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Abstract


In recent years, material extrusion-based additive manufacturing, particularly fused filament fabrication (FFF), has gained significant attention due to its versatility and cost-effectiveness in producing complex geometries. This paper presents the characterization of seven novel materials for FFF and twenty-two commercially available filaments in terms of X-ray computed tomography (CT) numbers, as tissue mimicking materials for the realization of 3D printed radiological phantoms. Two technical approaches, by 3D printing of cube samples and by producing cylinders of melted materials, are used for achieving this goal. Results showed that the CT numbers, given in Hounsfield unit (HU), of all the samples depended on the beam kilovoltage (kV). The CT numbers ranged from +411 HU to +3071 HU (at 80 kV), from −422 HU to +3071 HU (at 100 kV), and from −442 HU to +3070 HU (at 120 kV). Several commercial and custom-made filaments demonstrated suitability for substituting soft and hard human tissues, for realization of 3D printed phantoms with FFF in CT imaging. For breast imaging, an anthropomorphic phantom with two filaments could be fabricated using ABS-C (conductive acrylonitrile butadiene styrene) as a substitute for breast adipose tissue, and ASA-A (acrylic styrene acrylonitrile) for glandular breast tissue.
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1. Introduction


Three-dimensional printing technology, also referred to as additive manufacturing, has found extensive utilization in various industries and medical applications [1,2,3]. This includes the production of prostheses [4], implants [5], radiological phantoms [6], and 3D printed scaffolds for tissue regeneration to enhance tissue repair and growth [7,8]. Additionally, it has contributed to the development of biomedical devices utilizing advanced stimuli-responsive polymers [9].



In the field of X-ray imaging, anthropomorphic phantoms with equivalent radiological properties serve as valuable assets across numerous applications, allowing the replication of X-ray attributes of human tissues and the evaluation of diverse medical imaging methods and technologies. Specifically, 3D printed phantoms can be utilized for dose validation [5,10], medical imaging device settings optimization [11], surgery planning [12], and quality assurance and optimization of imaging techniques [13,14,15,16].



The fidelity of replicating human anatomy for X-ray imaging applications through 3D printing technology is closely linked to the X-ray characteristics of the materials used. To be suitable for the fabrication of phantoms for X-ray imaging, the most important property of a candidate material is its appropriate X-ray attenuation characteristics [13]. Consequently, significant efforts are focused on determining the X-ray properties of these materials to accurately replicate human tissues [17,18,19,20,21,22,23]. Various materials have been investigated to manufacture tissue-equivalent phantoms mimicking human organs such as the thyroid gland [24], breast [13], and thorax [25]. Among the technologies used for these phantoms are the photo-curing technologies. However, they have inherent limitations, as they are restricted to materials that can undergo polymerization when exposed to light [26,27]. Another limitation is that the resins used in photo-curing often experience shrinkage during the curing process [28]. This occurs because the photopolymerization reaction generates heat, causing the material to expand and then contract as it cools. This can lead to warping, dimensional inaccuracies, and internal stresses in the printed objects. Additionally, the mechanical properties of photo-cured resins, such as toughness and impact resistance, are generally lower compared to thermoplastics used in fused filament fabrication (FFF) [29]. Finally, printed parts often require extensive post-processing, including washing in solvents to remove uncured resin and additional UV curing to ensure complete polymerization [27,30]. This increases time, complexity, and potential health hazards in the overall process. The same limitation also pertains to phantoms created using radiopaque inks and paper [31,32,33].



On the contrary, when it comes to radiological phantoms created through the deposition of molten plastic filaments using the FFF technique, it becomes feasible to develop materials exhibiting a diverse range of compositions. Replicating lung and bone tissues poses a significant challenge, as it requires achieving both exceptionally low and high electron densities. Consequently, not all technologies and methodologies can effectively emulate such demanding conditions. Moreover, X-ray images of anthropomorphic phantoms with incorporated tumor models revealed a clear need for further investigation of suitable tissue mimicking materials for 3D printing. This is because the visibility of the tumors differed significantly from what is observed in clinical cases, indicating the necessity for additional research in this area [34].



