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Abstract

Introduction. In the development of new methods of radiotherapy, studies of the biological effects of sparsely
(photons, electrons) and densely (protons, ions) ionizing radiation are relevant. Reproducibility is a challenge
in preclinical studies. Dosimetric phantoms of laboratory animals are an effective tool for dose assessment,
facilitating standardization of tests conducted under different conditions. Existing phantoms often fail to address
radiobiological issues like placing of biological samples or dosimetry detectors. A method for manufacturing
dosimetric phantoms must be developed to accurately manufacturing products and modify their design in
accordance with the task. Aim. This study develops a numerical model to simulate the interaction of photon,
electron and proton therapeutic beams with 3D-printed PLA plastic samples and to determine the optimal 3D
printing parameters for imitating soft tissues. Material and Methods. Fused filament fabrication proposed as
effective means of creating such devices, given that the majority of polymers exhibit properties closely aligned
with those of biological tissues, are employed in the manufacture of standard phantoms. A major advantage
of 3D printing is the ability to make items with different specifications. Numerical simulation was employed to
investigate the interaction of PLA plastic with an ionizing radiation used in radiotherapy. Results. The calculated
depth dose distributions of different types of radiation in soft tissues and PLA plastic of varying densities
were obtained. It was demonstrated that for adipose imitation using photons and electrons, it is necessary to
utilise PLA plastic 3D-printed samples with a density of 0.91 g/cm? (fill factor of 75 %); for muscle — 1.06 g/
cm? (fill factor of 88 %). For proton and carbon ion, the density of PLA plastic samples for adipose imitation
was determined to be 0.97 g/cm? (fill factor of 80 %); for muscle — 1.11 g/cm? (fill factor of 93 %). Conclusion.
The study demonstrates that the interaction of PLA plastic with rarely and densely ionizing radiation may be
differed. This is a crucial consideration when planning experiments using solid-state dosimetric phantoms.

Key words: dosimetric phantom, preclinical studies, numerical simulation, Monte Carlo method, percentage
depth dose distribution, 3D printing technologies, PLA plastic.
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AHHOTauus

