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Abstract
Objective.To investigate the potential of 3D-printable thermoplastics as tissue-equivalentmaterials to
be used inmultimodal radiotherapy end-to-end quality assurance (QA) devices.Approach. Six
thermoplastics were investigated: Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene (ABS),
Polyethylene Terephthalate Glycol (PETG), PolymethylMethacrylate (PMMA), High Impact
Polystyrene (HIPS) and StoneFil.Measurements ofmass density (r), Relative ElectronDensity (RED),
in a nominal 6MVphoton beam, andRelative Stopping Power (RSP), in a 210MeVproton pencil-
beam,were performed. AverageHounsfieldUnits (HU)were derived fromCTs acquiredwith two
independent scanners. The calibration curves of both scanners were used to predict average r,RED
andRSP values and compared against the experimental data. Finally,measured data of r,REDand
RSPwas compared against theoretical values estimated for the thermoplasticmaterials and biological
tissues.Main results.Overall, good r andRSPCTpredictions weremade; only PMMAandPETG
showed differences>5%. The differences between experimental andCTpredicted REDvalues were
also<5% for PLA, ABS, PETG and PMMA; forHIPS and StoneFil higher differences were found
(6.94%and 9.42/15.34%, respectively). Small HU variations were obtained in theCTs for allmaterials
indicating good uniformdensity distribution in the samples production. ABS, PLA, PETG and PMMA
showed potential equivalency for a variety of soft tissues (adipose tissue, skeletalmuscle, brain and
lung tissues, differences within 0.19%–8.35% for all properties). StoneFil was the closest substitute to
bone, but differences were>10%. Theoretical calculations of all properties agreedwith experimental
values within 5%difference formost thermoplastics. Significance. Several 3D-printed thermoplastics
were promising tissue-equivalentmaterials to be used in devices for end-to-endmultimodal
radiotherapyQA andmay not require corrections in treatment planning systems’ dose calculations.
Theoretical calculations showed promise in identifying thermoplasticsmatching target biological
tissues before experiments are performed.

1. Introduction

Radiotherapy is one of the most used treatment
modalities for cancer, with around 50% of the diag-
nosed patients being treated with ionising radiation
(Baskar et al 2012). In the past decades, technological

innovations have allowed for the development of
advanced radiotherapy techniques, such as intensity
modulated radiation therapy (IMRT) and proton
beam therapy (PBT), that deliver highly conformal
dose distributions to the tumour volume leading
toward improved patient outcomes (Lomax 1999,
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Cheung 2006, Palma et al 2008, Stieler et al 2011, Liu
and Chang 2011). However, modern radiotherapy
techniques require complex treatment plans, associated
with additional sources of uncertainties that need to be
detected and corrected for (Kutcher et al 1994, Leary
et al 2015). Quality assurance (QA) procedures have
been implemented in clinical facilities to assess the
safety and accuracy of the imaging techniques and
planning and delivery of treatments.Within these, end-
to-end QA evaluates the entire treatment chain, testing
the different individual processes and coordination
between them along the treatment pathway, by
mimicking real clinical scenarios (Schreiner 2019).
Comprehensive guidelines for the implementation of
QA procedures have been proposed by several national
and international bodies including The American
Association of Physicists in Medicine (AAPM) task
groups (Kutcher et al 1994, Fraass et al 1998, Mutic et al
2003,Arjomandy et al 2019).

Physical phantoms have beenwidely used for dosi-
metry verification tests in radiotherapy (McGarry et al
2020). Physical phantoms may consist of simple water
tanks, with water being defined as the standard refer-
ence material for dosimetry in radiotherapy. Phan-
toms made of water equivalent materials, i.e., solid
water, are a popular alternative since they allow for
more time-efficient QA tests (Constantinou et al 1982,
Allahverdi et al 1999, Gargett et al 2020). Over time,
phantoms have become increasingly complex, with
new tissue-equivalent materials, such as resins, gels,
thermoplastics and polymers, and anthropomorphic
phantoms being developed, accounting for the diver-
sity in tissue types and complex anatomic structures
present in the human body (McGarry et al 2020).
From the available anthropomorphic phantoms, only
a few are suitable to be used for end-to-endQA in pho-
ton radiotherapy, without resorting to overrides
within the treatment planning system (TPS), as most
of the materials used as tissue-equivalent materials are
either equivalent for diagnostic or therapeutic beam
energies, but not both (McGarry et al 2020). Previous
authors have considered a 5% uncertainty limit in the
radiological equivalency of a material for it to be ade-
quate for end-to-end QA applications (Grant et al
2014, Lewis et al 2018, Tino et al 2022). At higher
energy levels, Compton scattering is the main photon
interaction. However, at diagnostic energies, photo-
electric effect has a significant contribution to the total
photon attenuation. Due to the high dependence of
the photoelectric effect cross section on the atomic
number (Z), some materials do well at mimicking the
attenuation properties of tissues at therapeutic ener-
gies but fail under diagnostic energies, when high dif-
ferences in the elemental compositions are found.
Moreover, most tissue-equivalent materials developed
were built specifically for dosimetry verification in
photon therapy. Therefore, radiological equivalence
for end-to-end multimodality radiotherapy (photon
and proton therapies) is not guaranteed. Proton

therapy has become an attractivemodality of radiation
treatment for several cancer types, due to the advan-
tages associated with the steep dose fall-off at the end
of these particles’ track, described as the Bragg-peak
(Paganetti 2012). With proton therapy becoming
increasingly available worldwide (Particle Therapy
Co-Operative Group (PTCOG) 2024), the develop-
ment of proton-specific QA procedures is crucial.
Most of the available QA tools are photon specific and
not suitable for proton range verification (Arjomandy
et al 2009, Grant et al 2014, Rana et al 2019, Cook et al
2023). While photon interactions with matter are pre-
dictedmostly based on themedium’s electron density,
for protons the stopping power is the radiological
property used for the calculation of dose distributions.

