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Abstract
Anthropomorphic phantoms with tissue equivalency are required in radiotherapy for quality assurance of imaging and dosi-
metric processes used in radiotherapy treatments. Commercial phantoms are expensive and provide limited approximation 
to patient geometry and tissue equivalency. In this study, a 5 cm thick anthropomorphic thoracic slab phantom was designed 
and 3D printed using models exported from a CT dataset to demonstrate the feasibility of manufacturing anthropomorphic 
3D printed phantoms onsite in a clinical radiotherapy department. The 3D printed phantom was manufactured with polylactic 
acid with an in-fill density of 80% to simulate tissue density and 26% to simulate lung density. A common radio-opacifier, 
barium sulfate  (BaSO4), was added 6% w/w to an epoxy resin mixture to simulate similar HU numbers for bone equiva-
lency. A half-cylindrical shape was cropped away from the spine region to allow insertion of the bone equivalent mixture. 
Two Gafchromic™ EBT3 film strips were inserted into the 3D printed phantom to measure the delivery of two stereotactic 
radiotherapy plans targeting lung and bone lesions respectively. Results were analysed within SNC Patient with a low dose 
threshold of 10% and a gamma criterion of 3%/2 mm and 5%/1 mm. The resulting gamma pass rate across both criterions 
for lung and bone were ≥ 95% and approximately 85% respectively. Results shows that a cost-effective anthropomorphic 3D 
printed phantom with realistic heterogeneity simulation can be fabricated in departments with access a suitable 3D printer, 
which can be used for performing commissioning and quality assurance for stereotactic type radiotherapy to lesions in the 
presence of heterogeneity.
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Introduction

Additive manufacturing, also known by its colloquial term 
3D printing, has demonstrated the possibility of manufactur-
ing geometrically accurate, tissue representative phantoms 
for a wide variety of applications in the medical sciences 
such as the field of radiation therapy. There has been much 
interest in the area of manufacturing phantoms that increas-
ingly approximates realistic patient geometry and tissue 
equivalency [1–7]. An application of a 3D printed phantom 

is for stereotactic body radiotherapy (SBRT) which has 
a number of additional challenges to consider for quality 
assurance. SBRT is a higher complexity radiotherapy treat-
ment typified by high dose per fraction, multi-leaf collima-
tor (MLC) defined small fields, and a requirement for sub-
millimetre accuracy [8]. SBRT is a now a widely accepted 
treatment modality on C-arm linear accelerators (LINAC) 
for treating small lesions in the presence of tissue heteroge-
neity such as lung and bone.

The American Association of Physicists in Medicine 
(AAPM) Task Group 101 report recommends that the cumu-
lative system uncertainty for the SBRT process be quantified 
through an end-to-end test [9]. Some traditional treatment 
planning system (TPS) dose calculation algorithms have his-
torically performed worse in the presence of small field het-
erogeneities [10, 11]. This uncertainty should be quantified 
through an end-to-end test on a suitable phantom, however 
current commercial phantoms consist mainly of simple geo-
metrical shapes made up of solid water equivalent material. 
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As a result, dose modelling in the presence of heterogenei-
ties for small-fields is not as robustly tested with traditional 
commercial phantoms.

To fill this gap, 3D printing allows fabrication of custom-
isable 3D printed phantoms that can sufficiently meet this 
requirement for quality assurance of SBRT type treatments 
[12, 13]. The base anthropomorphic phantom structure con-
tours can be exported as a 3D object (.stl file) from a CT 
dataset of a phantom or patient and then imported into a 
3D modelling program such as TinkerCad (Autodesk, USA) 
for editing. The object file is edited within the modelling 
program allowing for the insertion of dosimeters for com-
missioning and quality assurance measurements. This in turn 
will be exported to a slicing program such as Ultimaker Cura 
(Ultimaker, Netherlands) which modifies the in-fill densities 
and converts to a .gcode file which contains the machine 
instructions for 3D printing.