BBepeHue. Npu cozgaHum HOBbIX METOAMK Ny4YEBOW Tepanun MHTEPEC BbI3bIBAOT UCCNeaoBaHusa Guonoru-
Yecknx acpdeKToB NPV BO3AENCTBUN PEAKONOHN3UPYIOLLMX ((DOTOHBI, ANEKTPOHbBI) U MITOTHOVOHU3NPYHIOLLINX
(NPOTOHBI, MOHBI) M3nyYeHnn. [Npn SOKNNHUYECKMX UCCNEAOBAHNAX BaXKHbIM SBNAETCS BOMPOC BOCMNPON3BO-
OVMOCTU 3KCMEePUMMEHTanNbHbIX PE3yNbTaToB, MOMYyYEHHbIX HAa Pa3HbIX CUCTEMAX C Pa3nUYHbIM TUMOM NOHU-
3upytoLlero nany4venus. MNMpu oueHke 003bl APDEKTUBHBIM UHCTPYMEHTOM CTAHOBATCH AO3VMETPUYEcKme
haHTOMbI TabopaTopHbIX KMBOTHbLIX, MO3BONALLME CTAaHAAPTU3NPOBATb UCMbITAHNS B Pa3HbIX YCIOBUSAX.
CyLuecTtByolime haHTOMbl 3a4acTyto HE OTBEYAOT HeobxoaumbIM TpeboBaHMSAM ANia peLleHus cneundum-
Yyeckunx paamobrnonornyecknx 3agad, HanpuMep, Npy pasMmeLleHny BHyTpu haHToma bruonoruyeckmx obpas-
LIOB UMW 3NEMEHTOB A03MMETPUYECKMX CUCTEM. TakMM 06pa3om, CyLecTByeT HeobxoanMocTb pa3paboTku
MeToAda M3rOTOBMNEHUS A03UMETPUYECKUX (haHTOMOB, MO3BOMNSIOLENO TOYHO BOCMPOWM3BOAUTL U3AENuUs 1
MOAMULMPOBaTL MX KOHCTPYKLMIO B COOTBETCTBUM C peluaemon 3afjadven. Llenb nccnegosaHma — npo-
BECTM YNCINEHHOE MOOENMPOBaHNE XapakTepa B3anmoaenctams nagenun na MNJ1A nnactuka, n3arotoBrneHHbIX
METOAOM MOCIIOMHOW nevaTn, ¢ (POTOHHBLIM, 3MNEKTPOHHBLIM M MPOTOHHBIM TEepaneBTUYEeCKMMM Ny4vkamu, a
TaKke onpenennTb NnapaMmeTpbl TPEXMEPHON neyaTn Ana nMuTaunumn Markux TkaHen. Matepuan u metogbl.
[na co3paHusa Takux yCTPOMCTB NPeasioKeHO MCMONb30BaTh TEXHOMOMMU MOCMOWHON NeyaTtu NiacTUKOM,
Tak kak 60MbLIMHCTBO NONMMeEpPOB GrM3KO MO CBOMCTBAM K OMONOrMYECKMM TKAHAM U NPUMEHSIETCS ANS U3-
rOTOBMEHNs1 CTaHAAPTHbIX PaHTOMOB. BaxkHO 0COBEHHOCTBIO TPEXMEPHOW NevaT ABMSETCS BO3MOXHOCTb
C034aHNst 06BLEKTOB C pasHbIMU HACTPOWMKaMM, OT KOTOPLIX 3aBUCAT CBOMCTBA M3roTaBnMBaeMbIX U3LENUiA.
MeToabl YNCNEHHOIO MOAENMPOBAHNST UCMONb30BaHbI ANl UCCNEAOBaHUS 0COOEHHOCTEN B3anMOAEeNCTBUS
MNA nnacTvka ¢ pasnM4HbIMU BUAAMW MOHU3MPYHIOLLETO N3NYYEeHNs, MPUMEHAeMbIMK B paguoTepanun. Pe-
3ynbTathbl. [lonyyeHbl pacyeTHble rMyOrHHbIE pacnpeaenennsi pasHbliX BUOOB U3NYyYeHUs B MATKUX TKaHAX
n MNJ1A nnactuke pa3nuyHoOn NNOTHOCTK. MNoka3aHo, YTO ANst My4KOB (DOTOHOB U ANEKTPOHOB NPV UMMUTaLUM
YKMPOBOW TkaHM Heobxoaumo mcnonb3oBaTs MJTA nnacTuk ¢ nnoTHocTbio 0,91 r/cm®, YTo COOTBETCTBYET KOIh-
ULMEHTY 3anonHeHus Npu nevatn — 75 %, ons MbiwedHon TkaHu — MJTA nnactuk ¢ nnotHocTbio 1,06 r/cm®
(koadpdpuumeHT 3anonHeHnsa — 88 %); AnA Ny4KoB NMPOTOHOB M MOHOB Yrrepoaa: ANs Xuposon Tkann — MI1A
nnacTuk ¢ nnoTHocTbo 0,97 ricm® (koadduumeHT 3anonHeHus — 80 %), Anst MbiweyvHol TkaHn — MNJT1A nnactuk
¢ nnotHocTbto 1,11 r/em® (koadbdpuumeHT 3anonHenus — 93 %). 3aknroveHune. Xapaktep B3aumMogencTBus
MNA nnactuka ¢ pegKoNOHU3NPYIOLLMM M NAOTHOMOHN3MPYIOLLMM U3ITy4YEeHNEM MOXET OTNNYaThCS, YTO KpanHe
BaXKHO YYMUTbIBATb NPY NAaHUPOBAHNMU AOKITMHUYECKNX SKCNIEPUMEHTarbHbIX UCCNeaoBaHui C NpUMEHEHNEM
TBEpAOTENbHbIX A03MMETPUYECKMX PaHTOMOB.