In the past years, efforts have been made in the
development of 3D-printed in-house phantoms as an
alternative to commercial phantoms (Ehler et al 2014,
Yea et al 2017, Kadoya et al 2019, Alexander et al 2022,
Cook et al 2022, Tillery et al 2022, Tino et al 2022). The
Alderson phantoms (RANDO and ART, Radiology
Support Devices Inc., Carson, CA, US), as well as the
full-body adult and paediatric ATOM and the E2E
SBRT thorax phantoms (Sun Nuclear Inc., Mel-
bourne, FL, US), are examples of very detailed and rea-
listic commercial anthropomorphic models. Even
though these phantoms have been shown to perform
well as end-to-end QA tools in conventional photon
beam therapy, their fabrication processes (e.g., casting
and moulding) are associated with high costs of pro-
duction. Additive manufacturing (AM), or 3D-print-
ing, has become of interest for radiotherapy
applications not only in the development of phantoms
for a variety of QA protocols (Ehler et al 2014, Ju et al
2014, Burleson et al 2015, Leary et al 2015, Craft and
Howell 2017, Oh et al 2017, Tino et al 2019, Rooney
et al 2020, Marshall et al 2023, Brunner et al 2024), but
also in the manufacturing of bolus, immobilization
devices, collimators and compensators. 3D-printing
technology offers easy customisation of models, flex-
ibility of design and low costs of production, without
compromising on the level of detail and accuracy.
Ehler et al (2014) have proposed a 3D-printed head
and neck phantom, consisting of a shell made of Acry-
lonitrile Butadiene Styrene (ABS), filled with a wax
material, for patient-specific QA in intensity-modu-
lated radiation therapy (IMRT), with potential appli-
cations for an end-to-end QA approach. Van derWalt
et al (2019) and Delombaerde et al (2020) found good
agreement between measured and CT predicted mass
densities for samples printed with Polylactic Acid
(PLA), with no overrides required in the TPS during
photon dose calculations. Grant et al (2014) found that
Polyethylene (PE) and High-Impact Polystyrene
(HIPS)were proton-equivalent, with the relative stop-
ping power (RSP) values for these materials being well
predicted by HU-RSP calibration curve. Similar
results have also been found by Brunner et al (2024)
for PLA, ABS and Nylon, with differences between
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measured and CT predicted RSPs within 3%. How-
ever, density overrides at the TPS were required in the
work conducted by Craft and Howell (2017), on the
development of a PLA 3D-printed patient-specific
female chest phantom for photon therapy. Burleson
et al (2015) have highlighted in their work the impact
of the selected printing parameters on the final density
of the printed structures. Dancewicz et al (2017) have
also reported the existence of air gaps in the prints
infill even for the highest infill levels. The presence of
air gaps in the prints core will affect the final density of
the phantom, as well as its absorption and scattering
properties. Zou et al (2015), in their work on the 3D-
printing of an electron bolus made of PLA and using a
solid infill, found considerable HU variations mea-
sured between samples, and they highlighted the need
to understand how inhomogeneities in the 3D-print-
ing process can impact the final properties of themod-
els. These studies suggest that different filament
manufacturers and printing conditions (e.g., 3D-prin-
ter and printing parameters) can result in models with
different densities and radiological properties for the
same thermoplasticmaterials.

Understanding the performance of 3D-printing
technology and characterising 3D-printable thermo-
plastics as tissue-equivalent materials in diagnostic
and therapeutic exposures is essential to realise the
potential and ensure the safety of this disruptive tech-
nology in the clinic. However, the suitability of 3D-
printing materials as tissue-equivalent materials for
use in multimodal radiotherapy end-to-end QA devi-
ces has yet to be comprehensively explored. In this
work, the radiological properties of six commercially
available thermoplastic materials were characterised
post-printing, both at the diagnostic (CT) and ther-
apeutic (photon and proton) levels. Then, we eval-
uated the associated CT errors of thesematerials in the
treatment chain and explored their suitability as sub-
stitutes for a variety of biological tissues for end-to-
end multimodal QA devices. We also investigated the

accuracy of theoretical (mathematical) calculations of
their radiological properties to guide the selection and
development of new tissue-equivalent filaments. This
work allowed us to critically evaluate fused deposition
modeling (FDM) 3D-printing technology on the
development of tissue-equivalent materials for end-
to-end QA phantoms, as well as the need for guidance
to standardise the use of this manufacturing technique
for radiotherapy clinical applications. To the best of
our knowledge, this is the first study performing a
comprehensive evaluation of a set of commonly used
3D-printable thermoplastics at both diagnostic (CT)
and therapeutic (megavoltage photon and proton
beams) energies.

2.Materials andmethods

2.1. Sample production
Six thermoplastics were investigated in this study:
Polylactic Acid (PLA), Acrylonitrile Butadiene Styrene
(ABS), Polyethylene Terephthalate Glycol (PETG),
Polymethyl Methacrylate (PMMA), High Impact
Polystyrene (HIPS) and StoneFil. For each material,
two 10 × 10 × 1 cm3 and two 10 × 10 × 2 cm3 slabs
were 3D-printed (figure 1).

The 3D-printer Raise3D Pro 2 Plus (Raise 3D
Technologies, Inc., CA, USA), together with the Sim-
plify3D (Simplify3D, OH, USA) slicer software (ver-
sion 4.1.2), were used in the production of the 3D-
printed samples. The Raise3D Pro 2 Plus is equipped
with two hot-ends for dual extrusion and offers a large
building volume of 305 × 305 × 605 mm3. To max-
imise the homogeneity of the samples and minimise
the overall volume of air gaps, no infill pattern was
selected; instead, each layer consisted of two perimeter
shells and the core was filled using the printing feature
‘solid layers’. Other printing parameters were empiri-
cally fine-tuned to optimise the print quality for every
material (table 1). The optimisation was an iterative

Figure 1. 3D-printed slabs for each thermoplastic. At the top-right corner, a cross-sectional view of the samples core is shown.
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Table 1.Properties of each thermoplasticmaterial and printing parameters used.

