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Abstract

Objective. Three-dimensional (3D) printing is increasingly used for radiotherapy quality assur-
ance (QA) phantoms, yet, reproducing the structural heterogeneity and radiological properties

of lung tissue remains challenging. This study evaluates thermoplastic polyurethane (TPU) for
dynamic lung-mimicking phantoms, selected for its flexibility while preserving print-defined geo-
metry, with a focus on radiological equivalence, directional anisotropy, and the detectability of
sub-millimetre air channels. Approach. Eleven TPU materials with various colours and Shore hard-
ness (63—82) were printed into gyroid-patterned inserts of varying infill densities. Effective atomic
number (Z.g) and relative electron density (RED) were determined using dual-energy com-

puted tomography (CT). Anisotropy and internal air channels were assessed in five orientations
using micro-CT, clinical CT, and flat-panel detector (FPD) imaging, and compared to a voxelised
digital model derived from G-code toolpaths. Main results. Measured Z.¢ ranged from 6.3 = 0.6 to
11.1 £ 0.2, with pigment-driven variation up to 66% within identical material categories. Seven
materials achieved lung mimicking Z.¢ (around 7.55). RED increased with infill and mimicked
lung references (0.28—0.43) at moderate infill. The low-infill insert contained 0.7 mm air channels
visible in all modalities. The high-infill insert contained 0.3 mm channels, resolved accurately by
the micro-CT and FPD but not reliably resolved by clinical CT due to resolution limitations. The
digital model indicated diagonal anisotropy, micro-CT and FPD indicated near-isotropy in low
and high infill, while CT showed apparent anisotropy due to its resolution limitations. Significance.
TPU-based gyroid phantoms are suitable lung-mimicking candidates for radiotherapy QA of ima-
ging and dosimetry. Their periodic air-channels are reliably resolved by high-resolution imaging
(micro-CT or FPD), but may be distorted by clinical CT, particularly in resolution-limited orient-
ations, the digital model supports pre-print evaluation of these air-channels. Because undetected
internal heterogeneities may affect dose calculation accuracy, high-resolution imaging when avail-
able, is preferred for assessing the internal structure of 3D-printed phantoms.

1. Introduction

Effective quality assurance (QA) in radiotherapy is supported by phantoms that reproduce patient ana-
tomy and motion. There are several commercial thorax phantoms built from solid homogeneous struc-
tures made of water or tissue-mimicking materials. These phantoms have contributed greatly to QA.

However, they do not capture fine anatomical features of the human lung, such as the bronchi or lung

© 2026 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd



10P Publishing

Phys. Med. Biol. 71 (2026) 055016 R Abdulrahim et al

tissue density variations (Schiefer et al 2010, Hurkmans et al 2011, Subramanian et al 2015, Ollers et al
2020). Some thorax phantoms can simulate realistic respiration motion and offer clinically valuable func-
tionality for QA (Tanyi et al 2007, Saito et al 2023). However, they are limited by high cost, restricted
customisability, and simplified modelling of tissue heterogeneity (Dunn et al 2012, Craft and Howell
2017, Sevillano et al 2020).

These gaps have been addressed by means of three-dimensional (3D) printing. In this, fused depos-
ition modelling (FDM) is applied to create patient-specific thorax replicas with detailed internal anatomy
at relatively low cost (Hernandez-Giron et al 2019, Kunert et al 2023). These developments allow the cre-
ation of customised structures, with FDM offering greater geometric control than traditional methods,
such as casting and moulds (Chacén et al 2017, Hohimer et al 2017, Gebisa and Lemu 2018, Garg et al
2022, Martin-Sosa et al 2025). By tuning 3D printing parameters, printed samples have achieved lung-
mimicking computed tomography (CT) numbers (Dancewicz et al 2017, McGarry et al 2020, Tino et al
2022). Although this matching is useful, CT numbers alone may be misleading. Materials containing ele-
ments with high atomic numbers, such as copper or iron, can produce bone-like CT numbers despite
their lower physical density (Fonseca et al 2023). To characterise the composition more accurately, the
effective atomic number (Zg) and relative electron density (RED) can be assessed, particularly for dosi-
metry applications.

In previous work on heterogeneous adult thorax phantoms, lung tissue is mimicked using rigid ther-
moplastics, such as polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS). Bustillo et al used
PLA printed at 20% infill to mimic lung tissue, reporting a RED of 0.203. Hatamikia et al reported that
PLA printed at 30% infill achieved lung-mimicking CT numbers of —482 + 45 HU. However, these
materials are inherently rigid and are therefore limited to static phantom designs. Other studies such as
Bakhtiari Moghaddam et al use silicones, which provide high flexibility, but rely on casting rather than
standard 3D-printing, which limits control over the internal geometry (Bustillo ef al 2019, Hatamikia
et al 2022, Bakhtiari Moghaddam et al 2025).

In contrast, thermoplastic polyurethane (TPU) is an elastomer that exhibits rubber-like elastic
deformation, enabling compression while maintaining its structural integrity (Lee et al 2019, Ledn-
Calero et al 2021, Holmes et al 2022). A study on deformable lung phantoms, has shown that 3D-printed
TPU can reproduce lung-mimicking CT numbers while still remaining sufficiently flexible to undergo
breathing-like deformation (Im et al 2025). These considerations motivated the selection of TPU as the
material evaluated in this study.

A recent study by Lustermans et al (2024) presented a dynamic anthropomorphic lung phantom with
internal anatomy (bronchi and tumours). The lung was 3D-printed using TPU, whose Z.¢ was measured
at (10.1 £ 0.3), notably higher than the lung parenchyma reference value of 7.55 (White et al 1989).
This finding indicates that an alternative TPU filament with a lower Z.s must be explored for the applic-
ation of phantoms in dosimetry. A factor that has been shown to influence the Z.¢ of materials is pig-
mentation, but has not been investigated in TPU materials (Solc et al 2018, Ma et al 2021, Fonseca et al
2023).

