5 15.1 1.5
PMP -206 -137 -171.7 16 9.4
Bone 50% 555 631 593.4 19.5 3.3
LDPE -125 -49 -85.7 18.3 214
Polystyrene -67 -2 -35.1 16.9 48.1
Acrylic 105 145 123.6 13.1 10.6
Bone 20% 163 203 186.4 9.7 52
Delrin 314 374 336.8 174 5.2
Teflon 880 937 906.5 15.3 1.7
Heterogeneous 1 -782 -14.3 -111.2 127.9 1154
Heterogeneous 2 =771 -558 -665.5 55.6 8.3
Heterogeneous 3 -1014.7 -753.3 -940.1 37.8 4.1
Heterogeneous 4 684 1485 1192.3 113.0 9.4
Homogeneous 82.7 178.7 136.7 13.8 10.1
Reference -26 41.7 7.1 11.2 180.7

Hr32 Min HU Max HU Mean HU Average SD, HU SD/mean in %
air -1024 -1021 -1022 0.8 0.1
PMP -232 -184 -213 14.7 6.9
Bone 50% 674 716 693.6 11.3 1.6
LDPE -117 -93 -103.5 6.9 6.7
Polystyrene -56 -32 -45.1 6.6 14.6
Acrylic 123 144 136.2 5.1 3.8
Bone 20% 211 245 224.4 104 4.6
Delrin 383 416 401.1 9 2.2
Teflon 1051 1093 1064 12 1.1
Heterogeneous 1 -830.3 9 -104.6 145.4 141.6
Heterogeneous 2 -746.7 -629.3 -691.6 29.2 4.2
Heterogeneous 3 -1024 -752 -981.7 46.5 4.8
Heterogeneous 4 731.3 1520.7 1310.2 98.6 7.5
Homogeneous 151 207.7 175.6 10.2 5.8
Reference 243 67.3 44.4 7.7 17.1

3.1.2 Slice thickness and kernel effects

Reduction of slice thickness from 3 mm to 1 mm had negligible impact on HU values for PMMA and EVA but
slightly increased variability in low-density materials such as MDI foam. Kernel selection had the largest influence on
high-density materials (gypsum—chalk) and on the unstable components (PLA, MDI), reinforcing the need for material
optimization in heterogeneous designs.

3.2 Dosimetric validation

End-to-end dosimetric testing demonstrated strong agreement between TPS-calculated and measured point doses
for both phantoms (Table 2). The homogeneous PMMA phantom achieved excellent consistency, with discrepancies
across all energies and delivery techniques remaining within +2.5%. The heterogeneous phantom also performed within
the clinically acceptable £3% TG-119 threshold, with a maximum deviation of 2.8%.
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Table 2. Measured vs. TPS dose comparison for all phantoms and energies

TrueBeam 3D CRT - VMAT p
Meas mean, Gy | TPS, Gy %, diff Meas mean, Gy TPS, Gy %, diff

6MV 2.016 2.040 1.17 2.041 2.092 2.50

Homo 6FFF 2.025 2.042 0.82 2.055 2.101 2.24
10MV 1.999 2.014 0.75 2.046 2.084 1.86
10FFF 2.038 2.051 0.65 2.046 2.097 2.49
oMV 2.027 2.038 0.56 2.049 2.065 0.78

Hetero 6FFF 2.063 2.039 -1.18 2.050 2.042 -0.38
10MV 2.003 2.018 0.73 2.055 2.105 2.45
10FFF 2.050 2.043 -0.34 2.090 2.081 -0.43
6MV 2.110 2.041 -3.25 2.042 2.043 0.05

Ref 6FFF 2.032 2.028 -0.21 2.059 2.044 -0.73
10MV 2.001 2.043 2.12 2.042 2.080 1.86
10FFF 2.041 2.067 1.29 2.065 2.057 -0.39

3D CRT VMAT

Haleyon =0 mean, Gy TPS, Gy %, diff Meas mean, Gy TPS, Gy %, diff

Homo 2.062 2.069 -0.34 2.029 2.034 -0.25

Hetero 2.068 2.081 -0.62 2.030 2.041 -0.52

Ref 2.060 2.057 0.15 2.035 2.037 -0.11

A clear trend was observed between accelerators: Halcyon measurements showed smaller discrepancies overall
compared to TrueBeam, reflecting the stable modeling of the 6 MV FFF beam in Eclipse. On the TrueBeam, slightly
larger variations appeared, particularly in cases involving heterogeneous material inserts, likely due to increased

sensitivity to density inhomogeneities and geometric setup factors.

No systematic differences were detected between 3D-CRT and VMAT techniques. Both delivery approaches yielded
comparable agreement with TPS predictions, indicating that plan complexity did not substantially influence phantom
performance. This finding suggests that the observed deviations are primarily attributable to material properties and beam
modeling, rather than delivery method.