Thermoplastic PLA ABS PETG PMMA HIPS StoneFil

Vendor Raise 3D technologies

(CA,USA)
FillamentumManufacturing (Czech

Republic)
NiceshopsGmbH

(Austria)
Mitsubishi Chemical

(Japan)
SpectrumFilaments

(Poland)
FormFutura VOF (The

Netherlands)
Product name PremiumPLA ABS Extrafill 3DJAKEPETG 3DiakonTMPMMA HIPS-X StoneFilTM

Filament colour Red Transparent Black Clear Gypsumwhite Granite

Elemental Composition (C3H4O2) (C15H17N) (C26H26O8) (C5H8O2) (C52H62) 50%PLA 50% stoneb

Mass densitya (g cm−3) 1.20 1.04 1.27 1.14 1.05 1.70

ExtrusionMultiplier 0.90 0.90 0.85 0.95 0.95 1.05

RetractionDistance (mm) 1.5 1.5 3.0 1.5 1.5 2.0

Extruder Temperature (˚C) 210 230 235 255 240 230

Heated BedTemperature (˚C) 60 100 70 107 95 60

a provided by the vendor.
b stone: 60%SiO2, 13%Al2O3, 22%Fe2O3, 5%CaO.

Abbreviations: PLA—Polylactic Acid; ABS—Acrylonitrile Butadiene Styrene; PETG—Polyethylene Terephthalate Glycol; PMMA—PolymethylMethacrylate; HIPS—High Impact Polystyrene.
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process aimed at finding a set of unique 3D-printing
parameters optimal for each material. It consisted of
an in-house protocol that used a variety of 3D-printed
models designed to evaluate extrusion temperature,
first layer quality, oozing and over- and under-extru-
sion. All prints used a 0.4 mm nozzle, a printing speed
of 3600mmmin−1 and a layer height of 0.2mm.

The elemental composition considered for each
material is an approximation based on a variety of
sources (Żenkiewicz et al 2009, Mármol et al 2010,
Salimi et al 2017, Chung et al 2018, Hassan et al 2020,
Panneerselvam et al 2021, Nakayenga et al 2021, Rana-
koti et al 2022), as vendors often do not provide this
information for proprietary reasons.

2.2. Experimentalmeasurements
The patient pathway for radiotherapy treatment con-
sists of the acquisition of CT images of the patient, the
calculation of the treatment dose distribution using
TPS software and the delivery of the plan. The
planning CT scan provides a measure of the attenua-
tion coefficients at diagnostic energy levels (Houns-
field Units, HU), which are calibrated to the physical
(mass density, r) and radiological (relative electron
density, RED, and relative stopping power, RSP)
properties of the imaged tissues. These properties are
then used by the TPS during dose calculations to
predict photon attenuation and proton range values.
Measurements were performed on all 3D-printed
samples to evaluate their physical density and radi-
ological properties, under diagnostic (photons) and
treatment (photons and protons) energies, as
described in the following sections.

2.2.1.Mass density
The density of the 3D-printed samples will differ from
the density of the filament as provided by the vendor
due to the choice of printing parameters (e.g., extru-
sion multiplier, infill type and percentage), which are
typically tuned to achieve the best printing quality.
The r of each sample was calculated from volume and
mass measurements. The volume was derived from
length, width, and height measurements taken for
each sample using a digital calliper (Premier Farnell
Limited, UK), with resolution 0.01 mm. Mass mea-
surements were performed with a precision balance
(model MW723i-M, Bel Engineering Ltd., UK) with
resolution 0.001 g.

2.2.2. Radiological properties at diagnostic energy levels
The 3D-printed slabs were scanned in two indepen-
dently commissioned CT systems at two different
institutions. Thefirst was theAnyScan TRIO® SPECT/
CT (Mediso Medical Imaging Systems, Hungary)
installed at the National Physical Laboratory, operat-
ing at 300 mAs and 120 kVp; images were recon-
structed with the default abdominal settings
(convolution kernel F0060N+003BofH) and a slice

thickness of 1.25 mm. The second was the Philips
Spectral CT 7500 (Koninklijke Philips N.V, Nether-
lands) installed at University College London Hospi-
tals NHS Foundation Trust, operating at 455 mAs and
120 kVp; images were reconstructed with the default
abdominal settings (convolution kernel IMR2) and a
slice thickness of 2 mm. The slabs were positioned on
the treatment couch in groups (1 cm slab with a 2 cm
slab of the same material) and surrounded by bolus
material and 5 cm of solid water slabs both on top and
on the bottom (figure 2). For each material, average
HU were extracted from the CT scans using the active
contour segmentation mode from ITK-Snap (version
3.6.0, Yushkevich et al 2006). A box-shaped segmenta-
tion was performed to define a region of interest (ROI)
for analysis. This contained only the core of the slabs
and excluded their perimeter layers. Figure 2 shows an
example of the CT scan of one of the slabs, ROI and
line profiles. The HU inside the ROIs were extracted
and averaged across the four samples available for each
material.

2.2.3. Radiological properties at therapeutic energy levels
Water-equivalent path length measurements were
performed at therapeutic beam energies to obtain
experimental RED and RSP values of each thermo-
plastic. There is a one-to-one relationship between
REDs and RSPs and relative water-equivalent path
length since this measure is linearly related with the
electron density and stopping power of the medium
(Schneider et al 1996, Zhang and Newhauser 2009,
Moutrie et al 2015, Dancewicz et al 2017). The 3D-
printed slabs were irradiated with a 6 MV photon
beam and a single-spot 210 MeV proton beam. A
single energy was considered for both radiation
modalities since other studies have reported the water-
equivalent path length to be energy independent at
megavoltage energies (Lewis et al 2018, Gargett et al
2020).