To mimic human lung tissue, phantoms are 3D-printed using low infill densities, which increases the
air-to-material volume ratio. Depending on the pattern, it may create air gaps that span the full depth of
the phantom in certain orientations, forming air channels, which do not exist in real lungs. These chan-
nels may distort dose measurements; therefore, their frequency and size must be quantified to prevent
dose measurement bias (Madamesila et al 2016).

Another important consideration is the anisotropy of a 3D-printed phantom, based on its pat-
tern and material distribution, which may affect performance in radiotherapy QA. In complex radio-
therapy treatments involving multiple beam angles, anisotropic features within the phantom can lead
to orientation-dependent differences in attenuation and dose deposition, depending on the irradi-
ation angle. Previous imaging studies have reported that gyroid infill patterns can reduce orientation-
dependent variations in CT numbers compared with other infill patterns. However, this apparent iso-
tropy depends on the 3D-printing parameters and the spatial resolution of the imaging system used
(Tino et al 2019, Fonseca et al 2023, Bustillo ef al 2025). The suitability of low-infill gyroid structures for
accurately representing both imaging and dosimetric properties remains incompletely characterised and
warrants further investigation. This is particularly relevant because standard clinical CT may not resolve
fine features such as air channels, potentially leading to discrepancies between the true dose delivered
and the dose calculated by the treatment planning system, assuming a homogeneous volume as acquired
by the CT.

In this study, commercially available flexible filaments are evaluated as lung-mimicking materials,
focusing on their radiological properties such as Z.¢ and RED, anisotropy in imaging response, and air-
channel formation when printing in low and high infill gyroid structures. Multiple imaging modalities
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are used to assess anisotropy and the presence of air channels; a clinical CT, a micro-CT, and a flat panel
detector are used and benchmarked against a voxelised digital model to determine the reliability of each
system in resolving internal structures. The goal is to guide the design, manufacturing, and verification
of isotropic dynamic lung phantoms for radiotherapy QA.

2. Materials and methods

To characterise the radiological properties and anisotropy of flexible 3D printing materials, the workflow
in figure 1 was used.

2.1. Radiological and physical properties evaluation

2.1.1. 3D printing of cylindrical inserts

Inserts were manufactured using the Filaflex TPU filament (Recreus Industries, Spain) in a direct-drive
3D printer (Creality Ender-3 S1, Shenzhen Creality 3D Technology, China). TPU was chosen for its flex-
ibility, which allows compression of printed objects and can simulate respiratory motion in phantom
applications. The elemental composition (CisH26N204) was reported by Ledn-Calero et al(2021) using
NMR spectroscopy. This formulation was characterised for a single hardness grade and does not account
for variations in different colours or manufacturer-specific formulations. TPU is generally composed of
soft, flexible polymer chains covalently linked with harder urethane segments, with the exact chemical
balance tailored by manufacturers to tune mechanical properties.

Shore hardness (a scale, 0-100) quantifies resistance to indentation, lower values indicate softer
materials, while higher values indicate a stiffer material. The filaments used in this study exhibited Shore
hardness values ranging from 63 A to 82 A (table 1).

The cylindrical inserts were designed using Fusion 360 (Autodesk Inc., USA) and then sliced using
IdeaMaker 3D slicing software (RAISE 3D Technologies Inc., USA). Prior to printing, the TPU filaments
were dried for 24 h at 55 °C to reduce moisture using a heated filament dryer (FilaDryer S2, SunLu
Industrial, China).

The 3D-printing settings are given in table 2. They were initially selected based on the manufac-
turer’s recommendations and later optimised through material characterisation. A reduced nozzle dia-
meter (0.25 mm) was adopted, as it resulted in increased CT homogeneity. Final parameters were selec-
ted based on print consistency, dimensional accuracy, and CT homogeneity, quantified by the standard
deviation of CT numbers.

2.1.2. Evaluation of effective atomic number and RED

A cylindrical insert with variable infill density was 3D-printed to characterise the Z.¢ and RED of the
TPU materials (figure 2). The insert consisted of five stacked segments, each 10 mm in height, with infill
densities of 100%, 60%, 30%, 20%, and 10%. This design enabled evaluation of both fully dense mater-
ial properties and the range of RED values achievable through infill modification.

A quantitative evaluation of Z.; and RED was performed following the dual-energy CT (DECT)
methodology described by Hiinemohr et al (2014) and Lustermans et al (2025). Scans were acquired
on a SOMATOM Confidence CT scanner (Siemens Healthineers, Germany) and analysed using the
open-source software AMIGOpy (www.amigo-medphys.com). Calibration was performed using the
Gammex Advanced Electron Density Phantom (Model 1467, Sun Nuclear—a Mirion Medical Company,
USA), utilising its tissue-mimicking inserts, which include lung, adipose, soft tissue, and multiple bone
compositions. Scans were acquired at low and high x-ray energies (80 and 140 kVp) and calibration
constants were determined by applying a least-squares fit to the CT numbers of the tissue-mimicking
inserts.

RED was calculated as a weighted combination of low and high energy CT numbers, while Z
was obtained from the non-linear relationship between x-ray attenuation and atomic composition. The
equations are based on Hiinemohr et al (2014) and implemented in the software AMIGOpy, as detailed
by Lustermans et al (2025). A Mayneord exponent of m = 3.1 was used in the Z. calculation as recom-
mended by Hiinemohr et al (2014) for materials with atomic numbers below iodine.

