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Objective: 3D printing has seen use in many fields of imaging and radiation
oncology, but applications in (anthropomorphic) phantoms, especially for
particle therapy, are still lacking. The aim of this work was to characterize
various available 3D printing methods and epoxy-based materials with the
specific goal of identifying suitable tissue surrogates for dosimetry
applications in particle therapy.

Methods: 3D-printed and epoxy-based mixtures of varying ratios combining
epoxy resin, bone meal, and polyethylene powder were scanned in a single-
energy computed tomography (CT), a dual-energy CT, and a µCT scanner.
Their CT-predicted attenuation was compared to measurements in a
148.2 MeV proton and 284.7MeV/u carbon ion beam. The sample
homogeneity was evaluated in the respective CT images and in the carbon
beam, additionally via widening of the Bragg peak. To assess long-term
stability attenuation, size and weight measurements were repeated
after 6–12 months.

Results: Four 3D-printed materials, acrylonitrile butadiene styrene polylactic
acid, fused deposition modeling printed nylon, and selective laser sintering
printed nylon, and various ratios of epoxy-based mixtures were found to be
suitable tissue surrogates. The materials’ predicted stopping power ratio
matched the measured stopping power ratio within 3% for all investigated
CT machines and protocols, except for µCT scans employing cone beam CT
technology. The heterogeneity of the suitable surrogate samples was
adequate, with a maximum Bragg peak width increase of 11.5 ± 2.5%. The
repeat measurements showed no signs of degradation after 6–12 months.
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Conclusion: We identified surrogates for soft tissue and low- to medium-density
bone among the investigated materials. This allows low-cost, adaptable phantoms
to be built for quality assurance and end-to-end tests for particle therapy.

KEYWORDS

proton therapy, carbon ion therapy, additive manufacturing, phantom, tissue surrogate,
radiotherapy, adaptive, DirectSPR

1 Introduction

Producing tissue surrogate materials to mimic the radiation
attenuation of patient tissue for radiotherapy has been investigated
since the seventies. A comprehensive characterization of the
elemental composition of human tissues [1] and the ICRU report
44 on “Tissue Substitutes in Radiation Dosimetry” are the
foundation of modern surrogates [2]. Potential candidates to
expand or improve the material library are investigated to this
day [3–6].

Phantoms made from such tissue surrogate materials are used
for quality assurance (QA), commissioning, and dosimetric end-to-
end (E2E) tests [7]. They come in various shapes suitable for their
purpose [8–10], from simple geometric solids to complex
anthropomorphic phantoms. Particularly, anthropomorphic
phantoms used in E2E tests need to fulfill all conditions that will
be considered during imaging, treatment planning, and dosimetry
following well-established procedures.

Because the attenuation properties of charged particles
depend on the elemental composition, tissue surrogates and
phantoms designed for photon radiation are not inherently
suitable for particle therapy (PT). Commercial solutions for
PT exist, but they provide limited capability to mimic
workflows beyond clinical standards. These specialized and
novel treatment strategies, such as adaptive PT, compensate
for patient weight loss, as one example. Their workflows
require efficient QA procedures employing dedicated
phantoms, which are currently lacking when it comes to
clinical implementation [11].

To overcome this limitation, QA solutions for novel workflows
are machined from slabs of well-characterized surrogate materials
[12, 13] or use conventional phantoms modified, for example, by
drilling holes to access the nasal cavities and change their filling [14].
On the other hand, additive manufacturing (AM), more commonly
known as 3D printing, has gained traction as a way to enable quick
and economical production of phantom components [15–17]. In
recent years, commercial solutions for individualized, 3D-printed
phantoms for photon therapy have entered the market [18, 19], but
their transferability to particle application is limited [20].

Because most AM materials are polymer-based, their
elemental composition differs from tabulated human tissues.
Thus, dosimetric characterization is required to assess their
suitability as tissue surrogates. Therefore, various 3D printing
methods and materials were investigated with respect to their
ability to mimic common tissue types for PT, such as soft tissue,
cartilage, and bone.

The aim of this work was to identify 3D printing materials
suitable for manufacturing a phantom suitable for dosimetric E2E

tests and QA purposes in PT. For all investigated materials, the size
and weight after print, CT number (CTN), water equivalent
thickness (WET), Bragg peak (BP) width, constancy of material
properties and the prediction accuracy of stopping power ratio
(SPR) with different scan protocols, or computed tomography
(CT) scanners were evaluated.