KnioueBble cnoBa: o3uMeTpUieckuin haHToM, AOKITMHMYECKME uccnegoBaHus, YNCNeHHoe
MoaenupoBaHue, meton MoHTe-Kapno, npoueHTHas rnyobuHHas [o3a, TeXHONOrMmu TpexmMepHom neyaru,
MINA nnacTtuk.

Introduction therapeutic approaches relies heavily on the results of
In the contemporary medical community, the issue  preclinical studies.
of oncological diseases continues to be a significant The objective of large-scale multicentre preclinical

concern [1]. It is established that approximately half  studies is to enhance the efficacy of radiotherapy for
of all cancer patients undergo radiotherapy at some  malignant neoplasms. Of particular interest are studies
stage of their treatment [2]. The development of new  of the biological effects of protons and ions, methods
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for increasing the conformity of irradiation with
electron and photon irradiation, and a combination
of photons and densely ionizing radiation in one
course [3, 4]. In the context of preclinical studies, the
question of reproducibility of experimental results
obtained on different systems and with different types
of ionizing radiation, specifically the assessment of
the radiation dose, is a significant consideration [5].
To address these challenges, dosimetric phantoms
offer a valuable solution. Their design enables the
placement of a cell culture in the area of interest or
the simulate of a laboratory animal’s anatomy, with
the option of incorporating ionizing radiation detectors
[6]. However, existing standard phantoms frequently
fail to satisfy the requisite criteria for addressing
specific radiobiological issues. Consequently, there
is a pressing need to devise a methodology for the
fabrication of tissue-equivalent phantoms that are
suitable for the experimental validation of radiation
dose in preclinical studies.

Three-dimensional printing technology has
the potential to revolutionize the field of radiation
medicine by enhancing precision, effectiveness, and
personalization, ultimately improving patient outcomes
and the quality of care provided [7, 8]. The creation
of bespoke treatment plans entails the generation of
3D-printed anatomical models derived from imaging
data, thereby enabling oncologists to visualize tumors
and adapt therapies to the specific anatomy of each
individual [9]. The fused filament fabrication method
has been demonstrated to be an effective approach for
the creation of dosimetry phantoms [ 10]. This method
is distinguished by its relatively low cost in comparison
to other fabrication techniques, its capacity to create
models derived from tomographic three-dimensional
data sets, its high degree of accuracy in reproducing
complex phantom geometries, and its versatility in
simulating a wide range of tissue properties through
the use of diverse materials [11].

One of the most commonly used materials for
the creation of objects via 3D printing methods is
PLA plastic (polylactide) [12]. PLA is derived from
renewable resources, such as cornstarch, which renders
it more biocompatible than some petroleum-based
plastics [13]. Due to its relatively low atomic number,
PLA is an appropriate material for simulating soft
tissue in radiotherapy [14]. The capacity to modify
the settings for manufacturing products using the
fused deposition method permits the fabrication of
objects with varying physical density by altering the
fill factor during printing [15]. A solid-state dosimetric
phantom for preclinical studies, produced using the
fused filament fabrication method, should replicate
the characteristics of biological tissues with a specified
degree of accuracy in regard to their interaction with
sparsely (photons and electrons) and densely (protons
and ions) ionizing radiation.

In order to develop new dosimetric phantoms, it
is necessary to evaluate the possibility of using PLA
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plastic for their production, which will be carried out
using the fused filament fabrication method. Numerical
simulation methods may be employed for this purpose.
Monte Carlo method is widely used to calculate the
dose distribution of radiotherapy [16]. This method
is integral to advancing medical technology and
improving patient care through their applications in
radiotherapy, medical imaging, drug delivery, and
epidemiology [17, 18].