After completion of the calibration, the 3D-printed TPU inserts were placed within the same
Gammex phantom to ensure identical imaging conditions. Inserts were placed in the head-sized section
of the phantom and scanned in one acquisition, shown in the supplementary materials. DECT scans
(80/140 kVp tube voltages, a slice thickness of 1 mm, a field-of-view 300 mm, a spiral pitch factor of
0.35, the reconstruction kernel Qr40s/3, and a CTDIvol (32 cm) of 40 mGy) were acquired using the
same CT scanner as the calibration. Z.¢ and RED values of the 3D-printed inserts were plotted against
standard lung tissue-mimicking materials.
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Figure 1. A summary of the evaluations done in this study, using eleven TPU materials. The 3D-printed inserts are assessed using
quantitative dual-energy CT imaging to characterise their radiological properties. The anisotropy and air channels are assessed
using a digital model, a micro-CT, a clinical CT, and a flat-panel detector.
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Table 1. List of flexible materials evaluated.

Filament name ID Shore hardness Colour®
Filaflex 60 A PROP 63White 63 A White
63Black 63 A Black
63Skin 63 A Nude
Filaflex 70 A Ultra-Soft 70Red 70 A Red
70Black 70 A Black
70Navy 70 A Navy
70Clear 70 A Clear
Filaflex Foamy 78Natural 78 A Natural
78Black 78 A Black
Filaflex 82 A 82Skin 82 A Nude
82Red 82 A Red

2 Colour names are as defined by the manufacturer.
b The Filaflex 60 A ‘PRO’ has a measured Shore hardness of 63 A according to the manufacturer’s technical datasheet, despite
the filament name indicating 60 A.

Table 2. 3D printing settings used in manufacturing the cylindrical inserts.

3D printing settings Variable density cylinder
Printing temperature (°C) 240

Infill density (%) 100, 60, 30, 20, 10

Flow (%) 136

Nozzle diameter (mm) 0.25

Layer height (mm) 0.18

Line width (mm) 0.24

Infill pattern Gyroid

Speed (mm s~ !) 22.5

2.2. Anisotropy evaluation

In this study, anisotropy is defined as orientation-dependent variation in the internal infill distribution,
quantified through imaging-derived attenuation and air-channel characteristics (size and frequency). This
variation is relevant for radiotherapy QA, where dose delivery from multiple beam angles is common
practice, and assumes uniform attenuation through a homogeneous phantom.

The inserts were printed using the gyroid infill pattern, a 3D periodic lattice. At low infill densities
used to mimic lung tissue, air gaps within each printed layer become larger, and upon layer stacking,
these gaps can align to form continuous hollow air channels extending through the depth of the struc-
ture. These air channels may perturb radiation beam propagation and thereby affect dose delivery in
3D-printed phantoms.

To evaluate directional uniformity and air channel formation, CT and micro-CT scans were per-
formed on the inserts and compared to an idealised digital model generated by voxelising the print geo-
metry. Complementary two-dimensional (2D) transmission measurements were acquired using a flat-
panel detector (FPD). While the FPD was not calibrated for dosimetry, it provided a sensitive method
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Figure 2. 3D visualisation of the cylindrical insert, (a) variable-infill density insert in full length, (b) segments of varying infill
densities visualised individually.

Figure 3. (a) Layers of periodic patterns that make up the gyroid lattice. The digital models of two octagonal inserts: (b) 24%
infill density and (c) 50% infill density shown as top-view renderings. Air gaps extending through the full depth of the inserts
appear as white regions and are clearer in the zoomed-in images.

to assess relative transmission variations, analogous to radio-chromic film measurements. This multi-
modality approach enabled direct evaluation of orientation-dependent imaging and transmission proper-
ties within identical samples.

2.2.1. 3D printing of octagonal inserts

An octagonal insert with dimensions 30 mm X 30 mm x 30 mm was designed to assess infill distribu-
tion across orientations and evaluate air channel formation in the gyroid geometry. Two infill densities
were used: 24% and 50%. The 24% infill was selected to mimic lung tissue. It was determined through a
material calibration of multiple infill levels to match the RED of lung-mimicking materials (0.28-0.43).
A 50% infill density was included to assess the impact of increased material density on air-channel visib-
ility and anisotropy in non-solid geometries. This selection is consistent with a previous study reporting
lung-mimicking CT numbers using TPU at 20%—40% infill (Hong et al 2020), additionally a higher infill
density can be used to mimic denser, diseased regions of the lung. Both inserts were 3D-printed using
Filaflex 70Navy with identical printing parameters to the variable-density cylinders (table 2). A 3D rep-
resentation of the inserts is shown in figure 3.
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Table 3. This table provides the protocols used in the imaging and transmission acquisitions of the 3D-printed octagonal inserts.
*These dimensions were re-sampled to 0.1 mm.

Pixel size/voxel dimension-

Modality Scanner/detector s/image matrix Acquisition parameters

Micro-CT XRAD 225 system Voxel size: Tube voltage: 50 kVp; tube
0.1 mm X 0.1 mm X 0.1 mm; current: 1.3 mA; frame rate:
field-of-view: 34.43 mm 5 fps; aluminium filter

(2 mm)
Clinical CT SOMATOM confidence CT ~ Voxel size: Tube voltage: 120 kVp; tube
scanner 0.1 mm x 0.1 mm X 0.5mm®; current: 270 mA; CTDI,

field-of-view: 50 mm (32 cm): 66.17 mGys;

convolution kernel: Hr68h;
model-based iterative
reconstruction (SAFIRE)

Flat-panel detector PaxScan 2530HE in Pixel size: 0.14 mm”; image X-ray source—tube voltage:
(FPD) combination with a matrix: 1792 x 2176 pixels; 50 kV; tube current: 20 mA;
TrueBeam kV source active imaging area: FPD—frame rate: 7 fps.