2 Materials and methods

2.1 3D-printed samples

In-house sample production used fused deposition modeling
(FDM) (FUNMAT PRO 410, INTAMSYS, China)—a widely
available and affordable 3D printing method—and stereolithography
(SLA) (Form 3, Formlabs, United States). SLA inherently prints more
homogeneous samples but is more expensive and, by that, less common
than FDM. The selective laser sintering (SLS) (FORMIGA P110, EOS,
Germany) method was chosen additionally as a method that was more
precise than FDM and could print complex geometries without support
structures. SLS samples were produced by an external company
(PROTIQ, Germany).

A total of nine different 3D-printed materials were investigated.
Materials with different densities were chosen to imitate human
tissue types from soft tissue to bone. Reference human tissues are
tabulated in Supplementary Material 1A [1]. An overview of the
investigated materials, their density, and corresponding printing
technique is provided in Table 1. The exact chemical compositions
were not available. According to the manufacturer, the “Nylon”
samples, FDM-printed Nylon 6/66 (NY-FDM) and SLS-printed
PA2200 (NY-12), are based on polyamide 6/66 and polyamide
12, respectively.

All samples were printed as 5 cm3 × 5 cm3 × 1 cm3 cuboids for
experimental WET analysis in a particle beam. For the CTN analysis,
cylinders of 3 cm diameter and 5 cm length were printed to be used in a
CIRS electron density phantom (CIRS, United States). Example prints
of all used printing methods are shown in Supplementary Figure S1B.

2.2 Epoxy-based samples

In addition to the 3D-printed materials, bone surrogate
samples were produced based on bisphenol A/F resin with a
cycloaliphatic polyamine hardener, further called epoxy-based
samples. Various mixtures of epoxy resin (ER) ( “Resin L” +
“Hardener S”; R&G Composite Materials, Germany), bone meal
(BM) (“all-natural bone meal”; Grau, Germany) and
polyethylene powder (PE) (HDPE Coathylene NB 5374-F,
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Axalta, United States) were manufactured in-house. The ratio of
the ER was kept constant at a 50% mass fraction; only the ratio of
BM to PE was varied. An abbreviation for mixtures was
introduced as parts of ER:BM:PE; for example, the
abbreviation is 2:1:1 for 50% ER, 25% BM, and 25% PE. The
PE was added for two purposes: decreasing the density of the
material to mimic lower-density bone and to aid the miscibility of
the powder to the resin. The samples were cast to the same shape
and dimensions as the 3D-printed samples shown in
Supplementary Figure S1B. After curing for 24 h, the casts
were removed from 3D-printed molds and could be
characterized. For the 1:1:0 ER:BM:PE and 5:4:1 ER:BM:PE
mixtures, three samples were produced each and used for
further experiments. The 2:1:1 ER:BM:PE and 5:1:4 ER:BM:PE
samples were considered unsuitable after the first batch and, thus,
not replicated.

2.3 Basic dosimetric characterization
and stability

The beam attenuation of all samples was determined
experimentally in a 148.2 MeV proton beam and a carbon beam
with 284.7MeV/u using the PeakFinder (PTW, Germany). Each
time the experiment was set up, the particle range in water was
acquired as a baseline. To assess homogeneity, the measurements
were taken through three points of the sample and repeated three
times for a total of nine measured depth dose curves. The WET was
calculated according to Eq. (1):

WET � r80,water − r80,sample, (1)
where r80,water is the distal 80% depth of the BP in water and r80,sample

is the distal 80% depth of the BP with the sample in the beam path
acquired using the identical measurement setup.

The SPRmeas was determined according to Eq. (2):

SPR � WET
t

, (2)

where t is the thickness of the sample that was traversed by the
particle beam.

A larger number of interfaces introduced by heterogeneous
materials increase range straggling and, by that, the BP width.
Therefore, the BP width of the samples in the beam path was
investigated by calculating the difference between the distal and
proximal r80 of the depth dose curve. The BP width of water served
as the baseline.