The objective of this study is to develop a numerical
model to simulate the interaction between PLA plastic
objects manufactured by fused filament fabrication and
various types of ionizing radiation used in radiotherapy.
Additionally, the study aims to determine the optimal
3D printing parameters of the PLA plastic samples for
imitating soft tissues.

Material and Methods

Software for numerical simulation

A numerical simulation is conducted utilising the
Geant4 toolkit (version 10.2p02) [19], which processes
the parameters of the beam and the nature of particle
interaction with a range of materials. The Geant4
toolkit is based on the Monte Carlo method, which
relies on random sampling to obtain numerical results.
This method is particularly useful for complex systems
where deterministic methods may be insufficient. It is
used to simulate the radiation transport in monitoring
systems, beam-shaping devices, dosimetry phantoms,
and biological tissues [ 18, 20]. In this work, the QBBC
Physics List was applied, which is the most widely
used in medical physics simulation [21, 22].

Materials under study

In the context of preclinical testing, products that
imitate soft tissues are of particular practical interest
[23, 24]. In the presented research, the most common
biological tissues, namely adipose and muscle, were
selected for analysis. In order to create numerical
models of biological tissues, the chemical composition
and physical density were determined on the basis of
data sourced from the literature [25].

In this study, PLA plastic was selected as the
material for investigation in the context of three-
dimensional printing. PLA plastic offers a number
of advantages for 3D printing. PLA is relatively
straightforward to print with, as it adheres well to the
print bed and typically requires lower temperatures
compared to other materials, thereby reducing the risk
of warping. Furthermore, the production of odour is
minimal during the printing process, and the resulting
finish is smooth, which makes it the optimal choice
for detailed models. Furthermore, PLA plastic is
biodegradable under the appropriate conditions, which
contributes to the broader objective of sustainable
manufacturing practices [13, 14]. The parameters for
modelling PLA plastic were determined based on a
review of the literature [14].

The creation of the PLA plastic simulation model
involved the utilisation of varying densities, given
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Table/Tabnuua

Parameters of the investigated materials used for the numerical simulation [14, 25, 27]
MapameTpbl uccnenyembix MaTepuanoB, MCNONb3yeMbIX Afs co3fgaHusa moaenu [14, 25, 27]

Natural PLA plastic/

Parameter/ITapamerp Harypanbhsiit [1JIA
IIACTHK
Content of elements (by weight)/ %__550 60’
v 0 s
DJeMeHTHBIN cocTaB (1o Becy), % O_44.4
Density, g/cm?/IInoTHOCTS, I/CM? 0.85-1.18

Mean excitation energy, eV/ 77.9

Cpennsist sHeprusi Bo3OyxieHus, 2B
IMpumMevanue: TabnUIa COCTAaBICHA ABTOPAMH.

Note: created by the authors.

that the density of the printed sample can be modified
through alterations to the fill factor during the
manufacturing by 3D printing. In order to ascertain
the physical densities of printed products derived
from PLA plastic, cubic objects with dimensions of
2x2x2 c¢cm were produced on an Original Prusa i3
MK3s 3D printer utilising the fused filament fabrication
method. The following 3D printing parameters were
employed during the printing process: nozzle diameter,
0.4 mm; layer thickness, 0.3 mm; number of perimeters,
1; number of lower layers, 0; number of upper layers,
0; print speed, 60 mm/s; extruder temperature, 195 °C;
table working surface temperature, 65 °C; fill factor,
70 % to 100 %. It was determined that a fill factor of
at least 70 % was necessary to avoid the formation of
excessive air voids within the product, which would
be undesirable for the fabrication of phantoms [15].
Consequently, the range of sample densities that was
printed from natural PLA plastic was established,
spanning from 0.85 g/cm?® to 1.18 g/cm?® with the step
0f 0.01 g/cm?®. The relationship between the fill factor
and sample densities was established.