During the past decade, many commercial and in-house developed materials have been investigated for FFF-based printers for use in radiological applications. These studies have focused on the X-ray attenuation coefficients at specific tube voltages or X-ray photon energies, as well as their elemental composition [18,22,24,35]. Additionally, the Hounsfield unit (HU) values of these materials have been examined in computed tomography (CT) images [36,37]. Among these materials are PLA-stone (polylactic acid filled with powdered stone), PLA-wood (polylactic acid filled with grinded wood powder), PETG (polyethylene terephthalate glycol), ASA (acrylonitrile styrene acrylate), and HIPS (high impact polystyrene), as shown by Ma et al. [37]. The authors demonstrated that PLA-stone is particularly suitable for mimicking hard tissues, such as bone. PLA-wood can be used for mimicking soft tissues, although the exact HU values and suitability for specific tissues require further study. PETG-based materials exhibit a wide range of HU values and are adaptable for various tissue types, depending on their specific formulations and the inclusion of fillers like carbon fibers. ASA is suitable for mimicking water and some soft tissues, while HIPS closely mimics adipose tissue. Further studies on other commercial materials are needed to identify more suitable options, especially when using printing with two filaments to ensure compatibility in printing temperature and material properties. Our initial experimentation with HIPS and ASA revealed significant challenges in printing phantoms from these two materials. Moreover, from the investigation of 25 commercial filaments for FFF 3D printing, Ma et al. [37] showed that in most polymer filaments, the HUs increase significantly compared to the HUs of soft tissues, which vary minimally. This is attributed to the insufficient effective atomic number of the available printing materials, resulting in a CT number increase with harder beams [20]. The study also found that the PLA-Al (PLA matrix reinforced with aluminum) filament maintains a nearly consistent HU value across all measured spectra. However, this filament is suitable for reproducing soft tissues only when printed with a lower filling factor, controlled by the printing software. Dancewicz’s study [36] investigated the CT values of samples with air gaps within printed inserts made from ABS, standard PLA, photoluminescent PLA, woodfill, bronzefill, and copperfill plastic filaments, with infill densities ranging from 10% to 90%. However, the study did not evaluate samples with 100% infill density.



This study was motivated by ongoing research aimed at addressing the limitations in the availability of materials suitable for FFF 3D printing, especifically for reproducing soft tissues such as glands and tumors [38]. The long-term goal of the research team is to identify materials suitable for producing radiological breast phantoms that can be utilized across a wide range of anode tube voltages (kV). Therefore, there is a need for novel materials, as commercial products, while generally possessing good overall qualities, may not meet the specific requirements for medical imaging applications. Three specific objectives of this work were set: (a) to investigate average CT numbers (in Hounsfield units, HU) of 22 commercial and 7 newly fabricated materials and observe how these values change with different applied kV settings during CT scans; (b) to compare the results with existing data in the literature to determine their suitability for the production of radiological phantoms; and (c) to study whether 100% infill printed samples exhibit different CT values compared to materials prepared in casted forms, considering that 3D printing can introduce air voids affecting HU measurements.



For this purpose, filaments of the selected materials were printed into cubic samples and melted for comparison. HU measurements were conducted using a clinical CT scanner operating at 80 kV, 100 kV, and 120 kV with a fixed slice thickness. This approach allows for a comprehensive assessment of the materials’ performance and ensures that the findings are robust and applicable to practical medical imaging scenarios.




2. Materials and Methods


This research involved the fabrication of 7 custom-made materials and the selection of 22 commercially available materials, a total of 29 filament materials, adopted for FFF 3D printing. All the materials were printed with a Longer LK4 Pro printer into cubes with dimensions 20 mm × 20 mm × 10 mm. A part of each filament was grinded into pellets, placed into metallic cylinder container, and then heated up to their melting points to receive a homogeneous cylindrical sample of this material. The cubes and the cylindrical samples were scanned at a clinical CT scanner at three anode voltages and a slice thickness of 0.6 mm.