249 mm X 302 mm

2.2.2. Digital model

To obtain a digital reference, the octagonal inserts were designed and sliced using the same soft-

ware as the cylindrical inserts. Slicing converts the stereolithography (STL) file, which represents only
the external geometry, into a G-code file containing line-by-line printer instructions, including the
internal infill pattern and filament deposition paths. The G-code was converted into a 3D mesh (OB]J)
using Prusa G-code Viewer (Prusa Research, Czech Republic). This mesh which captures the actual
internal structure defined by the print path, was imported into Blender v4.2.0 (Blender Foundation, The
Netherlands). Blender’s x-ray mode was used to inspect the internal geometry. This allowed measure-
ment of small features, such as air channel dimensions, that may not be visible in the physical print or
resolvable by available imaging systems.

Following visual inspection, the OBJ mesh was voxelised in Python using the trimesh library
(Dawson-Haggerty et al 2022) onto a 0.1 mm grid. Voxels were assigned a value of 1 if they intersect the
material region (mesh) and 0 otherwise (air), producing a strictly binary representation. This approach
excludes imaging and printing artefacts, providing an idealised ground-truth geometry.

The voxelised model was generated at 0.1 mm resolution, where a single extrusion line spans approx-
imately 2 voxels in width and 1.8 voxels in height, resulting in an array of (299, 299, 302) voxels. To
verify resolution adequacy for air channel detection, the high infill model was additionally voxelised at
0.05 mm resolution for comparison.

2.2.3. CT and micro-CT imaging
Imaging was performed to evaluate anisotropy and air channels present in the octagonal inserts after
3D printing, the imaging setups for each modality and the relative scanning orientations are shown
in figure 4, and the corresponding acquisition protocols are summarised in table 3. Since the digital
model represents an ideal geometry, the 3D-printed inserts may differ due to the manufacturing pro-
cess. Octagonal inserts were placed in custom holders, 3D-printed using a PLA filament in 100% infill
density (figure 4). The 3D volumes of the inserts were reconstructed using imaging with a micro-CT and
a clinical CT.

The cone-beam micro-CT (XRAD 225 System, precision x-ray Inc., USA) was included for its high
resolution, whereas the clinical CT (SOMATOM Confidence) was used due to its wide availability in
clinical environments, making it a feasible imaging tool for QA of 3D-printed components.

2.2.4. FPD

The FPD (PaxScan 2530HE, Varian Medical Systems, USA) was used in combination with the kilovoltage
(kV) imaging source of a Varian TrueBeam system (Varian Medical Systems, USA). Positioned on the
treatment couch, 1 m below the kV source. The FPD acquired 2D x-ray transmission images for each
orientation by physically rotating the insert to each predefined angle. Unlike CT or micro-CT, which
create volumetric reconstructions from multiple angular projections, the FPD acquires a single projection
integrating attenuation effects from both transmission and scatter along the beam path. Prior to each
series, a flood field image was acquired with only the holder in place to capture the detector’s baseline
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Figure 4. Imaging setup used for each modality along with the scanning orientation shown next to it. (a) Cone-beam micro-CT,
the insert is placed on the stage for imaging, (al) x-ray source and (a2) detector panel. (b) Clinical CT scanner. (c) A flat-panel
detector placed on the couch with the TrueBeam system’s gantry rotated 90° to use the (c1) kilovoltage x-ray source, a white
paper is placed on the panel for visibility of the 3D-printed insert and positioning using lasers.

response and correct for non-uniform pixel response and electronic offsets. Images of the inserts were
background-corrected by subtracting the flood field.

2.2.5. Image and data analysis
To enable cross-modality comparison and quantitative assessment of anisotropy, a standardised image
analysis procedure was performed for all datasets. Volumetric reconstructions from CT and micro-CT
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Figure 5. Workflow for generating 2D linear infill maps from the digital model and imaging modalities. The STL mesh is sliced to
generate G-code and voxelised to produce a 3D digital model. The insert is then manufactured by 3D printing and imaged using
micro-CT, clinical CT, and a flat-panel detector. For the digital model and reconstructed CT volumes, voxel values are integrated
by digital rotation of the volume, while for the flat-panel detector the insert is physically rotated between acquisitions. Integration
is performed along five orientations: (a) top-to-bottom along the printing X direction, (b) horizontal along the printing Y dir-
ection, and (c) vertical along the print build axis (Z). The diagonal orientations at 45° and 135° (d)—(e) represent oblique paths
intersecting the in-plane printing directions (X and Y). The resulting 2D projections are normalised and analysed using a central
region of interest (27 mm X 10 mm) to generate linear infill distribution maps. Visualisations of the infill pattern for the 24%
and 50% infill inserts are shown for each orientation.

were initially resampled to a common grid with 0.1 mm isotropic voxels, in alignment with the digital
model. Rigid image registration was performed to align geometries in each dataset in Python (v3.11.7),
using established packages for image processing and statistical evaluation (SciPy and scikit-image) (Van
Der Walt et al 2014, Virtanen et al 2020). For each insert, a central 10 mm x 27 mm ROI was defined
and used in the analysis to minimise edge artefacts.

2.2.6. Linear infill distribution

Linear infill maps were generated to quantify the spatial distribution of material and air within each
insert, the complete workflow is shown in figure 5. For the digital model, micro-CT and CT datasets,
integration was performed by digitally rotating the volume along five orientations: horizontal, vertical,
diagonal at 45°, diagonal at 135°, and top-to-bottom. These orientations are defined relative to the
printing coordinates shown in the first step of figure 5. The vertical orientation follows the print build
axis (Z) and corresponds to the coronal plane in imaging, while the horizontal and top-to-bottom ori-
entations correspond to the printing Y and X directions and are acquired in the sagittal and axial planes.
Diagonal orientations represent oblique paths intersecting the X-Y planes.

