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radiopaque three-dimensional 
printing of realistic patient 
phantoms

This article gives a brief overview 
of the current limitations of phan-
toms used in the quality control of 
in computed tomography and radia-
tion therapy and the disadvantages 
of commercially available 3D print-
ing approaches for individual phan-
toms. Radiopaque three-dimensional 
printing is presented as a solution 
to these issues — radiopaque 3D  
printing is a novel and easy to use 
method designed for printing realistic 
phantoms using only readily available 
standard office equipment.

INtrOductION:
Ensuring that the performance characteristics of CT imag-
ing and radiation therapy (RT) systems are maintained at 
the highest level is of vital importance in modern health-
care. For this reason the regulatory authorities in many 
countries have introduced regulations requiring regular 
checks of CT and RT systems. The increasing complexity 
and performance of modern CT and RT devices mean 
that phantoms are becoming ever more important to 
allow practical verification of system properties. Thus, 
calibration and quality assurance are routinely performed 
with geometric phantoms. However, geometric phantoms 

cannot realistically simulate the  individual patient expo-
sure to ionizing radiation.

Anthropomorphic phantoms are designed for a more 
realistic representation of the human body. Traditional 
anthropomorphic phantoms such as the Alderson phan-
tom (RSD, Long Beach, Calif) consist of a limited number 
of tissue-simulating materials, typically bone, lung and 
soft tissue, with an average human shape [1]. Alderson-
type anthropomorphic phantoms are manufactured in a 
complex and highly manual production  procedure, which 
restricts the possible level of detail and results in elevated 
costs. While such phantoms do allow approximation of 
radiation attenuation of the human body, detailed simula-
tion of human tissue characteristics is not possible. 
As an alternative, animal models could be used for research 
purposes [2]. However, animals cannot directly simulate 
the human body and animal studies are limited by ethical 
concerns, challenges in procurement and maintenance 
and associated costs.
To overcome these limitations, anthropomorphic phan-
toms that faithfully mimic both the anatomy and radiation 
absorption characteristics of individual patients would be 
highly desirable. 
3D printing may provide the necessary technologies to 
produce such phantoms. Based on medical 3D data sets 
derived from CT or MRI scans, printable 3D computer 
models can be generated through data postprocessing. 
Most 3D printed phantoms have been realized by other 
groups using material extrusion or photopolymerization 
technology [3-12]. For instance, Ehler et al. [3] created a 
3D printed head phantom for dosimetric measurements 
in radiation therapy using a fused deposition modeling 
(FDM) 3D printer. The outer shell of the head was printed 
using an ABS (acrylonitrile butadiene styrene) plastic and 
was filled with a homogeneous polymeric mixture with a 
mass density mimicking soft tissue. Interesting material 
developments in FDM now provide ABS bismuth com-
posite filaments with stronger radiation attenuation than 
native ABS. These were used by Ceh et al. [4] to print a 
head phantom with soft tissue and bone mimicking ABS 
types on a dual extrusion FDM printer. A multi-material 
PolyJet 3D printer was used by Mayer et al. [5] to combine 
two materials with different absorption characteristics in 
a thorax phantom, where soft and bone tissue could be 
distinguished.
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The advantage of these approaches is that commercial, 
ready-to-use technology can be applied for 3D printing 
individual phantoms. However such commercial 3D print-
ing technologies were not designed for printing 3D objects 
with precise radiation attenuation. FDM 3D printers can 
only create homogeneous objects, which limits their use for 
production of advanced phantoms. FDM printed phantoms 
often combine a 3D printed part (e.g. outer shell or bone 
mimicking part) with additional manually crafted materials 
like a casted homogeneous polymer part. Advanced pho-
topolymerization printers allow the combination of mul-
tiple materials within one model (e.g. the Stratasys PolyJet, 
Eden Prairie, Minn), but are very expensive. In addition 
the very complexity of these machines and materials limits 
the development or modification of specialized materi-
als with distinct radiation attenuation properties. While 
the examples published up till now are promising steps 
on the way towards implementable 3D printed phantoms, 
they still represent phantoms with only simplified anatomy 
and/or significant deviations in attenuation characteristics 
from the original patient and remain quite complicated and 
expensive.

To address these issues, we initiated a study [13] with the  aim 
of  developing a 3D printing method specifically designed 
for creating anthropomorphic phantoms with the anatomy 
and attenuation properties of individual patients. Our design 
objectives were that the method should be easy to use, uni-
versally applicable and inexpensive. In addition the phantoms 
should display the original anatomy at high resolution and 
have realistic radiation attenuation properties faithfully rep-
resenting the patient. We hypothesized that conventional ink 
jet printers could  be used together with radiopaque ink to 

transfer grey scale encoded CT images to standard office paper 
at high resolution and that a stacking of such printed sheets 
could generate 3D objects that would display the original 
patient anatomy with realistic radiation attenuation properties.