The lateral profile after passing through the samples was
investigated by placing Gafchromic EBT3 films (Ashland Global
Holdings Inc., Delaware, United States) perpendicular to the beam
direction. A qualitative assessment was performed by summing up
the three color channels and subtracting the lateral profile of the
water baseline. The different samples’ WET was taken into account
by positioning the EBT3 films 50 mm in front of the respectively
shifted r80.

All samples were stored at ambient temperature and
humidity in a dark environment. Repeat measurements of
mass, dimensions, and attenuation were performed after 1 year
for the 3D-printed samples and after 6 months for the resin-
based samples.

2.4 Image-based stopping power ratio
prediction

To determine the SPR directly, dual-energy CT (DECT) scans
were performed on a single-source CT scanner SOMATOM
Definition AS transforming CT numbers voxelwise into an SPR
using the DirectSPR approach (Siemens Healthineers, Germany),
further referred to as ‘DirectSPR’. Detailed scan settings are given in
Table 2 [21, 22].

Prediction accuracy can vary across European centers even
for standard materials [23]. Thus, we assessed the SPR
prediction accuracy of the materials on multiple single-
energy CT (SECT) scanners and protocols to eliminate
systematic errors. SECT scans were performed on a Big Bore
CT scanner (Philips, Netherlands) and a SOMATOM
Confidence (Siemens Healthineers, Germany) using the
clinical scan settings given in Table 2. All scan protocols at
the Big Bore CT scanner had fixed settings, while the
SomatomHead protocol worked with variable mAs depending

TABLE 1 Overview of 3D printing techniques and materials. The column ’Vendor’ refers to the vendor of the material, not the 3D printing machine.
*according to the manufacturer, based on polyamide 6/66; **according to the manufacturer, based on polyamide 12.

Printing method Material name Vendor Abbreviation Density [g/cm3]

Fused deposition modeling Acrylonitrile butadiene styrene Formfutura ABS 1.06

Polylactic acid Formfutura PLA 1.11

High-impact polystyrene Innofil3d HIPS 0.89

Nylon* UltiMaker NY-FDM 1.07

Stereolithography Elastic 50A Formlabs ELA 1.08

Tough 2000 Formlabs TGH 1.19

Durable 10K Formlabs DUR 1.70

White resin Formlabs WR 1.17

Selective laser sintering PA2200** EOS NY-12 0.97
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on the patient’s dimensions. For each set of scan settings, a
corresponding Hounsfield unit lookup table (HLUT) was used
[24]. The cylindrical material samples were contoured as
regions of interest (ROIs) in the treatment planning system
(TPS) with a radius of 1.2 cm and 3 cm length to avoid edge
effects. The CTN distributions were extracted (see
Supplementary Figure S1B) to determine the predicted SPR
(SPRpred) employing the validated, scan-specific HLUT [25, 26].

As the flexibility of 3D printing for phantoms and other
equipment is particularly interesting for preclinical research [15],
we additionally investigated the SPR prediction employing µCT
scans (X-CUBE, Molecubes, Belgium). For scan settings, see Table 2.
Due to the characteristic configuration of the µCT employing cone
beam CT (CBCT) technology, a separate HLUT used for preclinical
purposes was employed.

SPRmeas and SPRpred were collected in an identical manner for
the epoxy resin-based and 3D-printed samples, respectively.

2.5 Evaluation and statistics

The comparison between SPRmeas and SPRpred was quantified
using Eq. (3):

DTA � 1 − SPRpred

SPRmeas
( )p100, (3)

where a difference to agreement (DTA) of 0% would mean
perfect agreement. A DTA of <3% was considered an acceptable
tissue substitute because this is within the common range of
uncertainty in particle therapy [27, 28]. DTA uncertainty was
derived by propagating type A uncertainties from SPRpred

and SPRmeas.
For WET measurements, the standard deviation (SD) of three

repetitions for three points per sample (total of nine r80 per sample)
was calculated. Accordingly, reported SPRmeas values were derived
from these averages. The SDs of the measured WET and t values
were estimated as type B uncertainties of 0.1 mm and were
propagated as the uncertainty of SPRmeas.

Reported values of CTN were given as the mean and SD of
said CTN distributions. The SPRpred was derived by calculating
the SPR from the CTN as implemented into the TPS (RayStation
11B-R, RaySearch, Sweden). The reported SPRpred values were
the mean and SD of the derived distributions.