Thermoplastic filaments such as polylactic acid (PLA) or 
acrylonitrile butadiene styrene (ABS) at a high in-fill density 
(typically 80–90% in-fill) have demonstrated excellent dosi-
metric properties for near tissue equivalence [14, 15]. Tissue 
equivalent structures are often extruded using a small nozzle 
(0.4 mm diameter) which offers a good balance between 
printing speed, resolution and geometrical accuracy. Tino 
et al. [16] has also described a method to reproduce suit-
able lung equivalency by using gyroid structures at lower 
in-fill densities (typically 20–30% in-fill PLA) which has 
been replicated in other works [17, 18]. However, substitutes 
3D printed for bone equivalency have been more difficult 
to fabricate in comparison. There are two main methods to 
substitute for higher density tissues. These include 3D print-
ing using higher density thermoplastic filaments or printing 
the moulds with normal filaments which are then filled with 
a resin mixed with radio-opacifiers [19].

Works by Okkalidis et al. [2] and Kairn et al. [20] have 
demonstrated the feasibility of combining 50% gravimetri-
cally measured powdered stone commercial filaments with 
50% PLA thermoplastic filament for the replication of bone 
equivalent density. This allows for the 3D printing of geo-
metrically accurate structures with superior bone radiologi-
cal equivalence than using resins mixed with radio-opacifi-
ers. However this approach must be performed with a larger 
nozzle (≥ 0.6 mm) due to concerns of abrasion and wear on 
the nozzle when using higher density filaments which offsets 
some of the geometrical accuracy which can be gained with 
3D printing using higher density filaments [20]. Addition-
ally, it is recommended that a dual nozzle printer be used 
for simultaneous 3D printing of tissue and bone. That in 
combination with the cost of accessing these specialist ther-
moplastic filament types can incur a significantly increased 
expense for clinical departments.

A cost-effective alternative would be to 3D print a mould 
of the bone structure and then to pour in an equivalent bone 

density substitute into the mould [19]. The advantage of this 
method is that the raw materials are readily available and 
inexpensive for clinical departments. Common contrast-
agents such as Barium Sulfate  (BaSO4) are used for diagnos-
tic or therapeutic purposes and should be readily available as 
a radio-opacifier. A method for controlling the HU number 
can be performed by adding different amounts of radio-opac-
ifier into a potting mixture of epoxy resin. The disadvantage 
is that trapped air bubbles and expansion/contraction during 
its setting will result in losing geometrical accuracy which 
may require further post processing. In addition, Crowe et al. 
[21] has shown that radio-opacifiers with radiological prop-
erties that were measured in the kilo-voltage (kV) energies 
on a CT scanner may not strictly translate over to mega-
voltage (MV) energies on a MV LINAC.

The aim of this study was to demonstrate the feasibil-
ity of fabricating a thoracic anthropomorphic phantom slab 
with realistic tissue equivalent densities 3D printed using a 
novel approach. The potential uses for this custom-designed 
phantom in the quality assurance of complex treatment tech-
niques such as SBRT delivered by megavoltage C-arm LIN-
ACs was then investigated. This was achieved by designing 
a 3D printed phantom using models exported from a thorax 
CT dataset, and then fabricated with tissue, lung and bone 
equivalent 3D printing substitutes for realistic heterogeneity 
simulation.

Methods

Tissue equivalency characterisation

The 3D printer used in this project was an Ultimaker S5 
(Ultimaker, Netherlands). It is a dual nozzle printer which 
relies on the Material Extrusion (MEX) technique to print by 
depositing the thermoplastic filament layer by layer [5]. The 
dual nozzle allows the 3D printer to perform dual-material 
printing including water-soluble support structures which 
are required when printing objects with large overhangs or 
gaps. The thermoplastic filament used was 2.85 mm PLA 
purchased from RS PRO (RS Components Pty Ltd, mass 
density: 1.24 g/cm3), which extrudes through a nozzle diam-
eter of 0.4 mm at a temperature of 230 °C. A higher tempera-
ture than the common 190–215 °C was required to reduce 
the effects of stringing or poor bonding from a higher fila-
ment throughput based on experiences using the maximum 
printer speed setting. The maximum build plate volume on 
the Ultimaker S5 in the XYZ directions is 330 × 240 × 300 
 mm3 and the build plate temperature was set to 60 °C.