In the digital model, voxels were assigned binary values, 1 for material and 0 for air. Integration of
these binary values through the volume depth produced maps where higher values indicated a greater
proportion of material along the integration path. For the micro-CT and CT reconstructed volumes,
the same digital rotation and integration procedure was applied, but using voxel values expressed in CT
numbers instead of binary values. This approach simulated an idealised parallel-beam x-ray transmission
through the volume.

For FPD measurements, 2D linear infill maps were acquired by physically rotating the printed insert
between acquisitions, to obtain a separate projection for each orientation of the insert. FPD pixel val-
ues were inverted so that higher intensities corresponded to greater material content, consistent with the
representation in CT modalities.

All linear infill maps were normalised to a 0-1 scale to enable cross-modality comparison. Air
regions were assigned zero, corresponding to air voxels in the digital model, approximately —1000 HU
in CT and micro-CT, and background transmission in FPD. The reference value for 100% infill mater-
ial was estimated by extrapolation from inserts printed in a range of infill densities, further details are
provided in the supplementary materials. The normalisation approach removes modality-specific scal-
ing and focuses the histogram comparison on the relative infill fraction along each orientation. Because
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this simplifies the data into mainly air and solid regions, it is less sensitive to small details such as air
channel widths. For that reason, the linear infill distribution analysis was complemented by air channel
detection metrics which remain sensitive to small directional features within the volume.

Statistical evaluation was performed by constructing histograms using 20 bins spanning the 1st to
99th percentile of normalised values. Orientation-specific histogram pairs from each modality were com-
pared using the Bhattacharyya coefficient, which quantifies distributional overlap (Bhattacharyya 1946,
Pulli et al 2012). Pairs with coefficients exceeding 0.9 were considered highly similar. Additional metrics
(differences in mean, median, standard deviation, skewness, and kurtosis) were calculated to validate the
Bhattacharyya analysis. Under this normalisation, the Bhattacharyya coefficient measures how consist-
ently each modality resolves the distribution of infill fractions across orientations.

2.2.7. Air channel detection

Air channels were evaluated from linear infill maps using the digital model as a geometric reference. It
provided the expected spacing and periodicity of air channels for each infill level and orientation, where
channels appear as voids defined by pixel values corresponding to air. In the imaging data, these features
appear as local minima in the integrated profiles, with pixel values potentially corresponding to air or
regions of reduced material density, depending on resolution.

An air channel was defined as a recurring low-density region, occurring at intervals predicted by the
digital model and bounded by higher-density material. For each orientation, one-dimensional profiles
were extracted from identical positions across all imaging modalities. Ten representative profiles per ori-
entation were analysed.

Profiles were smoothed using a Gaussian filter, and valleys were detected with SciPy’s find_peaks
function applied to the inverted profiles. Detection criteria included a prominence threshold to isolate
significant valleys and a minimum distance constraint based on the model’s predicted channel spacing.

A valley was classified as an air channel if it met both the prominence and spacing criteria. Across all
sampled rows, air channel width was measured, and frequency was calculated per millimetre by dividing
the number of detected channels by the total profile length.

3. Results

3.1. Radiological evaluation
3.1.1. Effective atomic number
The Z. values of eleven flexible materials are presented in figure 6 along with reference lung mimicking
materials from the Gammex phantom and the ICRU Report 44 (White et al 1989). Across all filaments,
values ranged from 6.3 £ 0.6 (70Clear) to 11.1 £ 0.2 (82Skin). Differences were observed even within
the same Shore hardness category. For example, two TPU 70 A materials showed contrasting results:
70Black had a Z.g of 6.5 + 0.5, whereas 70Red reached 10.5 + 0.4.
Across all the materials, MAE in Zg relative to lung was 1.53, with values spanning from 0.14
to 3.51. The closest lung-like formulations were 78Black (Zegs = 7.41,|A| = 0.14) and 63White
(Zefr = 7.84,|A| = 0.29)). In contrast, some materials indicated a higher Z.¢ such as 82Skin
(Zefr = 11.06,|A| = 3.51) and 70Red (Z.g = 10.46,|A| = 2.91) which deviate strongly from the reference.
Seven filaments (63White, 63Black, 70Black, 70Clear, 70Navy, 78Black, and 78Natural) were identi-
fied as the most lung-like and selected for further RED analysis. Within this subset, the MAE in Z.g was
substantially lower, at 0.78, confirming that their Z.g values cluster closely around the reference.

3.1.2. RED

The RED for regions with infill density ranging from 10% to 100% was evaluated, ranging from 0.11 to
1.07, as shown in figure 7. These values include the expected range for reference lung materials, includ-
ing LN300 (RED = 0.28), LN450 (RED = 0.43), and lung parenchyma (RED = 1.04). Across the seven
selected filaments, RED decreased consistently with infill reduction, while 100% infill regions remained
close to water equivalence. Standard deviations were generally small, indicating stable voxel-to-voxel
reproducibility, although a greater spread was observed at intermediate infill densities.

3.2. Anisotropy evaluation

The anisotropy of the octagonal inserts was evaluated across five projection orientations: horizontal, ver-
tical, diagonal 45°, diagonal 135°, and top-to-bottom. Results are presented for low (24%) and high
(50%) infill densities.
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Figure 6. Effective atomic number (Z) of the investigated 3D printing materials compared with lung mimicking references, a
dashed line indicating the mean references at 7.55. The reference Z value reported is calculated based on theoretical elemental
composition, therefore no standard deviation is plotted. Lung 1 and Lung 2 are the ‘LN300 Lung’ and ‘LN450 Lung’ from the
Gammex Advanced Electron Density Phantom and Lung 3 is ‘Lung Parenchyma’ as reported in ICRU Report 44.
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Figure 7. Relative electron density (RED) of seven flexible TPU filaments as a function of infill density. Data points represent the

mean RED = one standard deviation, where the standard deviation reflects voxel-to-voxel variation in estimated RED within the
imaged region of interest. The obtained RED values for 20%-30% infill densities show agreement with reference lung-mimicking
materials (LN300 and LN450).