3 Results

3.1 Sample production/performance
and stability

The homogeneity of the samples was heavily reliant on the
printing techniques and parameters. For FDM prints, the
manufacturer’s recommended settings with a slow printing
speed of 30 mm/min and 100% infill and a zig-zag pattern
were used to achieve satisfactory results. The acrylonitrile
butadiene styrene (ABS) printing parameters needed to be
refined to 90°C platform temperature, 80°C chamber
temperature, 260°C printing temperature, a 0.4 mm diameter
extruder, and 50% fan speed in order to achieve the best
results. For the homogeneity of the SLA prints, no
dependency on the height of layers in the z-direction (options
of 50 µm and 100 μm; the latter was used for final samples) was
observed; the other SLA parameters were standard manufacturer
settings. The resin-based samples were manufactured by first
carefully stirring the powder into the resin to avoid air inclusions.
After the powder and resin mixture was deemed homogeneous,
the hardener was stirred in last and for no more than 5 min. After
5 min, the viscosity increased to a degree where pouring the
mixtures into a mold resulted in an increase of air pockets. The
bone meal acted as an undesired catalyst and led to uncontrolled
curing and excess heat. Thus, for the first 4–5 h of curing, a cold
environment was assured (approximately 4°C) to dissipate the
heat. Applying lab shakers and a vacuum led to adverse results
because the cooling during those processes was insufficient. After
24 h, the curing process was complete. At PE weight fractions
higher than 25%, mixing was considerably impaired, and large air
bubbles were entrapped in the mixtures, as seen in Table 3.

Remeasuring size and weight after 1 year/6 months showed
differences <0.5% for all material types. The data are recorded in
Supplementary Figure S1C.

3.2 WET, BP width, and beam profile
measurements

The average difference between carbon and proton WET was
0.6 ± 0.8% for all investigated samples, which was within the
range of measurement accuracy. Unless further specified,

TABLE 2 Overview of the scan parameters used for SECT, DECT, and µCT scans. *The “Care Dose 4D” option uses an adaptive current; reconstruction
algorithm “Q40f/3” (Safire at medium strength), see [21].

Protocol name Current x time [mAs] Peak voltage [kV] Slice thickness [mm] Reconstruction diameter [cm]

BigBoreHead 300 120 2 35

BigBoreH&N 300 120 3 50

BigBorePelvis 300 120 3 60

SomatomHead 22 120 2 50

DirectSPR Care Dose 4D* 80\140 2 50

µCT 0.225 50 0.2 4
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subsequent results shown as SPRmeas refer to proton
measurements. For all samples, the WET stayed within 1%
when repeating the measurements described in Section 2.4.

The proton BP width of 4.1 ± 0.1 mm in water experienced a
maximum broadening of the BP by 11.2 ± 1.8% for high-impact
polystyrene (HIPS). By visual inspection of the CT images, HIPS
was the most heterogeneous material. For most of the materials,
the heterogeneity increased the BP width by less than 5%.

The BP width of the carbon beam was evaluated with the
baseline for water and was found to be 2.4 ± 0.1 mm. An
increase in BP was not observed for the SLA prints. The SLS
print led to a BP width increase of 2.5 ± 0.6%. For the group of
FDM prints, the BP width fluctuated with an average increase of
14.1 ± 10.1%. Inhomogeneous samples, such as HIPS, strayed
farther from the baseline than, for example, NY-FDM (2.1 ±
2.9%) or polylactic acid (PLA) (11.5 ± 2.3%). The resin-based
casts with a PE content of less than 10% mass showed an

average BP width increase of 12.6 ± 3.5%. The BP width was not
reported for the resin-based samples with a PE content larger than
10% mass, as the heterogeneity of the high PE samples led to severe
degradation of the BP at some points, as seen in Figure 1.

A qualitative assessment of the lateral beam profile difference
maps after passing through the 3D-printed samples did not show
any systematic difference that would be associated with an
increased lateral scatter. An example of the analysis and the
background signal of such a measurement is shown in
Supplementary Figure S1D.