The method to characterise tissue equivalency of the 3D 
printed substitutes was adapted from Dancewicz et al. [22]. 
Test inserts for tissue, lung and bone which exactly matched 
the insert dimensions for the Gammex 467 RMI phantom 



577Physical and Engineering Sciences in Medicine (2023) 46:575–583 

1 3

(Gammex Inc., USA) were 3D printed (Fig. 1a). Then, they 
were inserted into the RMI phantom and scanned with a 
Siemens SOMATOM go.Open Pro (Siemens Healthineers 
AG, Germany) CT scanner using the departmental clinical 
chest protocol (120 kVp and 2 mm slice thickness). A num-
ber of 3D printed inserts were measured at once in the RMI 
phantom with individual varying physical density (Fig. 1b). 
The electron density relative to water ( RED

w
 ) of each insert 

were then compared to the equivalent commercial inserts to 
determine the 3D printed substitute that best resembled the 
tissue, lung and bone.

The mean HU number was extracted from the CT scan 
dataset using an ROI tool (1 cm × 1 cm area) in the Eclipse 
TPS (Varian Medical Systems, USA). 3D printed tissue 
inserts were fabricated with zig-zag in-fill densities rang-
ing from 80 to 100% while lung inserts had gyroid in-fill 
densities ranging from 5 to 30%. The zig-zag in-fill structure 
was chosen for tissue equivalency to reduce the appearance 
of tiny air gaps in an otherwise full solid which can show 
a noticeable lower mass density by up to − 7%. The gyroid 
structure was chosen for lung equivalency to simulate the 
changes in density in normal lung tissue. The target HU 
numbers for tissue equivalent density was 0 HU and for lung 
equivalent density was around − 650 HUs.

The bone equivalent material involved mixing 
X-OPAQUE-HD Barium Sulfate Suspension Formula-
tion (ATX Medical Solutions) with an epoxy resin pot-
ting mix (RS Components Pty Ltd) at various percentage 
by weight (% w/w). The epoxy resin by itself is close to 
tissue equivalent density and was created using a two part 
potting mix with epoxy resin added to a hardener in a 1:1 
ratio before allowing to set. The reaction of the epoxy 
resin with hardener is exothermic, so care was taken to 
ensure that the heat produced did not significantly warp 
the 3D printing mould. In the initial hour post-mixing, 

the potting mixture was stirred thoroughly to reduce the 
amount of higher density  BaSO4 settling towards the bot-
tom of the mould. The % w/w of  BaSO4 was varied from 2 
to 10% relative to the epoxy resin potting mix. The target 
HU number for bone equivalent density was around 700 
HU but adding different amounts of  BaSO4 can produce 
radiological equivalency for other densities of bone such 
as cancellous bone (approx. 300 HUs) or cortical bone 
(approx. 1250 HUs).

TPS vs film percentage depth dose (PDD)

In order to characterise the dosimetric impact of the fab-
ricated 3D printed substitutes for lung and bone, the per-
centage depth dose (PDD) was measured with Gafchro-
mic™ EBT3 film inserted along the central axis positioned 
between two solid water phantoms (Fig. 2). Individual 
3D printed phantom slabs of 5 cm lung slab and 2 cm 
bone slab were placed on top of 8 cm solid water and CT 
scanned using the same scanner and clinical protocol as 
mentioned previously. A treatment plan was created on 
the CT dataset in the Varian Eclipse v16.1 TPS using the 
AcurosXB dose calculation algorithm (Varian Medical 
Systems, USA). The treatment plan consisted of a 6 MV-
stereotactic radiosurgery (SRS) beam and 10 × 10  cm2 field 
size with the isocentre located at a source-to-axis distance 
(SAD) of 100 cm to the surface of the solid water. The 
6 MV-SRS beam utilizes a smaller flattening filter than 
conventional beams in order to achieve a higher maximum 
dose rate of 1000 MU/min. The plan was then delivered 
on a Varian C-Series Trilogy LINAC with lung and bone 
slabs positioned atop the solid water phantom. The meas-
ured film PDD was then plotted against the central axis 
depth dose on the TPS for both lung and bone tissue types.