The MV photon beam irradiations were per-
formed on the Elekta VersaHD LINAC (Elekta, Swe-
den) installed at the National Physical Laboratory
using a PTW Semiflex3D Type 31021 ionisation
chamber (PTW Freiburg GmbH, Germany) and fol-
lowing the set-up illustrated in figure 3. To reduce the
number of time-consuming experiments done in a
water tank, the relative water-equivalent path length of
each material was derived using solid water WT1, in
which a relative WT1-equivalent path length was
obtained for each slab of thermoplastic. First, a
percentage depth dose (PDD) curve was acquired in
WT1 solid water material following a source-to-sur-
face distance (SSD) approach, with an SSD of 100 cm
and a field size of 5× 5 cm2 (100MUs were delivered).
Under the same SSD approach and keeping a constant
5 cm depth above the detector, the 3D-printed slabs
were stacked together with WT1 solid water for point
dose readings (figure 3). A bolus material was placed
around the slabs to account for phantom scattering.
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Figure 2.CT-scan set-up (images (a) and (b), coronal and axial planes, respectively) for the acquisition of averageHU for each
thermoplasticmaterial (greyscale representingHU). For eachmaterial, the 1 cm and 2 cm slabswere stacked together and surrounded
by solidwater slabs and a bolusmaterial (6 cm top, 6 cmbottom and sides) to account for phantomand backscatter. Images (c) and (d)
show the ROI (red box, dimensions 9.6× 9.6× 0.8 cm3) defined in the axial and coronal planes, respectively, for a 1 cm thickness slab.
For the slabswith 2 cm thickness, the ROI had a definedfixed thickness of 1.8 cm. Images (e) and (f) show, respectively, theHU
distributionwithin the volume of a slab andHUprofiles over themiddle lines at the three axes (colour coded as per image (c) and (d)).
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From the PDD curve obtained in WT1, relative WT1-
equivalent path length values were extracted for each
slab of thermoplastic. Then, the relative water-equiva-
lent path length values for each sample were simply
derived by multiplying the relative WT1-equivalent
path length of the thermoplastic with the relative
water-equivalent path length ofWT1, which wasmea-
sured, previously to this work, as 1.0068.

All proton beam irradiations were performed on
the Varian ProBeam (Varian Medical Systems, CA,
USA) installed at University College LondonHospitals
NHS Foundation Trust. The relative water-equivalent
path length measurements of each 3D-printed slab
was measured using the Giraffe detector (Ion Beam
Applications SA, Belgium), which has a spatial geo-
metric resolution of approximately 2 mm and a 0.5
mm uncertainty in the proton range determination.
The Giraffe was placed on the treatment couch with
the entrance window aligned with the isocentre, facing
the nozzle. The samples were placed in front of the
Giraffe with their centre aligned with the lasers. In

each irradiation, a single-spot pencil beam was deliv-
ered with fully retracted snout, following the set-up
illustrated in figure 4. TheGiraffe detector is calibrated
to provide range information in water, and the water-
equivalent path length corresponds to the shift in
water between the Bragg peak curves measured with
andwithout the sample in the beampath.

2.3. Comparison betweenCTpredicted REDand
RSP andmeasured values
To evaluate the CT characterisation errors in the
treatment chain for each of the six thermoplastics, the
calibration curves of each of the two independent CT
scanners were used to predict average values for r,
RED and RSP from the HU. The differences between
predicted and measured values were reported, allow-
ing us to determine if the thermoplastics are suitable to
be used in end-to-end QA devices without requiring
overrides in the TPS. Materials with differences below
5% were considered adequate for this application, in

Figure 3. Illustration of the set-up used for the point dosemeasurements to obtain relativeWT1-equivalent path length for the
different 3D-printed slabs under a therapeutic photon beam.

Figure 4. Illustration of the set-up used for the relative water-equivalent path lengthmeasurements of the 3D-printed slabs under a
proton beam irradiation.
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agreement with other authors (Grant et al 2014, Lewis
et al 2018, Tino et al 2022).

2.4. Comparison against theoretical properties of
the 3D-printed thermoplastics
Theoretical prediction of the mass density and
radiological properties of materials allows for rapid
prototyping, identification, and selection of new
tissue-equivalent materials before experimental char-
acterisation. Theoretical values of r, RSP and RED for
each of the six thermoplastic materials were estimated
and compared against experimental values, to deter-
mine if one could use theoretical modelling to identify
existing and/or develop new thermoplastics as tissue-
substitutematerials.

Both the density provided by the vendor and the
extrusion multiplier were considered when estimating
the theoretical r of the 3D-printed materials. The
extrusion multiplier, also known as flow rate, is one of
the 3D-printing parameters that strongly impacts the
density of 3D-printed samples, as it defines the rate at
which filament is extruded from the printer’s nozzle
(Ozsoykal and Yurt 2024). For each material, the
extrusion multiplier should be optimised to avoid
under- or over-extrusion of the printed layers. The
theoretical mass density was obtained by multiplying
the density of the filament as provided by the vendor
with the extrusion multiplier ( fEM ). Predicted values
were generated using the optimised empirical value for
the extrusion multiplier (table 1). We also provide a
range of predicted r for the range of extrusion multi-
pliers values used in this study (i.e., fEM = [0.85–1.0]),
since the optimal factor is unknown prior to experi-
ments and can vary depending on the system used. A
value of fEM =1 was used when the empirical value
was larger than 1 as the samples produced cannot be
denser than the raw filament. The full range of theor-
etical r was used to obtain theoretical calculations of
REDs andRSPs.

The theoretical RED and RSP values were calcu-
lated using a previously published mathematical
model (Cook et al 2023) based on the elemental com-
position of the thermoplastics (table 1).