3.2.1. Linear infill distribution

The linear infill maps for the horizontal orientation and corresponding histograms for both low- and
high-infill inserts are shown in figure 8. These were generated using the digital model, micro-CT, CT,
and FPD. Visual comparison shows that for the low-infill insert (figure 8(a)) the digital model shows a
well-defined periodic material distribution pattern, which is also resolved by all three imaging systems.
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Figure 8. Linear infill maps and corresponding histograms for the horizontal orientation are shown for (a) low and (b) high
infill inserts, obtained from the digital model, micro-CT, CT, and FPD. Infill maps are normalised from 0 (air) to 1 (100% infill).
Brighter regions indicate higher material content, and darker regions indicate lower infill or air gaps. This visualisation enables
the comparison of structural resolution, infill distribution, and modality-dependent differences.

For the high-infill insert (figure 8(b)), the digital model again displays the expected periodic pattern,
while micro-CT and FPD partially resolve this pattern, and CT does not resolve it.

Horizontal streaks are visible in the infill maps of all three imaging systems for both inserts. The
histograms below each map show the distribution of normalised linear infill values per modality.
Histogram peak shifts reflect the proportion of air and material in the infill map, with imaging sys-
tems indicate different distributions from the digital model. Infill maps for additional orientations are
provided in the supplementary materials.

Figure 9 shows heatmaps of Bhattacharyya coefficients for pairwise comparisons of linear infill histo-
grams between orientations for each modality.

For the low-infill insert (figure 9(a)), the digital model shows near-isotropic behaviour with coef-
ficients above 0.91 for most orientation pairs, and moderate anisotropy with coefficients (0.76-0.79)
between diagonal and non-diagonal orientations. CT results show clear anisotropy, with six out of ten
pairs below 0.90. All modalities show high isotropy between diagonal pairs.

For the high-infill insert (figure 9(b)), the digital model is mostly isotropic, with minor anisotropy
in the top-to-bottom—diagonal45° pair (0.89). Micro-CT and FPD maintain high isotropy with all coef-
ficients above 0.94. In contrast, CT shows pronounced anisotropy, with low coefficients (0.56-0.67) for
horizontal—vertical and horizontal-diagonal comparisons, likely due to resolution limitations.

3.2.2. Air channel detection
Line profiles extracted from the linear infill maps are shown in figure 10. Each plot displays two rep-
resentative profiles, one from each insert. The profiles illustrate the integrated material and air con-
tent along the depth of the octagonal inserts. Based on the known air channel spacing from the digital
model, valleys representing regions of low material density that appear at the same periodic positions
and lie between two material-rich peaks were identified as air channels, even when the valleys of the line
profile did not reach zero.

At low infill, all modalities show clear periodic oscillations. In the digital model, valleys reach
zero (air) only in orthogonal orientations. The imaging systems reproduce the periodic pattern with a
reduced amplitude, with FPD and CT valleys not reaching zero except in the top-to-bottom orientation.
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Figure 9. Pairwise Bhattacharyya coefficients for linear infill histograms similarity between five orientations. (a) Low infill
and (b) high infill inserts. Higher coefficients (yellow) indicate greater similarity between orientation pairs, while lower val-
ues (green/blue) indicate lower similarity. The modalities are shown individually to assess directional uniformity within each
modality.

At high infill, all modalities exhibit higher baseline values, and the imaging systems show a lower peak-
to-valley ratio compared to the low-infill insert. Micro-CT and FPD still resolve the periodic pattern and
detect regions of low material content at the expected positions, whereas CT profiles show shallow oscil-
lations that fail to resolve all air channels represented in the digital model.

The air channel widths and frequency for each modality and orientation are visualised in figure 11.
At low infill (figure 11(a)), the digital model reports channel widths of approximately 0.7 mm. Micro-
CT, CT and FPD detect channels at matching periodic positions and report comparable widths, with
the exception of micro-CT which overestimated some channels widths. At high infill (figure 11(b)),
the digital model indicates narrower channels of about 0.3 mm. Micro-CT and FPD detect air channels
width and spacing that are comparable to the digital model, while CT overestimates channel width and
shows increased orientation-dependent variability.

To verify resolution effects, the high infill digital model was regenerated at 0.05 mm voxel size. In
this case, valleys reached zero in horizontal and top-to-bottom orientations, while the vertical orientation
remained above zero. Manual measurements from the 3D mesh confirmed a vertical channel width of
0.05 mm. These findings show that all three imaging systems were able to resolve air-channel periodicity
in the low-infill insert, with micro-CT showing the sharpest and most clearly defined profiles. At higher
infill densities, micro-CT and FPD still resolved the periodic pattern, whereas CT showed reduced sensit-
ivity, with several channels not detected. While micro-CT measured slightly larger air-channel widths in
some orientations.

4, Discussion

This study evaluated flexible TPU materials for their suitability in 3D-printed dynamic lung phantoms
by assessing their radiological properties, anisotropy, and internal air-channels across imaging modalities.
Seven of the eleven materials fell within lung-mimicking Z.¢ and RED ranges. Linear infill maps showed
that low-infill gyroid structures contained distinct air channels that all modalities could detect, while

the much narrower channels in high-infill samples were not visible in the clinical CT. The digital model
provided a reference for identifying internal structure and orientation-dependence before printing and
imaging.