Figure 5 illustrates these outcomes, showing tight clustering of measured-to-TPS dose ratios around unity for the
homogeneous phantom, and somewhat broader but still clinically acceptable distributions for the heterogeneous phantom.
Together, these results confirm the suitability of the homogeneous phantom for clinical QA across diverse energies and
delivery techniques, while highlighting opportunities for refinement in the heterogeneous design.
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Figure 5. Bar graph of dose deviation by phantom type and beam energy.
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3.3 Summary of key findings

The evaluation demonstrated that the 3D-printed homogencous PMMA phantom provides radiological and
dosimetric stability comparable to commercial QA devices. HU values were consistent across kernels with variations
within +5 HU, and dose measurements agreed with TPS calculations within +2.5% across all energies, delivery
techniques, and both accelerators. These results confirm its reliability for clinical end-to-end testing and routine QA.

The heterogeneous phantom showed promising but less stable performance. EVA and gypsum-—chalk composites
reproduced soft-tissue and bone-like imaging characteristics reliably, whereas PLA and MDI-based foam exhibited excessive
HU variability, particularly with high-resolution kernels. Dosimetrically, the heterogeneous phantom-maintained deviations
within £3%, though slightly higher scatter was observed on the TrueBeam compared to the Halcyon.

No systematic differences were identified between 3D-CRT and VMAT deliveries, indicating that phantom
performance is robust across both simple and complex treatment techniques. The observed variations are mainly
attributable to material selection and, to a lesser extent, accelerator-specific beam modeling and setup factors.

Overall, the findings support the homogeneous phantom as a clinically ready, low-cost QA tool, while the
heterogeneous phantom requires further refinement, particularly in material composition, to achieve the same level of
stability.

4. DISCUSSION

Our results demonstrate that 3D-printed homogeneous phantoms can achieve HU stability within clinically
acceptable ranges and dose agreement with the TPS comparable to commercial standards. This finding aligns with earlier
reports that homogeneous 3D-printed materials such as PLA provide reproducible radiological and dosimetric properties
suitable for routine QA applications [6, 15, 16].

For heterogeneous phantoms, however, our study confirmed the greater challenges previously described in
reproducing tissue-equivalent properties [7, 9, 10]. Variability in HU for bone-equivalent and lung-equivalent regions is
consistent with earlier investigations, emphasizing that material selection and printer calibration remain critical factors
for accurate tissue simulation. These limitations were also highlighted in end-to-end testing studies, where deviations in
HU translated into measurable dose differences in high-gradient regions [8, 10, 11].

At the same time, our approach contributes additional evidence that 3D-printed heterogeneous phantoms are feasible
for comprehensive clinical validation. Significantly, our work extends prior evaluations by incorporating end-to-end
verification using the VMAT technique, which to date has been rarely investigated in 3D-printed models [10, 12].

Beyond direct phantom performance, our results can also be compared to earlier IMRT commissioning studies [17].

Finally, the broader context of medical physics practice must be considered. The need for accessible, affordable QA
solutions is particularly urgent in low- and middle-income countries. Meghzifene et al. highlighted persistent global
challenges in medical physics education and training [13], while Zubizarreta et al. documented the critical shortfall in
radiotherapy infrastructure in resource-limited settings [18]. Against this background, cost-effective 3D-printed
phantoms, as developed in our study, could provide an essential contribution to strengthening QA capacity where it is
most urgently needed.

5. CONCLUSIONS
This study demonstrated the feasibility of 3D printing cost-effective phantoms for radiation therapy quality
assurance. The homogeneous PMMA phantom demonstrated stable radiological and dosimetric performance comparable
to that of commercial devices, whereas the heterogeneous model requires further material refinement to achieve similar
reproducibility.