rAdIOPAque three-dIMeNSIONAl PrINtING:
In our study, radiopaque printing was carried out with a stan-
dard desktop printer (HP Deskjet 6940; Hewlett Packard, Palo 
Alto, Calif), using the black ink cartridge (HP 339) that allows 
printing for an accurate reproduction of anatomic details at 
high resolution. The printer was modified for radiopaque 
printing with iodine-enhanced ink by replacing the original 
black ink in the cartridge with an aqueous solution of potas-
sium iodide (0.60 g/mL). Standard office paper (80 g/m², 0.1 
mm thickness) was used as substrate.
Standard soft-tissue kernel CT images of a patient were grey 
scale inverted to achieve high printer deposition of attenuat-
ing ink in areas of high patient attenuation such as bone and 
vice versa for low attenuating tissues such as fat. 100 printed 
paper sheets were stacked and examined in our CT scanner. 
The first feasibility test already showed the patient anatomy at 
a surprising level of detail. However, Hounsfield units deviated 
significantly from the original patient.
We continued with analysis of the relationship between print 
template gray scales, printer deposition and Hounsfield units 
by 1) printing square templates with gray scales ranging from 
0% (white) to 100% (black) and measuring Hounsfield units 
and 2) determining printer deposition by weighing printed 
sheets. These experiments revealed a linear correlation 
between printer iodine deposition and Hounsfield units. How-
ever, there was an exponential correlation between template 
gray scales and Hounsfield units, This correlation could be 
described by a mathematical  equation derived using a  curve 
fitting procedure. 
Using this a correction procedure was developed to reproduce 
the Hounsfield units of the original patient in the printed 
model. The curve fit equation was inverted and applied to 
the square templates for verification. Results showed that the 
gray scale correction procedure now gave a linear correlation 
between template gray scales and Hounsfield units.
Using the same correction procedure for the patient CT 
data set from the first feasibility test, the patient CT images 
were printed again, stacked and examined in our CT scan-
ner. Results showed that the preceding gray scale correction 
procedure allowed correction of any deviation in Hounsfield 
units in the patient model, which now displayed both detailed 
anatomy and Hounsfield units closely matching the original 
patient.

SIGNIFIcANce ANd Future APPlIcAtIONS:
Our results show that standard office equipment can be used 
to create realistic anthropomorphic phantoms of individual 
patients. Only slight modifications of an ink jet printer are 
required for radiopaque printing and standard office paper 
can be used as substrate. In order to realize realistic Hounsfield 
units a calibration procedure is necessary to take the 

Figure 1: Standard HP Deskjet 6940 (Hewlett Packard, Palo Alto, Calif) 
office inkjet printer used for radiopaque printing with iodine enhanced ink.

“... Our results show that standard office equip-
ment can be used to create realistic anthropo-
morphic phantoms of individual patients...”
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characteristics of the printer deposition 
into account.
In contrast to previous approaches using 
commercial 3D printers, radiopaque 
three-dimensional printing produces 
detailed and highly realistic phantoms 
through separation of build material 
(standard paper) and attenuating mate-
rial (iodine enhanced ink) which can 
be deposited at high resolution. The 
necessary printing equipment is easily 
available, inexpensive and familiar to 
any user with even basic experience in 
operating desktop printers for standard 
office applications.
In a recent study, radiopaque printing 
with iodine-enhanced ink was used to 
create realistic breast phantoms for 2D 
and 3D x-ray imaging by printing with 
a mixed ink consisting of clinical con-
trast agent and regular pigmented ink 
[14]. In a modified approach, a similar 
approach has been proposed for valida-
tion of brain SPECT analysis by printing 
MRI images with 99mTc pertechnetate-
enhanced ink on paper and alternating 
stacking with an FDM printed head  
shell [15].
With its focus on computed tomogra-
phy our study shows that the phantom 
printing should first be preceded by 
characterisation of the printer and – if 
necessary – the use of a calibration step 
as proposed in our work. This calibra-
tion should focus on the relationship 
between template gray scales and printer 
deposition which can easily be analyzed 
by measuring resulting Hounsfield units. 

This calibration process should be per-
formed rigorously and thoroughly to 
precisely create the desired Hounsfield 
units in the final phantom.
In addition to traditional phantom appli-
cations, realistic phantoms created with 
our method may broadly be used for any 
purpose where actual patients would 
be desirable test objects, e.g. in protocol 
optimizations, dosimetric investigations, 
device testing, calibration, quality assur-
ance, training and demonstration. In con-
trast to traditional phantom manufactur-
ing, such individuality does not represent 
a challenge but is automatically part of the 
method, providing means for exposure 
optimization for individual patients.

cONcluSION:
We present a novel and easy-to-use 
method requiring only standard office 
equipment for the creation of realistic 
patient individual phantoms. Starting 
from standard CT data sets, conven-
tional desktop ink jet technology can be 
used to print patient data with iodine-
enhanced ink on standard office paper. 
Paper stacking results in 3D objects with 
detailed patient anatomy and realistic 
radiation attenuation characteristics. 
Phantom printing should be preceded 
by printer characteristic and a calibra-
tion procedure. Possible future appli-
cations of these phantoms range from 
general investigations in imaging and 
dosimetry to optimization of individual 
radiation exposure in computed tomog-
raphy and radiation therapy.
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Figure 2: Left Panel : CT images of a head and neck phantom . Right Panel: the original patient. Axial 
view in the top row, sagittal view in the bottom row.