The RED of each material (REDm) was calculated
as the ratio between the electron density of the mat-
erial (re m, ) and the electron density of water (re w, ),

( )r r=RED 1m e m e w, ,

The electron density of thematerial was calculated as,

⎛
⎝

⎞
⎠

( )r r= N
Z

A
2e m m A

m
,

where rm is the mass density of the material (as
provided by the vendor and adjusted with the extru-
sion multiplier) and NA is the Avogadro number. The

term ⎛
⎝

⎞
⎠
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compositematerial m.The element data (Zi and Ai)was
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siononRadiationUnits andMeasurements 1984).

The RSP of each material (RSPm) was calculated as
the ratio between the stopping power of the material
(Scol m, ) and the stopping power of water ( )S ,col w,
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The Bethe formula for heavy charged particles was
used to derive the theoretical stopping powers,
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where re is the classical electron radius, mc2 is the
electron rest energy, u is the atomic mass unit, b is
the velocity of the incident particle divided by the
velocity of light, and z the charge of proton. The
fundamental physical constant values fromCohen and
Taylor (1987) were used in the calculations. Im is the
mean excitation energy of composite material m, and
it was calculated using Bragg’s additivity rule,

( )( )å å= w w -
I Iln ln ,m i

Z

A i i

Z

A

1
i i

i

i i

i
where Ii is the

excitation energy of the component i of the composite
material m, also taken from the ICRU report 37
(International Commission on Radiation Units and
Measurements 1984). The proton RSP values were
calculated for the experimental beam energy of
210MeV.

2.5. Comparison against theoretical properties of
biological tissues
The mass density and radiological properties of a
variety of biological tissues were compared against the
obtained experimental values for the thermoplastic
materials, to determine the tissue-equivalence of each
thermoplastic at diagnostic photon and therapeutic
photon and proton energies.

The biological tissues considered were adipose,
heart, grey matter (brain), lung (inflated), skeletal
muscle and cortical bone of adults and, when possible,
of children. Theoretical RED and RSP values were cal-
culated using the mathematical model described in
section 2.4 and the elemental compositions provided
byWhite et al (1991). Theoretical values for r and HU
were taken fromWhite et al (1991) and McGarry et al
(2020), respectively.

3. Results

3.1. Experimental values formass density, REDand
RSP and comparison against theoretical values
The measured data for r, RED and RSP of the six 3D-
printable thermoplastic materials can be found in
table 2, as well as comparisons against the theoretical
values estimated mathematically. The measured r,
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Table 2.Measured and theoretical values formass density, relative electron density and relative stopping power for each thermoplastic. Percentage differences were calculated betweenmeasured and theoretical values.

Mass density (r) Relative electron density (RED) Relative stopping power (RSP)

Measured [ /g cm3] Theoreticala [ /g cm3] Diff [%] Measured Theoreticala Diff [%] Measured Theoreticala Diff [%]

PLA 1.116 0.008 1.0800 [1.0200–1.2000] 3.23 1.016 0.012 1.029 [0.972–1.143] 1.28 1.064 0.005 1.025 [0.968–1.139] 3.67

ABS 0.954 0.003 0.9360 [0.8840–1.0400] 1.89 0.938 0.019 0.913 [0.862–1.014] 2.67 0.959 0.002 0.928 [0.876–1.031] 3.23

PETG 1.038 0.007 1.0795 [1.0795–1.2700] 4.00 0.975 0.013 1.029 [1.029–1.210] 5.54 1.019 0.006 1.030 [1.030–1.212] 1.08

PMMA 1.099 0.003 1.0830 [0.9690–1.1400] 1.46 1.011 0.022 1.056 [0.944–1.111] 4.45 1.083 0.004 1.063 [0.951–1.119] 1.85

HIPS 0.912 0.005 0.9975 [0.8925–1.0500] 9.38 0.922 0.015 0.981 [0.878–1.033] 6.40 0.914 0.007 1.000 [0.895–1.053] 9.41

StoneFil 1.562 0.003 1.7000 [1.4450–1.7000] 8.83 1.284 0.007 1.567 [1.332–1.567] 22.04 1.407 0.003 1.498 [1.273–1.498] 6.47

a theoreticalmass density values reported for the extrusionmultiplier (fEM)used experimentally and for a typical range of values (fEM = [0.85–1.0]).
Abbreviations: PLA—Polylactic Acid; ABS—Acrylonitrile Butadiene Styrene; PETG—Polyethylene Terephthalate Glycol; PMMA—PolymethylMethacrylate; HIPS—High Impact Polystyrene.
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RED and RSP values, considering all materials, varied
between [0.912–1.562] g cm−3, [0.922–1.284] and
[0.914–1.407], respectively. The range of percentage
differences calculated between measured and theor-
etical values were [1.46–9.38] %, [1.28–22.04] % and
[1.08–9.41] % for r, RED and RSP respectively.
Generally, the assumption of weighting the mass
density by the extrusion multiplier was adequate for
PLA, ABS, PETG and PMMA, with percentage differ-
ences between theoretical and measured values below
5%. For HIPS and Stonefil higher discrepancies were
found, with the prediction over-estimating the density
of the printed samples. When considering the data
provided for RED and RSP, percentage differences
below 5%, or just above, was found for all materials
except HIPS and Stonefil, for which higher differences
were found, with StoneFil reaching a difference of
22.04% for photon irradiation. In general, the theor-
etical calculations for RSP were closer to the exper-
imental values than for RED.

3.2. ExperimentalHounsfieldUnits
The HU values obtained for each thermoplastic with
the two independent CT scanners are presented in
table 3. Similar standard deviations were found for all
materials and these fall under the order of magnitude
of the variations intrinsic to CT systems, related to the
selection of CT parameters and reconstruction algo-
rithms (Davis et al 2018, Sorooshfard et al 2023).
Stonefil was thematerial showing the highest standard
deviations for bothCT scanners.