Models of adipose and muscle tissues, as well
as the PLA plastic, were created in accordance with
the parameters that must be taken into account in
numerical modelling using the Geant4 toolkit. These
parameters include density, chemical composition,
and average excitation energy during interaction with
ionizing radiation. Based on the available data on the
density and chemical composition of biological tissues
and PLA plastic, the average excitation energy was
determined using the international database [26].

The resulting values were then used to create
models of all the studied materials, as presented in
Table.

Simulated geometry

A numerical model was constructed for photons
with an energy of 1.25 MeV (representative of the
average energy of gamma radiation emitted by the Co-
60 isotope), electrons with an energy of 6 MeV, protons

CUBMPCKUI OHKONOMYECKUI XXYPHAIN. 2024; 23(6): 62—69

Adipose/
JKupoBast TKaHb

Muscle/
MpImeyHast TKaHb

H-10.4; C-10.3;

H-11.1;C-29.7; N-24;0-762;

N-0.9; 0-58.0;

Na-0.1; P-0.1;
Na_(s)'i’opl_ 013 S—-0.1;Cl-0.2;
' K-02
0.91 1.06
702 74.7

with an energy of 150 MeV, and carbon ions with an
energy of 300 MeV/nucleon. The selected types of
ionizing radiation and beam energies align with the
parameters typically employed in radiotherapy [27].
The geometry illustrated in Figure 1 was utilised
as the basis for the ensuing numerical experiments. A
flat square 10x10 cm beam with uniform distribution
of particles over the source area (No. 1 in Fig. 1)
was selected as the radiation source for photon and
electron beams simulation. The source was located
in a vacuum chamber at a distance of 1 mm from
the surface of a phantom measuring 303030 cm,
constructed from the material under study (No. 2 in
Fig. 1), in accordance with the standard irradiation
parameters. In the case of proton and carbon ion beams
simulation, a circular beam with a diameter of 1 cm was
employed. The geometry of the calculation phantom
was selected to align with that of a standard solid-state
tissue-equivalent plate phantom. In the calculation,
the phantom was divided into elementary sensitive

Fig. 1. The numerical simulation geometry. Notes: 1 — ionizing
radiation source; 2 — investigated material; created by the authors
Puc. 1. TeomeTpusi YNCNIEHHOTO MOAENMPOBaHMS.
MpumeyaHus: 1 — UICTOMHUK M3nyYeHust; 2 — uccnegyemMblin
maTepuan; pUCyHOK BbIMOMHEH aBTopamu
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Fig. 2. The calculated percentage depth
dose distributions of the 1.25 MeV
photon beam in soft tissues and PLA
plastic. Note: created by the authors
Puc. 2. PacueTHble NnpoueHTHble
rny6yHHblE [030BblE pacnpeaeneHus
¢OTOHHOrO nNyyka ¢ aHeprun 1,25 MaB B

MSArKMx TkaHsax u MITA nnacTtuke.
MprMeyaHne: pUcyHOK BbINOIHEH
aBTopamMu

Fig. 3. The calculated percentage
depth dose distributions of the 6.0 MeV
electron beam in soft tissues and PLA
plastic. Note: created by the authors
Puc. 3. PacyeTHble NpoueHTHbIE
rny6GuHHbIE [030BbIE pacnpeaeneHus
ANEKTPOHHOrO ny4ka ¢ aHeprun 6,0

Kuposas TkaHb/Adipose Meimeunas Tkanb/Muscle
100 100
= TkaHb/Tissue
°\° LA S N R IDIA mwractak/ o\° 801
> PLA plasti ;
2 601 Pl 8 60
a
§ 40+ %, 40
= &
20+ 20
0 T " T y y ) 0 T r r r . )
0 5 10 15 20 25 30 0 5 10 15 20 25 30
z, cM/cm z, cM/cm
KupoBas Tkanb/Adipose Mpeimeunas Tkanb/Muscle
100 100+
80+ 80-
5 = Tkans/Tissue =
°\n (o1 S e tenE, (e TUIA wiactak/ °\“ 60
o PLA plastic 9
g 40/ & 401
20 20
0 T T T 1 ’ 0 : r : r -
0 1 2 3 4 5 0 1 2 3 4 5
z, cM/cm z, cM/cm