3.3 SPR prediction with DECT-
based DirectSPR

The DECT-based predicted SPR (DirectSPR algorithm)
agreed well with measurements. DirectSPR prediction revealed

TABLE 3 Examples of material homogeneity of epoxy resin-based mixtures. SECT scans were performed with the BigBoreHead protocol. Relative
polyethylene powder content increases from left to right. The two rightmost samples show visible air inclusions. SPR values are mean and one SD.

Resin mixture 1:1:0 ER:BM:PE 5:4:1 ER:BM:PE 2:1:1 ER:BM:PE 5:1:4 ER:BM:PE

CT view

SPRmeas 1.30 ± 0.02 1.22 ± 0.01 1.07 ± 0.04 1.00 ± 0.02

SPRBigBoreHead 1.32 ± 0.01 1.23 ± 0.01 1.12 ± 0.10 1.01 ± 0.10

SPRBigBoreH&N 1.28 ± 0.01 1.21 ± 0.01 1.10 ± 0.10 1.01 ± 0.10

SPRBigBorePelvis 1.31 ± 0.01 1.23 ± 0.01 1.11 ± 0.10 1.02 ± 0.10

FIGURE 1
Large heterogeneities in the high-PE samples lead to Bragg peak degradation. For two points through the 2:1:1 sample. (A) Clean Bragg peak; (B)
severely degraded peak.
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an average absolute DTA of 1.6 ± 1.5% for 3D-printed and 0.7 ±
0.9% for resin-based materials. The only samples where the DTA
exceeded 3% were HIPS and Durable 10K (DUR), with DTAs of
3.3 ± 4.4% and -4.6 ± 2.0%, respectively. An example comparison
of the SPRDirectSPR distribution with SPRmeas and SPRBigBorePelvis

is illustrated in Figure 2. All nominal SPR values are provided in
Supplementary Figure S1E.

3.4 SPR prediction with SECT for 3D-
printed materials

The CTNs for most of the 3D-printed materials ranged
from −200 HU to 200 HU for the BigBoreHead protocol. The
only value outside that interval was DUR, with an average CTN
of 753 ± 11 HU. The behaviors of the predicted SPRBigBoreHead and

FIGURE 2
Comparison between the SECT-based SPRBigBorePelvis distribution (brown) and the SPRDirectSPR (blue). The SPRmeas is marked by a red line; the light
red confidence interval has a total width of two σ. (A) White resin (WR); (B) ABS.

FIGURE 3
CTN to SPRpred for the BigBoreHead protocol. The length of the error bars is one standard deviation; the brown curve represents the commissioned
HLUT. The 3D-printed materials with a DTA >3% are marked in yellow, and those with a DTA <3% are marked in light blue. Only the resin-based materials
with a DTA <3% are plotted; they are colored in dark blue.
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comparisons to the measurements are shown in Figure 3. The
average absolute DTA for the SPRBigBoreHead was 4.8 ± 3.2% the
3D-printed samples. The SPRpred values for the nine 3D-printed
materials are summarized in Table 4 for all scan protocols. Figure 4
illustrates the dependency of DTA per material on the scan
parameters used. The DTA of the materials NY-12, ABS, NY-
FDM, and PLA was <3% for all scans. They are marked in bold
in Table 4 and in light blue in Figure 3. Comparing the different
protocols for each material, a maximum disagreement of 1.4% DTA
was found for NY-12, ABS, NY-FDM, and PLA. The other materials
exhibited a maximum disagreement of 3.5% DTA, illustrated in
Figure 4 looking at DUR as an example. An example of a SECT

distribution compared with a DirectSPR prediction is displayed
in Figure 2.

3.5 SPR prediction with SECT for epoxy-
based resin samples

The CTNs of the epoxy-based materials ranged from 451 ±
12 HU to 638 ± 14 HU for SPRBigBoreHead. Their SPRmeas values
ranged from water for the highest PE content to spongeous bone
for the intermediate amount of PE. The samples with little to no
PE added had an SPR in the range of medium-density bone. The

TABLE 4 Summary comparison between SPRpred and SPRmeas for twoCT scanners and calibration curves. The bold rowsmarkmaterials with a DTA <3% in all
scan protocols, as seen in Figure 4. Mean and one standard deviation are presented.