3.3. Comparison betweenCTpredicted REDand
RSP andmeasured values
Figure 5 shows the HU to r, RSP and RED calibration
curves for the AnyScan TRIO® and Philips Spectral
7500 CT scanners, together with the experimental
measurements taken on these properties for each
thermoplastic. For the AnyScan TRIO® scanner, the
range of percentage differences calculated between the
measured and CT predicted values, considering all
materials, was [0.38–6.07] %, [0.10–15.34] % and
[0.75–2.31] % for r, RED and RSP respectively. The
range of percentage differences found for the Philips
scanner was [0.22–3.78] %, [1.64–9.42] % and
[0.11–5.36] % for r, RED and RSP respectively. In

general, a good agreement was found between CT
predicted and measured mass densities and RSPs in
both CT scanners for most materials—only the
predicted RSP for PMMA and the predicted r for
PETG showed percentage differences slightly above
5% (5.36% and 6.07%, respectively) and only for one
of the two scanners. The CT calibration curves also
predicted well the RED, with percentage differences
below 5% for all materials except Stonefil, associated
with the highest differences for both scanners (9.42%
and 15.34%) and HIPS with a 6.94% difference for the
Philips 7500 scanner. Full data can be found in
SupplementaryMaterial table S1.

3.4. Comparison against biological tissues
Figure 6 shows the r, RED, RSP and HU values for a
variety of biological tissues (theoretical values) and the
six thermoplastics (experimental values) analysed in
this study. Full data for the biological tissues can be
found in Supplementary Material table S2. Stonefil
showed properties closer to the ones of cortical bone,
especially for a 5-year-old child, with differences of
10.74%, 21.80% and 10.72% for r, RED and RSP,
respectively, and HUwithin the theoretical range. The
properties of PLA, ABS, PETG, PMMA andHIPSwere
closer to soft tissues. ABS closely matched adipose
tissue, showing differences of 0.42%, 1.68% and
1.24% for r, RED, and RSP, respectively, compared
to adult adipose tissue and differences of 0.93%,
2.90% and 1.94% for r, RED and RSP, respectively,
compared to child adipose tissue. The average HU
value found for ABS was also close to the lower limit
(-85 HU) of the range reported for adipose tissue, with
5.88% difference. The properties obtained for PLA,
PETG and PMMA had also good proximity with the
ones of skeletal muscle, and brain, for both adult and
paediatric tissues (percentage differences below
8.35%, 6.70% and 5.25% for r, RED, RSP, respec-
tively). No thermoplastic had comparable properties
to lung (inflated).

4.Discussion

In this work, we evaluated the potential of a variety of
commercially available 3D-printable thermoplastics
as tissue-equivalent materials for multimodality

Table 3.ExperimentalHounsfieldUnits (average± standard deviation) for each thermoplasticmaterial derived
using two independent CT scanners.

CT scanner
HounsfieldUnits (HU)

PLA ABS PETG PMMA HIPS StoneFil

AnyScanTRIO® 58± 17 −90± 12 −34± 19 56± 18 −134± 16 735± 28

Philips Spectral 7500 48± 14 −107± 10 −58± 23 33± 22 −157± 14 836± 28

Abbreviations: PLA—Polylactic Acid; ABS—Acrylonitrile Butadiene Styrene; PETG—Polyethylene Terephthalate

Glycol; PMMA—PolymethylMethacrylate; HIPS—High Impact Polystyrene.
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end-to-end radiotherapy QA purposes. We found
errors between CT predicted and measured values
below 5% for several thermoplasticmaterials as well as
similarity with a variety of biological tissues in terms of
mass density, relative electron density and relative
stopping power. Furthermore, theoretical predictions
of these properties were shown to be useful to identify
similarities between materials and target biological
tissues before experiments are performed. To the best
of our knowledge, this is the first time that a variety of
3D-printable thermoplastics were comprehensively
evaluated for the whole radiotherapy treatment chain,
while considering both photon and proton beam
modalities.

The r, RED and RSP values were predicted for a
variety of commercially available 3D-printable ther-
moplastics using the calibration curves of two inde-
pendently commissioned CT scanners and compared
against experimental measurements. For the r and

RSP values percentage differences were below or
slightly above 5% for the investigated thermoplastics.
The six thermoplastic materials evaluated in this work
are therefore suitable candidates for end-to-end QA in
proton beam therapy, with no overrides required dur-
ing the dose calculation step by the TPS to achieve an
accuracy within ±5%. As for photon beam therapy,
PLA, ABS, PETG and PMMA were also promising. A
difference of 6.94% was found for HIPS predicted
RED, but again only for one of the two scanners. How-
ever, the use of different CT scan calibration curves
can result in differences up to around 2% between cal-
culated and measured absolute dose values (Hasani
et al 2019). Therefore, HIPS should not be completely
discarded as tissue-equivalent material for end-to-end
QA phantoms in photon beam therapy. Stonefil
showed significant differences between the CT pre-
dicted and measured RED values for both scanners
(9.42% and 15.34%), likely due to the presence of high

Figure 5.HounsfieldUnits (HU) tomass density (r), relative electron density (RED) and relative stopping power (RSP) calibration
curves for the Philips 7500 andAnyScanTRIO® scanners (black and red lines, respectively). The data points correspond to the
experimentalmeasurements for each thermoplastic. Abbreviations: PLA—Polylactic Acid; ABS—Acrylonitrile Butadiene Styrene;
PETG—Polyethylene Terephthalate Glycol; PMMA—PolymethylMethacrylate; HIPS—High Impact Polystyrene.
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Z elements in its composition. The presence of high Z
elements can result in a higher number of photo-
electric interactions at diagnostic energies, with
increased photon attenuation and consequent higher
prediction of the material’s RED. For proton irradia-
tion, the interaction of particles with amedium ismost
influenced by its density. Therefore, HU to RSP cali-
bration curves can do well, even if HU to RED predic-
tions are poor, highlighting how tissue-equivalent
materials tailored for end-to-end QA in photon ther-
apy might not be suitable for application in proton
beam therapy, and vice-versa.