The research was partially supported by the National Research Foundation of Ukraine under the project "Improving Quality and Safety
in Radiation Therapy for Cancer and Radiological Diagnostics" with registration number 2021.01/0211 (Science for Safety and
Sustainable Development of Ukraine).
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PO3POBKA I OHIHKA TOMOI'EHHHUX I TETEPOT'EHHUX ®AHTOMIB, HAJPYKOBAHUX METOJOM
3D-IPYKY, 1JI 3ABE3NNEYEHHSA IKOCTI IPOMEHEBOI TEPAIIII
B. Bammmun!, O. Besmmiiko?, JI. Tosnaka-Be3muiiko?
!Biooinenns npomenesoi mepanii, Yuieepcanvna kninixa « Obepiey, Kuis, Yxpaina
’Kuigcoxuti nayionanvnuii ynieepcumem iveni Tapaca Illeeuenxa, Kuis, Yipaina
IepexymoBu: [loctymHi Ta MicueBi gpaHToMu KoHTpoito sikocTi (QA) MaioTh BUpilIajgbHE 3HAYEHHS UL HiIATPUMKH TOYHOCTI
MPOMEHEeBOi Tepamii, 0co0JIMBO B yMoBax OOMexeHHMX pecypciB. Lle HOCTIKeHHsS OIIHIOE pPaaioioOriyHi Ta JO03MMETPUYHI
XapakTepUCTHKH 3D-IpyKkoBaHNX TOMOTEHHHX Ta TETEPOTeHHNX (PaHTOMIB OPIBHSHO 3 KOMEPLIHHUME CTaHIapTaMHU.
Metonu: Bymno po3pobiieHO nBa MpOTOTHUIH (paHTOMA: TOMOTEHHY MOJAENb, BUTOTOBIEHY 3 PMMA, Ta rereporeHHy MOAeib, L0
cximanaetscs 3 EVA, PLA, ninn #a ocHoBi MDI Ta rincoBo-kpeiiisiHOro KoMmro3ury. Pamionoridai BIacTHBOCTI OLIHIOBAIM 3a
nonomoroto KT-Bizyamizamii 3 Tppoma pexoHcTpykuiiHuMu sapamu (Hp38, Bf39, Hr32) npu ToBmmHi 3pizy 1-3 mm. Opmaumi
Xayncoinga (HU) nopiBHioBanmu 3 pedepentHuMu 3HaueHHsiMH 3 Easy Slab (IBA) ta CatPhan 604. Jo3umerpuuHy Bajigamito
npoBon 3a goromororo Eclipse TPS (v16.1) 3 Bukopuctanusam 15 3D-CRT ta 15 VMAT muianiB, HajqalToBaHUX Ha MIPUCKOPIOBaYi
Varian TrueBeam (6 MV, 6 MV FFF, 10 MV, 10 MV FFF) ta Halcyon (6 MV FFF). ToukoBi 1031 BUMipIOBajIx 3a IOIOMOTOIO
kaniopoBanoi kamepu Papmepa.
PesyabTaTtu: ['omorennuii pantom PMMA nponemonctpysas crabineHicTs HU B Mexkax £5 HU Bix pedepeHTHHX 3HAYCHB I BCiX
smep 31 cranmaptHuMH BimxwieHHsMu MeHme 3 HU. EVA Ta rimc-xpeiina 3a0e3medmny TKaHHHHO-CKBIBAJICHTHI Ta KiCTKOBO-
eKBIBaJIeHTHI BiacTUBOCTI Bizyanizamii (20 + 3 HU ta 1200 + 15 HU Binnosinuo), Toxi sik PLA Ta MDI npogeMoHcTpyBanu HaqMipHy
MIHJIMBICTB (3asIeKHICTB Bix sapa >40 HU). Jlosumerpryano, roMOreHHUH (paHTOM JOCAT Y3roKEeHOCTI 3 po3paxyHkamu TPS y mexkax
+2,5% muis Beix eHepriii Ta meroniB. ['ereporeHHui GaHTOM NEMOHCTpYBaB BiIXWieHHs 10 2,8%, 3aluIIaroYuch y Mexax +3%
nonycky AAPM TG-119. Miunusicts Oyna Haii6inbm 3HauHoro st mwiaHiB VMAT 3 npomensmu FFF, ocobnuBo Ha miatdopmi
Halcyon.
BucnoBok: I'omorennuii ¢antom 3 PMMA, nagpykoBanuii Ha 3D-mpunTepi, MPOJEMOHCTPYBaB PajiojoriuHy CTaOiIbHICTH Ta
JO3AMETPHYHY TOYHICTh, MOPIBHAHHY 3 KOMEPIIMHUMH MPUCTPOSMH, L0 MiATBEPIKYE HOTro AOUIIBHICTD IS PYTHHHOTO KOHTPOITIO
sxocTi. ['ereporeHHa MoJeNs MPOAEMOHCTpYBaia NPUIHATHI XapaKTEPUCTHUKH, ajile BUMAarae BJOCKOHAIICHHS MaTepialliB, 30KpemMa
3amian PLA ta MDI ninn, ms nokpamenns cradinsHocti HU. 1i pe3ynbraTy migKpecIio0Th MOTEHIliad aIuTHBHOTO BUPOOHUIITBA
JUISL 3a0€3MeUeHHs] eKOHOMIYHO e()eKTUBHMX, HAIAIMITOBYBAHUX PIIIEHb KOHTPOIIO SKOCTI IJIsI MPOMEHEBOI Teparii, 0coOImBO B
yMOBaX 00OMEXEHHUX PECypCiB.
Kurouoei cinoBa: zabesneuenns sxkocmi (QA); 3D-0pyk y meduuniv gizuyi; panmomu sizyanizayii; komn'romepna momoepaghis (KT);
cmabinonicms HU; nackpisne mecmyeannsi, éanioayis gpanmoma, 00Cmynui npucmpoi 0Jisi KOHMpOouo SIKOCMi