2.1. Filament Fabrication


A composite filament consists of two main components, the binder and the filler. The binder could be a common thermoplastic polymer such as acrylonitrile butadiene styrene (ABS) or polylactic acid (PLA), while the filler could be various external substances such as special stone, wood, metallic particles, nanoparticles, etc. ABS has been used extensively as a binder due to its long polymer chain, allowing external particles to be easily attached, compared to PLA, which presents a short polymer chain. The fabrication of anthropomorphic phantoms requires materials suitable for replicating both soft and hard tissues, which should present appropriate X-ray characteristics [37,39,40,41,42]. Regarding the replication of soft tissues, ABS and PLA have been found to be suitable [17,18,43]. Additionally, PLA or ABS can be mixed with other external materials for HU simulation of bone tissues, such as acrylonitrile butadiene styrene (ABS) combined with barium sulfate [44], ferromagnetic polylactic acid (PLA) combined with regular density PLA (i.e., standard PLA) [45], or PLA with gravimetric powdered stone [46]. The choice of PLA and ABS in this study is further supported by their favorable mechanical properties, ease of processing, availability, and versatility in forming composites. These qualities make them ideal candidates for developing accurate and reliable 3D printed phantoms for medical imaging applications.



To obtain novel polymer-based filament materials, a total of 7 custom-made materials, derived from ABS and PLA, were fabricated using various fillers. The filament production began by mixing the binder (in pellet form) and the filler (in powder form). The filaments were manually cut using a cutter, and a grinder was employed when necessary. Cesium sulfate, cement, silica gel, gypsum, and barium sulfate were utilized as fillers. A high-accuracy scale was used to measure the weight of the initial mixture (binder and filler). A single screw extruder was then used to fabricate the filaments (Figure 1a). The initial mixture was inserted into the extruder through the hopper, and a single screw pushed the mixture towards the heated nozzle of the filament maker until a filament with a 1.75 mm diameter was extruded. The newly produced filament was cut into pellets and repeatedly inserted into the extruder at least three times to increase the homogeneity of the final filament. The same temperature used for printing the cubes was also used for the filament maker. The particular filament maker has a single speed (3D-tech, Thessaloniki, Greece).



The chosen commercial materials, including PLA-based and ABS-based filaments, have densities that closely resemble those of various human tissues. The objective was to explore a wide range of filaments available on the market with densities similar to those of human tissues. Figure 1b shows samples of both custom-made and commercial filaments, while Table 1 provides the specifications of each material.




2.2. Cubes and Cylindrical Samples


Filaments from all the selected materials were printed into cubic samples with dimensions of 20 mm × 20 mm × 10 mm (as seen in Figure 2b) using a 3D printer LK4 Pro (Longer3D, Shenzhen, Guangdong, China) and the Ultimaker Cura slicing software (Ultimaker, Utrecht, The Netherlands). The nozzle had a diameter of 0.6 mm; the infill density was 100%; and the thickness of each printed layer was 0.25 mm. Additionally, Ultimaker Cura’s linear infill pattern was used for printing each material. Table 2 summarizes the printing parameters and the furnace temperatures used for each printed cube and cylindrical sample. The infill pattern used was a linear pattern set at a 90-degree angle.



Furthermore, a part of each filament was cut into pellets at the Medical University—Varna, placed in a metallic cylinder container with a height of 35 mm, an inner diameter of 15 mm, and an outer diameter of 21 mm, and heated in a furnace at various temperatures close to their melting point to produce a cohort of samples that did not go through the printing process. A single cylindrical melted sample is shown in Figure 2c.



The purpose of producing samples by both casting and 3D printing was to thoroughly investigate the differences in HUs between the two fabrication methods. This approach allows for a comprehensive comparison to determine how the presence of air voids, which are commonly introduced during the 3D printing process, affects the overall HU measurements. By using casting, we can create solid samples without the risk of air voids, providing a baseline for the HU values of each material. This comparison is crucial, as air voids in 3D printed samples can lead to inaccuracies in HU measurements, thereby affecting the reliability and precision of the radiological phantoms.




2.3. Computed Tomography (CT) Scans of Twenty-Nine 3D Printed and Melted Samples


The printed cubic samples and the cylindrical pellet (melted) samples were CT scanned at Saint Marina University Hospital of Varna using a Siemens SOMATOM Definition scanner (Figure 2a). They were divided into two groups. The first group (Figure 3a,b) included all the materials without metallic components (ABS-S, ABS-G, PEG-PP, PLA-WC, ASA-A, TPU-P, TPC-F, BVOH, PLA-C, ABS-E, PLA-CC, PETG-C, PLA-CC, PLA-XT, ABS-CE, PLA-E, PETG-HD, PLA-S, ABS-SB10, ABS-SB20, ABS-CSH, PLA-SSB). The second group of samples (Figure 4a,b) included all the materials with metallic components (PLA-I, PLA-MC, ABS-C, PLA-G, PLA-ST, REFL).