Fig. 1  a 3D printed inserts and moulds for inserting into the Gammex 467 RMI phantom b Gammex 467 RMI phantom for characterising the 
 REDw
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Anthropomorphic 3D printed phantom

To fabricate the anthropomorphic phantom, an anonymized 
CT dataset of a patient previously treated with lung SBRT 
was imported into the TPS contouring workspace. Written 
informed consent was obtained to use the de-identified CT 
dataset as a quality improvement activity with approval from 
the Greater Western Human Research Ethics Committee 
(2022/ETH01181) in accordance with the National State-
ment on Human Conduct in Research 2007 (updated 2018) 
[23].

The body and lung structures were contoured for a 5 cm 
thick section of the patient. The contours were then exported 
as structures in 3D object files (.stl) into an online com-
puter aided design (CAD) software TinkerCAD (Autodesk, 
USA). The lung structure was placed at the correct ana-
tomical position with respect to the body structure and a 
half cylinder was cropped from the spine region to form a 
simplistic mould for the bone equivalent substitute. Due to 
the size constraints on the 3D printer build volume, half the 
body contour was cropped in the sagittal direction and the 
resulting model had to be additionally shrunk by 50%. Two 
15 mm wide × 1 mm high strips were also cropped through 
the phantom and added to the bone mould to allow the inser-
tions of strips of Gafchromic™ EBT3 radiochromic film 
through the lung and bone regions.

The modified phantom 3D object file was then exported 
into Ultimaker Cura 4.6 (Ultimaker, Netherlands) where the 
in-fill densities were input and the file was converted into 
.gcode machine instructions for the 3D printer. The body 
was set to PLA 80% zig zag in-fill for tissue equivalency 
while the lung was set to PLA 26% gyroid in-fill for lung 
equivalency. An in-fill density of 80% was chosen for tissue 
as it was more convenient on printing times and cost-effi-
cient while still remaining close to tissue equivalency. The 
phantom, which was half of a patient’s body contour had a 
mass of 1.414 kg, with an estimated cost of $154.29 AUD 

and 3 days, 5.5 h to 3D print. Once completed, the 6% w/w 
 BaSO4 epoxy resin mixture was added to the bone mould 
and allowed to set overnight to simulate a half-cylindrical 
spine. The strips through the phantom were removed of any 
debris to allow radiochromic film strips to fit comfortably 
through the phantom.

End‑to‑end test with Gafchromic™ EBT3 film

The 3D printed phantom CT scan was imported into the 
Eclipse TPS and verification plans were created for SBRT 
treatments from previous patients, targeting lung and bone 
respectively. The location of the isocentre was adjusted such 
that a lung SBRT plan had its isocentre placed in a lung 
region while a bone SBRT plan had its isocentre placed in 
the spine region. The coronal dose plane at the location of 
the isocentre was exported from the TPS into SNC Patient 
8.4.1.2 (Sun Nuclear Corporation, Japan) where it was used 
for comparison with Gafchromic™ EBT3 film.

Strips of 1.4 cm wide Gafchromic™ EBT3 film were 
inserted into the 3D printed phantom through the isocentre 
of each plan and the SBRT treatment plans were delivered 
on a Varian Trilogy C-Series machine with the 6 MV-SRS 
energy. After delivery, the film was handled as per the film 
handling protocol based on Lewis et al. [24]. The film was 
left for 1 h after exposure before scanning on an EPSON 
Expression 10000XL flatbed scanner (EPSON, Japan). The 
film was scanned with a resolution of 75 dpi, no colour cor-
rection, and a consistent orientation to the calibration film. 
The resulting 48-bit TIFF film image was then imported into 
SNC Patient for analysis.