SPRmeas SPRBigBoreHead SPRBigBoreH&N SPRBigBorePelvis SPRSomatomHead

HIPS 0.91 ± 0.01 0.87 ± 0.04 0.87 ± 0.03 0.86 ± 0.03 0.87 ± 0.04

NY-12 1.01 ± 0.01 1.00 ± 0.01 0.99 ± 0.01 1.00 ± 0.01 0.98 ± 0.01

ABS 1.03 ± 0.01 1.01 ± 0.01 1.01 ± 0.01 1.01 ± 1.01 1.02 ± 0.01

ELA 1.08 ± 0.01 1.05 ± 0.01 1.04 ± 0.01 1.05 ± 0.01 1.04 ± 0.01

NY-FDM 1.08 ± 0.01 1.07 ± 0.01 1.06 ± 0.01 1.07 ± 0.01 1.07 ± 0.01

PLA 1.09 ± 0.01 1.07 ± 0.01 1.07 ± 0.01 1.07 ± 0.01 1.07 ± 0.01

WR 1.17 ± 0.02 1.10 ± 0.01 1.08 ± 0.01 1.09 ± 0.01 1.10 ± 0.01

TGH 1.17 ± 0.02 1.09 ± 0.01 1.09 ± 0.01 1.11 ± 0.01 1.11 ± 0.01

DUR 1.52 ± 0.02 1.34 ± 0.01 1.35 ± 0.01 1.38 ± 0.01 1.40 ± 0.01

FIGURE 4
Prediction errors for various SECT protocols. For each CT scan, the DTA from SPRpred to SPRmeas is compared. Error bars represent one SD. The
samples with a low DTA show more consistency between protocols than the samples with a high DTA, that is, Durable 10K.

Frontiers in Physics frontiersin.org07

Brunner et al. 10.3389/fphy.2024.1323788

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1323788


high PE samples with a ratio of ER:BM:PE 2:1:1 and ER:BM:PE
5:1:4 showed a DTA between −3.4 ± 0.9 % and −1.5 ± 0.4 %
averaged over all protocols. Large air inclusions were visible in
the respective CT scans, which can be seen in Table 3. The low
PE samples (ER:BM:PE 1:1:0 and ER:BM:PE 5:4:1) showed a
DTA of 1.2 ± 1.2% and -0.6 ± 1.2% for all protocols listed in
Table 3. Figure 3 shows the measured values in dark blue, and
the SPRBigBoreHead value is shown in brown.

3.6 SPR prediction with µCT for all samples

For the µCT scans, the DTA of both 3D-printed and resin-based
samples differed by more than 3% from SPRmeas for all materials except
NY-FDMwith a of 2.5 ± 2.7%. Figure 5 shows the SPRmeas compared to
the SPRpred based on the µCT data. The respective µCT calibration
curve depicted in Figure 5 was acquired using the same materials and a
similar size-adapted methodology as the SECT BigBore protocols. The
biggest contributors to the worse agreement across the board were most
likely the systematic differences between the scanner calibrations, that is,
the lower energy spectrum (50 kVp vs. 120 kVp) and detector geometry
(CBCT vs. fan beam CT).

4 Discussion

Nine 3D-printed materials were investigated within this project,
of which three FDM-printed and one SLS-printed material were
considered adequate soft-tissue surrogates. Their SPR was in the
relevant range for fatty tissues to cartilage (see Supplementary
Material S1A), and the SPRpred assessment was accurate (within
3%) for different CT scanners or imaging protocols.

PT requires excellent 3D printing homogeneity and precision
because imperfections will alter the beam attenuation much more
than in x-ray-based therapy. Past results have presented
shortcomings, such as anisotropic behavior in CT scans [29] or
SPR variations within the sample geometry [30]. Still, a few PT
applications for 3D-printed (anthropomorphic) phantoms have
been presented, and some have reported a mismatch of CT-
predicted SPR for the materials used [15, 20]. Furthermore,
recent publications have shown good results concerning 3D
printing applications for particle beam modulation [31–35].

The BP width assessment revealed visible but acceptable
broadening for FDM and SLS prints. In addition to the constant
shape of the lateral beam profiles, this is good evidence that the 3D
prints do not deteriorate beam quality. Recent findings by Barna
et al. further showed that 3D-printed structures even preserved
radiation quality on a microdosimetric scale [31]. Overall, the SLA
prints were not considered tissue surrogates because of their high
SPR and poor prediction accuracy but can be recommended for, for
example, patient-specific boluses using a bulk override to avoid
reported FDM-printing inaccuracy and heterogeneity [36].