The materials were divided in this manner and placed across each other in different directions to prevent saturation effects. The cubic (printed) and cylindrical (melted) samples were scanned with a CT scanner using a modified abdomen protocol at three planes: 80 kV, 100 kV, and 120 kV, with a 0.6 mm slice thickness. The nominal range of CT numbers for the scanner was −1024 HU (minimum) to +3092 HU (maximum).




2.4. Hounsfield Units Measurements


The freeware ImageJ (Version 1.52a, free Java image processing program, USA) was utilized for measuring the HUs of each sample [47]. The 80 kV, 100 kV, and 120 kV CT scans of each plane—coronal, axial, and sagittal—were employed for the investigation of the HUs of each material, with each slice having a thickness of 0.6 mm. The mean HU value, the standard deviation (STD), and the minimum and maximum HU values were evaluated in a volume of interest consisting of 7 slices (4.2 mm thickness) in the middle of the cubic or cylindrical samples, within a selected region of interest (ROI) with area ranging from 40 mm2 to 120 mm2, depending on the sample size in the CT scan.





3. Results


3.1. Measured Hounsfield Units


Figure 5 shows the CT numbers of all the printed (Figure 5a) and melted samples (Figure 5b); values for a PMMA block scanned under the same conditions are shown for reference. For all samples, the average CT numbers (±STD) ranged from −411 ± 4 HU to +3071 ± 0.1 HU (at 80 kV), from −422 ± 4 HU to +3071 ± 0.1 HU (at 100 kV), and from −442 ± 39 HU to +3070 ± 0.1 HU (at 120 kV). After scanning the PMMA block sample twice, its average CT number was between +118 HU to +124 HU at 120 kV, and from +100 HU to +101 HU at 100 kV, in agreement with literature data [48].



Figure 5a includes materials containing metallic particles (PLA-I, PLA-MC, PLA-ST) and reflective particles (REFL); these samples show average CT values saturated at +3071 HU. For an accurate determination of their average CT number, a 16-bit CT scanner should be employed, as their attenuation is likely above +3071 HU. For non-metallic and non-reflective materials, Figure 5 shows that at 120 kV, the printed samples exhibit CT numbers ranging from −442 ± 38 HU (for ABS-S) to +2536 ± 8 HU (for PLA-SSB). For melted samples, at 120 kV, CT numbers are in the range from −201 ± 7 HU (for PEG-PP) to +3042 ± 15 HU (for PLA-SSB). Data for all non-metallic and non-reflective samples are shown in Table A1 in the Appendix A section.




3.2. Adipose Tissue Mimicking Materials


For melted samples, at 120 kV, Figure 6 shows that HIPS-E, ABS-E, ABS-C, ABS-S and BVOH, are suitable materials for mimicking adipose tissue, with average CT numbers of—32 ± 2 HU, −20 ± 4 HU, −41 ± 12 HU, −32 ± 2 HU, and −43 ± 24 HU, respectively. For 3D printed samples at 120 kV, ABS-E, ABS-C, PLA-W, TPU-P, and TPC-F suitably mimic adipose tissue. The CT numbers of all these materials were within the range of minimum/maximum HU values for adipose tissue of bovine and porcine samples, as reported by Ma et al. [20].




3.3. Bone Tissue Mimicking Materials


The CT numbers of the scanned materials are compared in Figure 7 with the range of minimum and maximum HU values for bone segmented in regions of varying hardness, as well as whole and cortical tissues from bovine and porcine samples, as reported by Ma et al. [20].



For printed samples at 120 kV, it was found that ABS-SB10 is a suitable material for mimicking cortical bone, with an average CT number of +1272 ± 5 HU. PLA-S, which has slightly lower attenuation than the minimum required for cortical bone, mimics whole bone, with an average CT number of +563 ± 11 HU. For bone tissue segmented from animal CT scans [20], which exhibit CT numbers ranging from +50 HU to +2042 HU, our data for 3D printed samples at 120 kV showed that ABS-SB20, ABS-SB10, PLA-S, and PLA-G are suitable substitutes for segmented bone tissue samples.