The imported film measurements were manually regis-
tered with the coronal dose plane and then analysed using 
global normalization with a 10% threshold and a gamma cri-
teria of 3%/2 mm or 5%/1 mm. Registration of the film with 
the TPS dose plane was difficult due to the small film area 
used (1.4 cm wide strip). Registration was done by manually 

Fig. 2  Setup used for measuring depth doses with the a 5 cm lung slab (blue) and b 2 cm bone slab (yellow) placed on top of an 8 cm solid water 
phantom (brown) with film (green) positioned between them. Figure is not to scale
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matching the absolute isodose lines as close as possible to 
each other for maximum agreement. Due to delamination 
uncertainties, results 1 mm from the film edge were cropped 
to reduce uncertainty in the results.

Results

Tissue equivalency characterisation

Table 1 shows the RED
w
 for the various 3D printed inserts 

that were tested. The RED
w
 was measured using the afore-

mentioned Siemens SOMATOM go.Open Pro CT scanner 
with the clinical chest protocol (120 kVp, 2 mm slice thick-
ness). The final product was designed to have electron den-
sities as close as possible to their commercial tissue coun-
terparts (Table 2 Electron densities for a subset of Gammex 
467 RMI commercial inserts as well as mean HU numbers 
as measured using the same CT scanner and clinical pro-
tocol (120 kVp, 2 mm slice thickness)) for realistic tissue 
equivalent simulation. Inserts for lung and bone showed that 
approximately 25–30% gyroid in-fill density was suitable 
for a 3D printed lung substitute and approximately 6% w/w 
of  BaSO4 added to an epoxy potting mix was suitable for a 
3D printed bone substitute. The mean HU numbers of the 
commercial inserts were within the uncertainty interval of 
mean HU values for the 3D printed inserts.

TPS vs film percentage depth dose (PDD)

The TPS vs Film PDDs in the solid water phantom are 
shown in Fig. 3 for lung and bone respectively. A uniform 
red band uncertainty interval of ± 3% is drawn around the 
Film PDD (red) for comparison. The TPS depth dose shows 

satisfactory agreement with the measured film PDD at 
depths especially after the build-up region (~ 1.3 cm depth).

Anthropomorphic 3D printed phantom

The anthropomorphic 3D printed phantom (Fig. 4) RED
w
 , 

mean HU number and standard deviation (k = 2) as meas-
ured with a 1 cm × 1 cm square ROI tool are shown in 
Table 3. The mean HU numbers for the phantom were within 
the uncertainty of our target inserts for tissue (0 HU), lung 
(− 650 HU) and bone (700 HU) equivalency. There was a 
similar standard deviation for both tissue, lung and a better 
uniformity for the bone substitute in the phantom compared 
to the inserts. This is attributed to an easier time of mixing 
the higher density  BaSO4 due to a smaller 3D printed mould.

End‑to‑end test with Gafchromic™ EBT3 film

The gamma pass rates are shown in Table  4 for both 
5%/1 mm and 3%/2 mm. The gamma pass rate for lung 
was ≥ 95% while the gamma pass rate for bone was ~ 85%. 