MaB B msaArkux TkaHsx u MNJ1A nnactu-
ke. MNprMeyaHve: pUcyHoK BbINOINHEH
aBTopamu

volumes, or voxels, measuring 0.475x0.475x0.05 cm
for photons and electrons, and 6.175%6.175%0.025 cm
for protons and ions. The voxel sizes were selected in
accordance with the sensitive volumes of ionization
chambers employed in clinical dosimetry, with taking
into account the type of radiation [28]. The percentage
depth dose distributions (PDD) of radiation were
determined for the central voxels along the Oz axis
(Fig. 1). The calculated results were found to have a
statistical error of 3 %.

Results

In the context of the research work, calculated depth
dose distributions of sparsely (photons and electrons)
and densely (protons and carbon ions) ionizing
radiation in soft tissues (adipose and muscle) and
PLA plastic of varying densities (0.85 to 1.18 g/cm?
with the step of 0.01 g/cm?) were obtained.

The physical properties of the plastic material
that permit the imitation of biological tissues were
determined by means of a comparison of the obtained
percentage depth dose distributions.

In the case of photon radiation, the objective was
to achieve a matching of the percentage depth dose
distributions in terms of the absorbed dose at a depth of
10 cm in tissues and the studied plastics. The absorbed
dose in tissues was found to be 72.1 % for adipose and
69.0 % for muscles. Figure 2 illustrates the outcomes
of the numerical simulation of the percentage depth
dose distribution of photons with energies of 1.25 MeV
in biological tissues and PLA plastic. For each PDD
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curve a process of normalisation was carried out on
the maximum dose value.

It was established that PLA plastic with a density
0f0.91 g/cm?® is suitable for imitating adipose tissue in
terms of its interaction with photon beam, while PLA
plastic with a density of 1.06 g/cm? is appropriate for
imitating muscle (Fig. 2).

Similarly, the 6 MeV electron beam percentage
depth dose distributions in PLA plastic and soft
tissues were obtained (Fig. 3). The data obtained for
the electron beam were analyzed by estimating the
depth where the radiation dose is reduced by half,
which was found to be 2.83 c¢cm for adipose and 2.33
cm for muscle.

For electrons, the densities of PLA plastic for
imitating adipose and muscle were found to be 0.91
and 1.06 g/cm?, respectively. This is similar to the
result obtained for photon beam.

The principal benefit of radiotherapy utilising
proton and light ion beams is the distinctive shape
of the depth dose distribution, known as the Bragg
curve [5]. The PDD for heavy charged particles at the
entrance to the target is characterized by a plateau with
alow dose and a distinct peak at the end of the particle
track, known as the “Bragg peak”. This is followed
by a sharp decrease in dose to a minimum level.
The depth of the Bragg peak position was selected
as the reference characteristic for the analysis of the
calculated data (Fig. 4). For a proton beam with an
energy of 150 MeV, the depth of the Bragg peak in
adipose tissue was 17.0 cm, and in muscle — 14.8 cm.
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KupoBas tkanb/Adipose