This study supports the development of 3D-printed lung phantoms, where candidate materials are
typically evaluated using CT numbers or RED to achieve lung-mimicking properties (Hazelaar et al 2018,
Bustillo et al 2019, Hernandez-Giron et al 2019, Shin et al 2020, Hatamikia et al 2022, Tino et al 2022,
Kunert et al 2023, Abdollahi et al 2024, Bakhtiari Moghaddam et al 2025), by providing a comprehensive
radiological evaluation that emphasises the importance of assessing material composition. This study also
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Figure 10. Line profiles extracted from normalised linear infill maps of the digital model, micro-CT, CT, and flat-panel detector
for five orientations: (a) horizontal, (b) vertical, (c) diagonal 135°, (d) diagonal 45°, and (e) top-to-bottom. A line profile is
sampled from both low- (blue) and high- (orange) infill inserts from a single row within the region of interest. Red crosses mark
the detected air channels.

presents an advanced evaluation of anisotropy and quantification of air channels in 3D-printed geomet-
ries, which were identified by earlier work (Madamesila ef al 2016, Tino et al 2019, Fonseca et al 2023),
and further evaluated in this study through multiple imaging modalities, offering a better understanding
of the internal structure of 3D-printed phantoms.

4.1. Radiological and physical properties evaluation

The presence of air gaps lowers the RED and may therefore affect the CT-to-density calibration.
However, these gaps have limited impact on the average Z, since air (Z.g = 7.66) is comparable to

that of carbon-based polymers (Z.g around 6-7) (Singh and Badiger 2014). Several materials have Z.
values comparable to reference lung materials (Z.i = 7.55), although some materials have a much higher
Zg and are not suitable for dosimetric applications in radiotherapy, but may still be useful for imaging
phantoms where accurate electron density is less critical (Lustermans et al 2024). Additionally, materi-

als of the same category but in a different colour exhibited varying Z.g values, indicate that differences
in atomic composition could possibly be due to pigment, as also observed in previous studies (Ma et al
2021, Fonseca et al 2023).
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Results showed that target RED values for reference lung materials can be achieved using infill dens-
ities of approximately 20%—40%, depending on the material selected. Denser structures, such as lung
lesions, can be modelled using 100% infill for most materials, except for 78 Natural and 78Black, which
exhibited RED values below 1.0 even at full infill. At 60% infill, the measured RED varied considerably
between materials, likely due to differences in material formulation. The observed variation may also
arise from print-related inconsistencies, where deviations in extrusion rate alter the effective material
fraction within the scanned volume, leading to shifts in the estimated RED. To minimise this effect, all
inserts in this study were manufactured using a single 3D printer. The observed variation in RED for
identical infill levels and print settings indicate that a specific infill percentage cannot universally repres-
ent lung tissue, and that material-specific calibration is required prior to phantom use.

To verify reproducibility, several inserts were reprinted for selected materials. Across these, RED val-
ues were reproduced within +0.05 of the original measurement, confirming that the differences between
independent prints remained within expected experimental uncertainty. Given this high consistency, not
all materials were reprinted for validation.

To manufacture lung-mimicking phantoms, the recommended approach is to first select a filament
with a measured Z.g close to the lung reference value, such as 78Black, 70Navy, 63White. Then, select a
low infill density within the calibration range in figure 7, manufacture test prints and adjust the infill,
if necessary, until desired RED is achieved. Test prints are best evaluated using the highest resolution
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imaging modality available. Optimal uniformity and repeatable RED values are most reliably achieved by
using consistent printer settings optimised for the specific filament in use, and by printing on the same
machine, then validating the final print through imaging.

Achieving a uniform material distribution at low infill density is challenging with TPU. Stringing,
nozzle clogs, and filament build-up can lead to over- or under-extrusion, creating clusters of high or
low density that break print uniformity. To limit these artefacts, layer height, flow rate, print speed, and
extrusion width must be set with care, and the ideal settings identified through an optimisation pro-
cess for each filament individually. A layer height close to 60% of the nozzle diameter, combined with
a slightly wider extrusion width and reduced print speed, has been shown to improve line fusion and
reduce unintended air gaps (Jang et al 2021, Tao et al 2021, Mohseni et al 2023).

Opverall, this workflow demonstrates that with careful selection of filament material and tuning of
print parameters, it is possible to closely approximate the RED and Z.g of human lung and reference
materials in 3D-printed phantoms. For precise CT-to-density calibration and dosimetric accuracy, 3D
printing settings must be standardised, printers carefully calibrated, and verification imaging routinely
performed to assess object uniformity and internal structure prior to use in radiotherapy QA.

4.2. Anisotropy evaluation

The digital model driven workflow for evaluation of 3D-printed phantoms used in this study, can
streamline the iterative cycle of designing, printing, scanning, quantitative evaluation, and tuning of
printing settings (Mei et al 2022, Okkalidis et al 2022). Voxelised meshes may be evaluated as projections,
they may also be incorporated into Monte Carlo simulations to calculate dosimetric effects of specific
print parameters such as different infill patterns (Campbell et al 2025). Dimensional differences between
the design file and the sliced geometry can occur when the selected layer height and extrusion width

do not evenly divide across the model, as the software constrains dimensions to multiples of extru-

sion width and layer height. The sliced model was 0.06 mm taller and 0.19 mm narrower than the STL
design. The discrepancies were below 2% and were acceptable given the 0.1 mm voxel resolution. A finer
voxelisation (0.05 mm) can improve representation of sub-millimetre channels but would increase com-
putational cost.