The materials considered in this study have good
potential to act as substitutes for a variety of biological
tissues. StoneFil was the best candidate for a bone
equivalent material due its higher density value, being
the closest match to paediatric bone tissues. However,
its properties were at least 10% lower than all bone
materials investigated, indicating the need for the
development of denser bone equivalent thermoplastic
materials. The production of bone materials is still a
challenging process that requires optimisation, as
these are the tissue-equivalent materials with the most
significant uncertainties in dose measurements (Lewis
et al 2018, Cook et al 2023). ABS was found to be a
good substitute for adipose tissue, with percentage dif-
ferences below 3% for all properties. PLA, PETG and
PMMA were good candidates to substitute skeletal
muscle and brain tissues. In general, PLA performed
better for photon therapy whilst PETG had
better equivalency for proton therapy (RED and RSP
percentage differences below 3% and 2.5%,
respectively, for the two tissue types). For the lung tis-
sue (inflated) specifically, no thermoplastic had

comparable properties due to the presence of air in the
lungs. With 3D-printing it is possible to decrease the
density of the models by tweaking the 3D-printing
parameters and choosing lower percentages for infill
patterns. Kairn et al (2015) have demonstrated in their
work that ABS 3D-printed at an infill percentage in the
range of 30% to 50% create enough air volume in the
core of the phantom to closely mimic lung under pho-
ton irradiation. However, there are additional chal-
lenges associated with increasing volume of air gaps in
a patterned infill, especially for proton particles. Bot-
nariuc et al (2022) have highlighted, using Monte
Carlo simulations, that for lower infill percentages, the
direction of the printing pattern relative to the proton
beam (parallel versus perpendicular) impact the range
of proton particles and consequently the final dose
distributions.

Small HU standard deviations were found for all
materials and these are under the order of magnitude
of the variations intrinsic to CT systems, related to the
selection of CT parameters and reconstruction algo-
rithms (Davis et al 2018, Sorooshfard et al 2023). This
finding indicated good reproducibility in the manu-
facturing of the 3D-printing slabs as well as the ability
of achieving a uniform density distribution within the
volume of each individual slab. Reproducibility and
uniformity are important aspects in the development
of dosimetry physical phantoms to guarantee repro-
ducibility in the measurements. To achieve dense,
homogeneous samples we opted to use ‘Solid Layers’
as infill type in the production of our 3D-printed sam-
ples, together with the correct tuning of the extrusion
multiplier. Madamesila et al (2016) investigated var-
ious infill patterns using CT imaging, and large HU

Figure 6.Waterfall plots of experimental (thermoplastics) and theoretical (biological tissues) values formass density, relative electron
density, relative stopping power andHounsfieldUnits. Abbreviations: PLA—Polylactic Acid; ABS—Acrylonitrile Butadiene Styrene;
PETG—Polyethylene Terephthalate Glycol; PMMA—PolymethylMethacrylate; HIPS—High Impact Polystyrene; GM—Grey
Matter; SM—SkeletalMuscle; CB—Cortical Bone.
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variations were found except for when the ‘Lines’ pat-
tern was used. While it is unclear how similar their
100% filled ‘Lines’ pattern and our ‘Solid Layers’ are,
as different splicing software were used, our findings
together indicate that more densely filled patterns are
more suitable for the 3D-printing of phantoms for
dosimetry purposes in radiotherapy. Stonefil was the
material showing the biggest variations in HU, in
agreement with studies by Davis et al (2018) and
Sorooshfard et al (2023) where larger variations were
also reported for bone-like materials. The HU
obtained for PLA and ABS in the present work are
comparable with values obtained in other studies.
Dancewicz et al (2017) reported HU of 8 ± 4 and
−113 ± 3 for 3D-printed samples made of PLA and
ABS, respectively, with 90% infill. These values are
slightly below the ones found in the present work for
the same materials, which agrees with the lower infill
percentage used of 90% compared to our Solid Layers
infill type. Van derWalt et al (2019) have also provided
HU of 138± 12 for PLA samples printed with a recti-
linear pattern and 100% infill.

3D-printing has great potential to disrupt how
phantoms are manufactured for end-to-end quality
assurance of diagnostic and therapeutic radiation
modalities. The accuracy at which phantoms mimic
the human body depends on how realistic they are in
terms of composition and anatomical shape. With
recent advances in 3D-printing (e.g., multi-filament
printing and material doping) it is becoming possible
for clinics to create in-house increasingly complex and
realistic phantoms at reduced costs (Han and
Lee 2020, Price et al 2020, Hasanov et al 2022, Fonseca
et al 2023). There is a particular need for the develop-
ment of novel lung and bone tissue-equivalent materi-
als, as well as materials that are suitable for different
radiation applications (e.g., diagnostic and therapeutic
modalities).

A mathematical model, developed to calculate
theoretical values of radiological properties, was also
evaluated for the selection of potential future tissue-
equivalentmaterials in therapeutic photon and proton
beams. Being able to accurately estimate mass density
and radiological properties from tabulated data would
be very useful to guide researchers in the design/pro-
totyping of novel tissue-equivalent materials through
filament doping (Price et al 2020), and for clinics to
evaluate the potential of existing and upcoming com-
mercially available materials, reducing the time spent
on iterative trial-and-error and experiments. The
mathematical model showed promise in the calcul-
ation of radiological properties for most of the 3D-
printing materials and may be a useful tool to support
the selection of other materials as tissue-equivalent
materials. However, themodel’s performance is highly
dependent on accuracy of the elemental composition
and densities used for the calculations. Commercially
available filaments are likely to contain impurities and
manufacturers typically do not provide information