For melted samples at 120 kV, no material was found to be suitable for mimicking cortical bone or whole bone. However, for bone tissue segmented from animal CT scans [20], with CT numbers ranging from +50 HU to +2042 HU, our data for 3D printed samples at 120 kV showed that PETG-C, PLA-W, TPU-P, ASA-A, PLA-WC, ABS-G, ABS-CSH, ABS-SB10, PLA-S, PETG-HD, PLA-E, ABS-CE, PLA-XT, PLA-CC, PLA-C, and PLA-G are suitable substitutes for segmented bone tissue samples.




3.4. Soft Tissue Mimicking Materials


For printed samples at 120 kV, no material is suitable for mimicking soft tissue, which requires an average CT number within the range of +50 HU to +80 HU, as indicated in Ma et al. [20]. For melted samples at 120 kV, ASA-A is a suitable substitute for soft tissue, with an average CT number of +65 ± 8 HU. Additionally, TPU-P and TPC-F show CT numbers adequate for representing some soft tissues, such as glandular tissue (+40 HU) [49]; these materials exhibit a small increase in HUs with the increase in kV: from +81 HU to +96 HU (TPU-P) and from +11 HU to +28 HU (TPC-F).




3.5. Breast Tissue Mimicking Materials


Figure 8a shows that for mimicking breast tissues (adipose and glandular), the choice for printed samples narrows down to PLA-C or PLA-XT for glandular tissue, and PLA-WC, HIPS-E, TPC-F, or ABS-C for adipose tissue. Figure 8b shows that TPC-F and ASA-A can mimic breast glandular tissue for melted samples, but no melted sample was found as a suitable substitute for breast adipose tissue. At 120 kV, we measured an average CT number of +25 ± 1 HU for PLA-C, +16 ± 6 HU for PLA-XT, +124 ± 12 HU for PLA-WC, and +132 ± 2 HU for HIPS-E in printed samples. For melted samples, TPC-F and ASA-A showed average CT numbers of +28 ± 31 HU and +65 ± 8 HU, respectively.





4. Discussion


In this study, a total of 29 materials were investigated for their radiation characteristics, including seven custom-made materials and 22 commercially available materials. PMMA was used as a reference material. These materials are considered by the research group of the PHENOMENO project (www.phenomeno.eu) as candidates for replicating breast and bone tissues. This work builds on previous studies by other groups [20,37] as well as our own group [6,18,22,50,51,52] on 3D printed anthropomorphic phantoms based on FFF 3D printing, by extending the fabrication and analysis to new filament materials. These include TPC-F, BVOH, various ABS-based filaments filled with high-density materials, as well as new PLA filaments like PLA-XT (Table 1), which were custom-made for this study and have not been characterized previously.



Furthermore, a novel approach was employed to enhance the accuracy of CT number measurements when analyzing 3D printing materials. This was accomplished through a melting procedure, which eliminated air voids by melting the filaments in pellet form in a furnace at their corresponding melting temperatures. Previous researchers utilized a plastic container filled with water to mount the 3D printed samples for HU measurements [20,37], while others mounted the printed samples in a standard Gammex phantom (Gammex RMI, Middleton, WI, USA) [53]. Although this approach yielded comparable results to our melting process, the primary concern with FFF remains the presence of small air-filled voids in the 3D printed phantoms, which influence the material’s CT number assessment.



Indeed, the HUs measured on the printed and melted samples ranged from −442 HU to +2535 HU and from −201 HU to +3041 HU, respectively, at 120 kV, for samples without metallic and reflective fillers. The decrease in CT number from melted samples to 3D printed samples is attributed to the presence of embedded air in the printed samples, which can be partially regulated by suitable 3D printing manufacturing procedures, as suggested by Ma et al. [37]. These authors used the equivalence of the density of the filaments and corresponding 3D printed objects as a criterion for deciding the ‘quality’ of the printing procedure to avoid air voids in the phantoms. However, there is no standard or widespread procedure in FFF 3D printing for achieving this goal. Kozee et al. [53] suggested varying the infill angle by 10 degrees with each layer when printing. To avoid air voids in printing filaments, pre-extrusion techniques, such as subjecting the polymer material to an oven at around 75 °C for a few hours before printing, effectively eliminate any lingering moisture [54]. The obtained information of this comparison between the two approaches is essential for accurately defining the X-ray characteristics of the filaments and fine-tuning the 3D printing process to produce precise phantoms. In the future, this will be extremely helpful for simulating the X-ray characteristics under various scenarios.