4.2.1. Linear infill distribution

The gyroid infill geometry is mathematically near-isotropic, however, anisotropies may appear due to
factors such as the 3D-printing process, sampling resolution, and the imaging system used (Li et al 2023,
Sarmiento-O’Meara et al 2025). In the digital model, small directional differences appear mainly at diag-
onal orientations (45° and 135°), while orthogonal orientations do not indicate a high difference. The
variation in the diagonals may be due to discretisation effects where the diagonal path integrating voxels
along the depth intersects a different proportion of air and material voxels than the orthogonal orient-
ations. This results in a variation in the histograms spread, which is numerical and not present in the
physical geometry. All the modalities indicated a similarity between the top-to-bottom and the hori-
zontal orientations, which can be attributed to both intersecting the layer stacking perpendicularly and
therefore producing a comparable air-material distribution.

The micro-CT and FPD indicated highly similar distributions across orientations in the printed
inserts, with micro-CT showing a more visible variation in histograms distribution than the FPD. Micro-
CT reconstructs attenuation from hundreds of projections, where each voxel value is derived from all
viewing angles. The Bhattacharyya coefficients demonstrate that the printed insert does not exhibit
orientation dependence in high resolution imaging, specifically isotropic resolution in the case of the
micro-CT.

In contrast, the CT indicated apparent anisotropy, likely influenced by its inherently anisotropic spa-
tial resolution, where axial averaging limited by slice thickness leads to orientation-dependent partial-
volume effects (International Commission on Radiological Protection 2007, Samei et al 2019). This
mainly affects the vertical orientation through reduced contrast and CT number range, while diagonal
orientations are influenced by combined axial and in-plane sampling. Changing the imaging orienta-
tion resulted in histogram range variations of up to 60% (supplementary materials), confirming that the
observed anisotropy arises from orientation-dependent sampling and partial-volume averaging rather
than the 3D-printed geometry.

A limitation of this work is that the evaluation was performed under static conditions only. Under
breathing-like motion, CT attenuation and the apparent size of air channels may change. Deformable
3D-printed lung phantoms show that compression can shift measured CT attenuation and alter the
apparent size of air-filled structures, so the static results here should be interpreted as a best-case assess-
ment of air-channel visibility (Shin et al 2020, Im et al 2025). Similarly, CT studies of human lungs
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report measurable changes in airway dimension between inhalation and exhalation (Hu et al 2023, Jing
et al 2025). Resolving air channels under these conditions would require high spatial and temporal resol-
ution, since the air channel sizes observed in this study are close to the detection limits of clinical ima-
ging systems.

4.2.2. Air channel detection

Visual inspection of the 3D geometry prior to 3D printing revealed that both low and high infill inserts
contained continuous air channels. For the low-infill insert, the measured width of the air channels was
0.7 mm, which was well above the spatial resolution of all the modalities. For the high-infill insert, the
air channels had a width of approximately 0.3 mm. At this scale, detection is challenging because of the
limited number of voxels spanning the channel width; therefore, even with high spatial resolution ima-
ging, no pure air voxels were detected for these air channels.

The results show agreement between all modalities on the frequency of air channels per mm at both
infill levels, except for CT, which missed many air channels in the high infill insert owing to its inherent
detection limits. The CT has a 2 cm detector with 0.6 mm collimation; therefore, air channels with a
width of 0.3 mm would fall below the system’s detectable spatial resolution (Siemens Healthineers 2019).

At low infill, the air channel width measured using the imaging systems was slightly higher than that
in the digital model for the orthogonal orientations. This can be explained by the sharp binary edges of
the digital model, whereas imaging systems produce blurred transitions due to their point-spread func-
tion. At a high infill, the air channels were narrower and approached the imaging-resolution limit. The
valleys indicating air regions (figure 10) span fewer voxels and exhibit a lower dynamic range due to sig-
nal contributions from neighbouring material voxels. Consequently, the width was estimated from the
extent of the low-density region rather than the pure air voxels. Both micro-CT and FPD show strong
agreement with the digital model, confirming that they resolve the channels accurately within this scale.
In contrast, CT shows substantial variability and overestimation of channel width owing to its limited
axial-plane resolution and partial-volume averaging, which may combine neighbouring low-density zones
into broader apparent air channels.

These results highlight the importance of high-resolution imaging for the accurate characterisation
of 3D-printed samples. Micro-CT and FPD demonstrated the most reliable performance, consistently
resolving air channels and reproducing digital model dimensions with low variations. This is consist-
ent with previous work reporting that gyroid-based 3D-printed structures scanned using a clinical CT
with 0.4 mm in-plane resolution and 1 mm slice thickness exhibited homogenous CT profiles, where
air channels were unresolved (Fonseca et al 2023). Coarse-resolution acquisitions are acceptable when
the features of interest are larger than the voxel size; however, when feature sizes approach the imaging
resolution, partial-volume averaging may obscure a possible structural heterogeneity (Leary et al 2020).
Although potential dosimetric effects were not assessed in this study, they should be quantified in future
work for radiotherapy phantom validation and QA applications.

5. Conclusion

This study demonstrated that TPU filaments can reproduce lung-mimicking radiological properties that
are suitable for 3D-printed dynamic phantoms. The digital model driven workflow can be useful for
dosimetric evaluation in Monte Carlo simulations. Anisotropy was indicated by the digital model only in
non-orthogonal orientations. In contrast, micro-CT and FPD indicated near-isotropy, whereas CT exhib-
ited apparent anisotropy due to modality-specific limitations. Among the imaging systems, micro-CT
and FPD accurately resolved the air channels, with some variation due to blurring. CT overestimated the
width of air channels that were narrower than its detection ability. Overall, micro-CT is the most reliable
modality for evaluating anisotropy and small internal features, FPD can be used as a practical substitute,
and CT provides useful but limited information for clinical-scale assessments. The workflows and find-
ings of this study support the process of verifying internal geometry, optimising print parameters, and
reducing trial-and-error in phantom manufacturing to ensure consistent performance and prevent poten-
tial dosimetric deviations in radiotherapy QA.
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