regarding the exact elemental compositions of their
filaments. HIPS and Stonefil had the highestmismatch
between the measured and predicted mass densities
(even after weighting by the extrusion multiplier),
which reflected on the highest mismatch between the
theoretical andmeasured radiological properties. Fur-
thermore, when considering a new thermoplastic as a
potential tissue substitute, it is important to take into
consideration a range of predicted mass density values
for a better insight on the post-printing properties of
the models. Van derWalt et al (2019) have measured a
post-printing mass density of 1.173 g cm−3 for PLA
samples, printed with an extrusion multiplier of 1, a
rectilinear pattern and a filament’s density of
1.27 g cm−3. Even though a higher extrusion rate was
selected, a similar reduction in density was found in
comparison to the present work (7.64% versus 7%
PLA density reduction post-printing). Further tests
should therefore be performed to better understand
the correlation between printing parameters, like the
extrusion multiplier and infill patterns, and the
post-printing density for different thermoplastics.
Additionally, some materials might behave differently
when extruded—StoneFil showed the highest mis-
match between densities despite an extrusion multi-
plier larger than one being used. This might suggest a
limitation of the 3D printer to perform at an extrusion
flow rate beyond amaximum threshold.

Our study has certain limitations. Only six ther-
moplasticmaterials were analysed but a large variety of
filaments is commercially available nowadays, as well
as doped and personalised 3D-printable materials.
Dancewicz et al (2017) analysed PLA doped with
bronze, copper and wood fibres and these materials
presented very distinct mass densities and HU from
the ones obtained for the six materials analysed in this
study. We have only evaluated the thermoplastic
materials in one colour; however, vendors produce
filaments typically in a variety of colours and other stu-
dies have shown that radiological properties can vary
due to the pigments and other additives used (Fonseca
et al 2023). Therefore, caution must be taken when
generalising our findings to other thermoplastics.
Another limitation includes the fact that only two CT
scanners were used in the evaluation of how well cali-
bration curves predict properties for thermoplastic
materials. Testing our samples in a larger variety of
number of scanners would provide greater confidence
on the biological equivalence of the materials at diag-
nostic energy levels, namely those with percentage dif-
ferences close to 5%. Finally, we only considered the
impact of the extrusion multiplier in the mass density,
but other printing parameters are likely to affect the
density achieved. In addition to the impact of choice of
extrusion multiplier (Ozsoykal and Yurt 2024), print-
ing speed and nozzle diameter have been discussed by
Marshall et al (2023) as additional parameters with
great impact on the final post-printing density ofmod-
els. Slower printing speed might increase the final
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mass density of the samples, by allowing for more
extrusion per time, but it compromises on longer
printing times that might not be acceptable in clinical
settings. In the present study, we adjusted the varied
printing parameters to values that would allow the best
printing quality. The extrusion multiplier was selected
in last and optimised to avoid under- and over-extru-
sion under the set of values already defined for the
remaining parameters. Nevertheless, our approach to
calculate theoretical mass densities may be too simpli-
fied and only applicable to our 3D printer settings;
additional printing factors should be explored for
these theoretical calculations.

Even though 3D-printing technology has great
potential for the manufacturing of high-quality physi-
cal phantoms for end-to-end QA in radiotherapy,
bringing flexibility and customisation at reduced
costs, further work is required to fully characterise and
understand this technology for the application before
it can replace traditional manufacturing techniques.
The presence of air gaps in the models’ filling, imper-
fect infill density uniformity, small building volumes,
poorer surface finishing and limited range number of
commercially available filaments are some of the dis-
advantages associated with 3D-printing. Moreover,
considerations regarding plastic waste need to be
accounted for. A printing plan should be developed to
prevent failed prints and more research is required to
understand the long-term viability of 3D-printing
phantoms and how the thermoplastic properties are
likely to change over years of continuous radiation
exposure. Van der Walt et al (2019) have reported no
alterations on the geometric dimensions of 3D-prin-
ted samples with PLA, after one month of exposure to
doses extensively higher than the ones delivered dur-
ing treatments. However, no investigation was done
on changes to their radiological properties. Additional
work is also required on the development of guidelines
for the 3D-printing of good quality phantoms. In a
recent study by Marshall et al (2023), a 3D-printed
phantom designed for the QA of a six degrees-of-free-
dom treatment couch was 3D-printed in five different
centres using PLA. Even though instructions were
provided regarding infill patterns and percentages, the
selection of the remaining 3D-printing parameters
were defined individually by each institution. Differ-
ent PLA HU were found for the phantoms developed
in the different centres (range: 150–200, approxi-
mately), demonstrating that models produced with
the same infill choices (e.g., pattern and infill percent-
age), but using different printers and parameters, will
produce phantoms with distinct final post-printing
density and radiological properties at imaging energy
levels. Moreover, one should consider that different
printers, working with the same parameters, are likely
to perform differently and print samples with different
properties. A set of parameters will not be optimal for
all 3D-printers and the implementation of a workflow
to guide on the tuning of parameters on each 3D-

printer individually should be developed locally to
minimise some of the limitations associated with 3D-
printing for the development of good quality phan-
toms for radiotherapy.

5. Conclusions

This work demonstrated the potential of using 3D-
printed thermoplastics in the development of physical
phantoms for photon and proton beam therapy. The
samples production was reproducible and presented
uniformmass density distribution. Several 3D-printed
thermoplastics were found to be promising tissue-
equivalent materials for multimodal end-to-end
radiotherapy QA phantoms and will not require
corrections in treatment planning systems for dose
calculations. Stonefil was the best bone equivalent
candidate for proton irradiation (in particular for
paediatric patients) but differences were larger than
5%. ABS may be used as a substitute for adipose tissue
for both modalities. PETG and PLA were good
candidates to be skeletal muscle, brain and lung tissue-
equivalent materials for both modalities. The mathe-
matical model was a useful tool to investigate potential
materials to be used as tissue equivalents, as long as
correct information on the post-printing density and
elemental composition on thematerials is provided.
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