Table 1  Table of 3D printed 
test inserts electron densities 
relative to water, mean HU 
number and standard deviation 
(k = 2) as measured using the 
same CT scanner and clinical 
protocol (120 kVp, 2 mm slice 
thickness)

3DP material substitute RED
w
(�

e
∕�

e,w
) Mean CT number 

(HU)
 ± SD (HU)

PLA 5% gyroid in-fill 0.099  − 930 40
PLA 10% gyroid in-fill 0.145  − 875 30
PLA 20% gyroid in-fill 0.227  − 775 30
PLA 25% gyroid in-fill 0.290  − 700 30
PLA 30% gyroid in-fill 0.335  − 645 20
PLA 80% zig-zag in-fill 0.987  − 15 20
PLA 90% zig-zag in-fill 0.990 0 20
PLA 100% zig-zag in-fill 1.081 160 10
Approx. 2% w/w  BaSO4 in epoxy resin 1.157 300 200
Approx. 4% w/w  BaSO4 in epoxy resin 1.231 400 160
Approx. 6% w/w  BaSO4 in epoxy resin 1.402 700 180
Approx. 8% w/w  BaSO4 in epoxy resin 1.480 850 100
Approx. 10% w/w  BaSO4 in epoxy resin 1.560 1000 100

Table 2  Electron densities for a subset of Gammex 467 RMI com-
mercial inserts as well as mean HU numbers as measured using the 
same CT scanner and clinical protocol (120 kVp, 2 mm slice thick-
ness)

Commercial insert RED
w
(�

e
∕�

e,w
) Mean HU 

number 
(HU)

LN-300 Lung 0.282  − 720
LN-450 Lung 0.430  − 550
Solid Water 0.988  + 10
CB2—30%  CaCO3 1.277  + 460
CB2—50%  CaCO3 1.470  + 830
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The lower gamma pass rate in the bone SBRT plan were due 
to the edge of the phantom being at a spine-air interface. The 
lack of backscatter and charged particle equilibrium (CPE) 
conditions resulted in the TPS overestimating the dose that 
would be measured by the film in the spine region.

Discussion

The RED
w
 of the 3D printed equivalent substitutes matched 

within uncertainty of equivalent commercial inserts. Addi-
tionally, the dosimetric impact of lung and bone substitutes 
was characterised using PDD comparisons between meas-
ured film and the Eclipse TPS. Lung and bone equivalent 
3D printed slabs were placed atop of solid water with Gaf-
chromic™ EBT3 film positioned along the central axis. It 
was found that there was agreement between the measured 
Film and modelled TPS depth dose. However, in the build-
up region (~ 1.3 cm depth) where there is a lack of charged 
particle equilibrium (CPE), the TPS will underestimate the 
dose compared to film PDD measurement.

The ideal method to simulate bone equivalent density is 
to use higher-density thermoplastic filaments such as gravi-
metrically measured powdered stone mixed into the thermo-
plastic PLA filament. The advantage is the better geometri-
cal accuracy/uniformity in the 3D printed object and the ease 
of using different in-fill densities to simulate different bone 
densities. However, 3D printing with higher-density ther-
moplastic filaments requires the use of a dual nozzle printer 
and there are challenges with the increased abrasion to the 
3D printer nozzle. Additionally higher-density thermoplas-
tic filaments can be less cost-effective than radio-opacifiers 
which are readily available in clinical departments.

The production of a 3D printed phantom is limited by the 
build volume of the 3D printer, thermal warping of large 
prints, and the cost of the thermoplastic filament. Joining 
separate 3D printed slabs together will allow the fabrica-
tion of larger sized anthropomorphic phantoms that could 
fully replicate a patient’s geometry. Larger phantoms would 
provide full scatter conditions, allowing larger pieces of 
radiochromic film to be used for measurement, and provid-
ing additional dosimetry data for comparison against TPS 
dose calculations.

For end-to-end testing, two SBRT plans with isocentres 
set in the lung and bone region respectively were deliv-
ered to Gafchromic™ EBT3 film strips inserted through 
the 3D printed phantom. The gamma pass rate result for 
lung was ≥ 95% and the gamma pass rate result for bone 
was approximately 85%. These results are reasonably con-
sistent with results reported for a 3D-printed customisable 
anthropomorphic thoracic phantom slab by Tino et al. [1] 
who reported a pass rate of 98.9% and 90.25% in lung and 
bone respectively for a 5%/1 mm gamma analysis criterion 
using film. This reduced gamma pass rate reported in this 
study is likely due to the location of the film near a bone-air 
interface not present in the full body phantom developed by 
Tino et al. [1].