DECT-based attenuation prediction is arguably the gold
standard for imaging in PT [37–43]. The SPR prediction using
the DirectSPR approach showed average absolute DTAs for all
investigated 3D-printed samples that were a factor of three lower
than the SECT-based predictions. The SPRpred, DirectSPR exceeded the
threshold of 3% only for HIPS and DUR. The below-average
printing quality and resulting heterogeneity of HIPS and the
unconventional mix of photo-polymer and silicates of DUR most
likely caused this deviation [44]. Fine-tuning the printing
parameters could alleviate the effect for HIPS. The difference in
the width of the SPR distributions between the SECT and DirectSPR
approach in Figure 2 is due to the additional noise introduced during

FIGURE 5
Comparison between SPRpred based on the µCT data and SPRpred. Themean difference of NY-FDMwas the only sample with a difference below 3%.
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the processing of the DirectSPR map. The CTN distribution widths
of a pseudo-monoenergetic CT and a SECT were comparable for
all samples.

The SECT predictions showed agreement between the various
protocols for the surrogate candidates NY-12, ABS, NY-FDM, and
PLA. The variation was biggest for DUR due to the large difference
in material composition compared to the reference materials used
for HLUT generation.

µCT-based SPR prediction was poor, with a DTA of more than
3% for eight of nine samples. A likely explanation for that could be the
low energy spectrum of the scanner increasing the relative influence of
the photo effect on the total attenuation coefficient. For nuclei with
Z/A ≈ 0.5, where Z is the atomic number and A is the nucleon
number, the photo-effect is proportional to Zn, with the exponent n a
value between 3 and 3.5 [45]. Thus, the differences in the elemental
composition of the presented materials compared to the calibration
materials are more pronounced at 50 kVp than the clinical SECT’s
120 kVp. Consequently, the 3D-printed materials cannot be
recommended as tissue surrogates for preclinical applications
under the presented conditions. However, the homogeneity was
acceptable for the high resolution of 0.2 mm of the µCT scan, and
the materials could be used with density overrides.

Resin-based materials produced with a similar technique were
found to be suitable as low to medium-density bone surrogates for
imaging purposes [46]. Our results showed they can be used as bone
surrogates in proton and carbon ion therapy.Within an interval of 50%
to 40%weight of bonemeal, the attenuation properties were successfully
tuned by adding polyethylene powder. The mixture of only three
ingredients made the materials easy to produce. This was combined
with 3D printing technology by casting the mixture in molds. However,
production limitations made high-density cortical bone and bone
structures of more than one density infeasible. Unlike in a recent
publication by Cook et al. [6], the goal was not to find materials
performing closer to tabulated human tissues [1] than current solutions
but rather to reach the level of performance of the tissue surrogates
currently used for Hounsfield unit (HU) curve calibration.

Stuchebrov et al. reported that neither mechanical properties nor
electron beam attenuation of FDM prints deteriorate with doses up to
1.5 kGy [47]. Our results showed the time stability of the sample
properties (e.g., attenuation, weight, and size) make them suitable for
manufacturing phantoms, where stable conditions are paramount for
safe and effective (long-term) quality assurance. However, it is
recommended to store the materials away from exposure to UV
light, as this is a major factor in 3D prints degradation [48].

The agreement between proton and carbon ion results
underlines that heterogeneity is not a knock-out criterion for 3D
printing anthropomorphic phantoms in PT with various ion species.
In this study, we could identify materials that can be considered
stable, homogeneous, and versatile bone and soft-tissue surrogates
for PT applications, complementing the existing data sets of beam-
modulating devices [3, 8, 29, 32, 35].

5 Conclusion

In this study, we dosimetrically characterized various potential tissue
surrogates. Major concerns, such as heterogeneity and insufficient long-
term stability, were ruled out for all 3D-printed samples and for resin-

based mixtures with a PE content <10% mass. The presented materials
and methods offer adaptable and affordable 3D-printed alternatives to
build dedicated QA phantoms for adaptive PT workflows.
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