Typically, CT scans utilize a tube potential of 120 kV. Table 3 provides a summary of which materials are suitable for mimicking specific tissues in radiological phantoms, along with their corresponding HU values. When bone tissue is considered, the HU can vary based on the specific type of bone, its composition, and its location within the body. As a general range, compact or cortical bone typically falls between +700 and +3000 HU. In contrast, trabecular or cancellous bone, which is less dense and has a spongier structure, usually falls within the range of +200 to +1000 HU [20,55]. For adipose tissue, data varied approximately between −39 HU and −100 HU at 120 kV [20,55,56,57]. Soft tissue HU values range between 4 HU and 80 HU [55]. Normal mammary gland tissue was measured at 28.7 HU on CT images [55].



For breast tissue, data presented by Ruschin et al. [49] indicate values around 40 HU at 120 kV. Yang et al. [57] measured HU values for 100% glandular tissue and 50/50 glandular/adipose tissue to be approximately 46 HU and −35 HU, respectively. Data from non-contrast CT scans show that HU values for fibroadenomas range from 32 to 43 HU, while hamartomas average 52 HU [58]. Cystic breast nodules have HU values averaging between 13 and 27 HU [58]. Studies indicate that, in general, benign lesions have attenuation less than 20 HU [59,60]. Specifically, Desperito et al. [60] reported that benign masses measured at 22 HU, while average cancer masses measured at 49 HU. Similar data provided by Urata et al. [61] show tumor HU values to be 69 ± 30.65 HU. Wienbeck et al. [62] confirmed these findings, showing that the mean CT density of analyzed lesions in clinically non-contrast breast CT scans was 63.95 ± 38.18 HU, with a range of 2.86 to 160.75 HU.



As discussed by Ma et al. [20], for most printing materials, regardless of the printing technology used, the Hounsfield value increases with increasing beam hardness. This is due to the lower effective atomic number of these materials Zeff than that of water and soft tissues, with the exception of adipose tissue. This leads to a relative increase in Compton scattering as beam hardness increases; thus, in higher HU values for these materials at a higher kV. Future work will involve experimentally investigating the elemental composition of the samples and their relationship to the Hounsfield values. Preliminary results in this field have already been obtained [63].



In any case, a validation and calibration process should be carefully performed for printed phantoms to ensure they reflect the required HU values of tissues. Our group is working on a new technology for filament-based 3D printing of anthropomorphic phantoms using a single filament and a variable extrusion rate at each printing position, along with new printing patterns. This technology will eventually permit the fabrication of anthropomorphic human body phantoms from a single filament material with good CT number accuracy, as shown by Dukov et al. [64,65] for anthropomorphic breast phantoms that mimic adipose and fibroglandular tissues.



The availability of several materials with different HUs (either commercially available or custom-made) can be exploited in printing anthropomorphic phantoms simulating largely different types of tissue, like low-atomic number soft tissues and high-density cortical bone tissue, even including metal body implants. The assessment of their radiopacity is a necessary step for X-ray imaging or dosimetry applications.



The average CT number of the metallic filaments (PLA-MC, PLA-I, PLA-ST) should decrease with the increase in beam energy, similar to the results of Kozee et al. [53] and Ma et al. [37]. This is due to the high atomic number filler, such as iron, which produces a predominant photoelectric effect at lower energies. Our custom-made metallic filaments have CT numbers exceeding the maximum range of our 12-bit scanner, with only printed PLA-I showing a slight decrease in HU values at increasing kV values. Research in materials with high atomic numbers is important for bone applications, such as preparing bone planes [66], as well as producing anthropomorphic bone phantoms for radiological purposes [50,67]. This study showed that the addition of high atomic number elements to PLA and ABS materials leads to a decrease in HUs with increasing beam hardness. Specifically, materials such as PLA-G and PLA-S (stone) demonstrate a clear trend of decreasing HUs as the kV value increases, as shown by Ma et al. [37] for some of these materials. These materials are highly suitable for applications involving whole or compact bones, where HUs typically range from +400 HU at higher energies (140 kV) to +1200 HU at energies of 70 kV, as reported by Ma et al. [20].