The results of this study has demonstrated the feasi-
bility of 3D printing a cost-efficient anthropomorphic 
phantom with realistic geometry and heterogeneities. The 
resulting custom-made phantom showed similar results 
to more complex or commercial phantoms for PSQA 
of SBRT plans, highlighting its potential use for future 
SBRT commissioning and routine quality assurance pur-
poses. The cost of a full body 3D printed phantom (com-
bining two halves of the body phantom) from this study 
is approximately $300–400 AUD. This is in contrast to 

Fig. 3  The measured film PDD vs the TPS central axis depth dose with a red band of smoothed uniform ± 3% uncertainty plotted for the setup 
using the 3D printed a lung and b bone slab, respectively
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commercial phantoms which can cost thousands of AUD. 
Furthermore it is simple to design a 3D phantom as the 
models can come from contours in the structure set which 
can be further edited using a simple CAD software such 
as the beginner friendly TinkerCAD (Autodesk, USA). 
Therefore this study can be reproduced in clinical radio-
therapy departments with access to a suitable 3D printer 
to fabricate an anthropomorphic phantom with equivalent 
tissue, lung, and bone densities.

Fig. 4  Images of the anthropo-
morphic 3D printed phantom a 
axial and b sagittal view along 
with CT scans of the phantom’s 
c axial and d sagittal view. In 
the CT scan, the film inserts 
measuring 15 mm wide and 
1 mm in height can be seen 
placed throughout the phantom

Table 3  Table of the 3D printed anthropomorphic phantom RED
w
 , 

mean HU densities, and standard deviation (k = 2) in HU as measured 
using the same CT scanner and clinical protocol (120 kVp, 2  mm 
slice thickness)

3DP material 
substitute

RED
w
(�

e
∕�

e,w
) Mean CT number 

(HU)
 ± SD (HU)

Tissue (PLA 80% 
zig-zag in-fill)

0.987  − 15 20

Lung (PLA 26% 
gyroid in-fill)

0.298  − 690 30

Bone (approx. 6% 
w/w  BaSO4)

1.38 650 80
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Conclusion

This study has shown the feasibility for clinical departments 
to 3D print substitutes for tissue, lung and bone equivalency 
that are low cost and readily available. PLA 80% zig-zag 
in-fill was used for tissue equivalency, PLA 26% gyroid in-
fill was used for lung equivalency and a 6% w/w of  BaSO4 
radio-opacifier was added to an epoxy resin potting mix 
for bone equivalency. A CT dataset was used to design and 
fabricate a 3D printed 5 cm thick anthropomorphic thorax 
slab phantom for SBRT PSQA with realistic geometric and 
heterogeneity simulation. An end-to end-test was performed 
with the 3D printed phantom using lung SBRT and bone 
SBRT plans delivered to Gafchromic™ EBT3 film strips 
inserted through the phantom.

Gamma analysis was performed in SNC Patient using a 
10% low dose threshold, 5%/1 mm and 3%/2 mm gamma 
criteria. The gamma pass rate across both gamma criteria 
was ≥ 95% and ~ 85% for lung SBRT and bone SBRT plans 
respectively. The bone SBRT plan gamma pass rates were 
lower due to the film being placed at the edge of the phantom 
where there was a spine-air interface. It is expected that a 
larger 3D printed phantom joined together from individual 
3D printed slabs will allow better agreement for bone SBRT.

This study demonstrates that 3D printers have allowed 
customisable anthropomorphic phantoms to be fabricated 
at clinical radiotherapy departments. A phantom similar to 
the one in this study provides commissioning and quality 
assurance towards stereotactic type radiotherapy for lesions 
located in small field heterogeneity. A clinical radiotherapy 
department using a similar methodology in this study, can 
manufacture its own customisable anthropomorphic 3D 
phantoms to meet its own quality assurance needs.
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