Meuimeunas Tkanb/Muscle

100+
= o
% X 80
= O
& 8 60
: S
g 2%
e KN
B 20
=

0 = . 0 —
0 4 8 12 16 20 0 4 8 12 16 20
z, cM/cm —— Trans/Tissue z, cM/cm
----- TIJIA mnactux/
= PLA plastic
2
= 100 100
2
: X 807 X 801
O o o Fig. 4. The calculated percentage depth
= &8 60 & 60 dose distributions of the 150 MeV
=t % % proton beam and 300 MeV carbon ion
& S 40 S 404 beam in soft tissues and PLA plastic.
E l% “/ l:O( A.“/ Note: created by the authors
> 20 . 20 4 Puc. 4. PacyeTHble NpoLEeHTHbIE
3 L rmy6GuHHblE [030BbIE pacnpeaeneHus
g 0 0 L.._ NMPOTOHHOrO Ny4Kka ¢ aHeprun 150 MaB
= 0 4 8 12 ll6 2'0 0 4 8 12 1I6 2'0 1 MOHOB yrnepoaa ¢ aHeprien 300 MaB
7. cM/em z. cM/cm B MArkux TkaHsx u MJA nnactuke. Mpu-
b b

MeYaHue: pUCYHOK BbINOJSIHEH aBTOpaMun

For carbon ion with an energy of 300 MeV/nucleon,
the depth of the Bragg peak in adipose tissue was found
to be 18.5 cm, while in muscle — 16.1 cm.

It was established that PL A plastic with a density of
0.97 g/cm? is suitable for imitating adipose in terms of
the interaction of protons and carbon ions with tissue,
while PLA with a density of 1.11 g/cm? is appropriate
for imitating muscle.

Discussion

The results of the numerical simulation indicated that
the required densities of the PLA plastic objects could
be used to imitate soft tissues. Based on these findings,
the corresponding parameters for three-dimensional
printing of samples using the fused filament fabrication
method were established. Therefore, to manufacture
phantoms for dosimetric studies on photon and electron
beams, 3D printed samples PLA plastic with a density
0f0.91 g/cm? should be used to simulate adipose tissue,
which corresponds to a fill factor of 75 % during 3D
printing, and to simulate muscle — PLA plastic with
a density of 1.06 g/cm?, which corresponds to a fill
factor of 88 %.

In the case of proton and carbon ion beams,
alternative values for the 3D-printed samples from
PLA plastic density were determined for the purpose
of tissue imitation. For adipose tissue, the PLA
plastic with a density of 0.97 g/cm® was identified,
corresponding to a fill factor of 80 %. For muscle
tissue, PLA plastic with a density of 1.11 g/cm?® was
selected, corresponding to a fill factor of 93 %.

CUBUPCKIY OHKONOTMYECKW XXYPHAT. 2024; 23(6): 62—69

The data obtained demonstrate that when conducting
dosimetric tests with different types of ionizing
radiation, it is essential to consider the nature of the
interaction between a specific type of radiation and
the phantom material. The flexibility of 3D printing
technology allows for the production of phantoms of
the same shape and different densities, enabling the
conduct of radiobiological tests on different beams of
ionizing radiation.

Conclusion

The work included numerical simulation of the
interaction between photons, electrons, protons and
carbon ions with human soft tissues (adipose and
muscle) and PLA plastic with varying mass densities.
It was established that PLA plastic with densities
equivalent to those of adipose or muscle tissue can be
employed to simulate soft tissues when constructing
a dosimetric phantom, provided that the radiation
in question is rarely ionizing, such as photons or
electrons. However, for densely ionizing radiation, it is
necessary to use plastic printed samples with a higher
density than that of biological tissues. Therefore, the
samples 3D printed from PLA plastic with a density
of 0.91 g/cm? should be employed to imitate adipose
tissue, which corresponds to a fill factor of 75 %, and to
imitate muscle, PLA plastic with a density of 1.06 g/cm?
should be utilised, which corresponds to a fill factor of
88 %. For proton and carbon ion beams, the following
densities of the PLA plastic samples should be used
to imitate adipose and muscle tissues, respectively:
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0.97 g/cm? (fill factor— 80 %) and 1.11 g/cm?
(fill factor— 93 %).

The study demonstrates that the interaction of PLA
plastic with rarely and densely ionizing radiation may
differ in nature, which is a crucial consideration when
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