The HUs of the adipose tissue varied approximately from −130 HU to −60 HU at 70 kV, and from −90 HU to −20 HU at 140 kV [20]. Among the studied ABS melted samples, ABS-E and ABS-C show values within the range of adipose HUs, with a slight increase in HUs from 80 kV to 120 kV, similar to that of adipose tissue. HIPS-E attenuation is −32 ± 2 HU at 120 kV. All these filaments can be used to replicate adipose tissue in the given kV range. At 120 kV, ABS-S shows −32 ± 2 HU, and BVOH has −43 ± 24 HU, thus falling within the range for mimicking adipose tissue. However, the trend in the CT number versus beam kV for ABS-S and BVOH does not increase as expected for adipose tissue, unlike the other materials (ABS-E, ABS-C, HIPS-E). Hence, ABS-S and BVOH are considered unsuitable for making an adipose tissue phantom.



Ma et al. [20] reported HUs for soft tissues ranging from +50 HU to +90 HU for beams ranging from 70 kV to 140 kV, as the HU for a given soft tissue remains relatively constant with kV. Among the studied materials, ASA-A, TPU-P, and TPC-F may be adequate for representing some soft tissues due to their small increase in HUs with the increase in kV. For example, for liver tissue, the CT number is between +50 HU and +70 HU, with ASA-A being a possible substitute, while for kidney tissue, the CT number is between +20 HU and +40 HU, with TPC-F being a possible substitute [68]. TPC-F corresponds to muscle tissue with an HU of +28 ± 31 HU [69]. TPU-P and TPC-F materials exhibit easy printing properties, with printing temperatures of 220–250 °C and 220–260 °C, respectively.



Additionally, these materials have some unique features: TPU-P does not warp or deform during the printing and cooling process, and it is a hygroscopic material that attracts and holds water molecules from the surrounding environment. On the other hand, TPC-F has 43% renewable bio-based content, excellent UV resistance, and high impact resistance. The cost for both materials is higher than the fundamental materials, at 37.50 € per 500 g.



The ideal tissue mimicking phantom should be made from materials that exhibit HU values similar to those of human tissue at commonly used diagnostic beam energies in CT, when printed with 100% infill density. Here, we also consider the case of a breast phantom and a bone phantom, when searching for suitable tissue mimicking materials. In the case of the breast phantom, Varallo et al. [70] reported on printed 3D breast anthropomorphic phantoms from segmented breast CT scans. The FFF 3D printing was realized with ABS to mimic adipose tissue and PLA or PET to mimic glandular tissue and skin. However, at CT energies, these materials exhibited CT numbers (+24 HU and +188 HU at 100 kV) higher than those for adipose and glandular tissues, respectively.



For the possible realization of an anthropomorphic breast phantom with two filaments for two tissue components (adipose and glandular), a solution provided by our study consists of ABS-C (for breast adipose tissue) and ASA-A (for glandular breast tissue). According to our measurements (Table A1), the contrast between the two breast tissues is +110 HU at 80 kV, +112 HU at 100 kV, and +106 HU at 120 kV, i.e., almost constant with beam energy in the explored range. This is compatible with the approximate CT number contrast of +140 HU between breast adipose tissue (-100 HU) and breast fibroglandular tissue (+40 HU), as assumed in recent studies [49,71].



When bone tissue is considered, the Hounsfield units can vary based on the specific type of bone, its composition, and its location within the body. As a general range, compact or cortical bone typically falls between +300 HU and +3000 HU. On the other hand, trabecular or cancellous bone, which is less dense and has a spongy structure, usually falls within the range of +200 HU to +1000 HU [20]. Kozee et al. [53] reported that StoneFil (used in our PLA-S filament), which contains a higher atomic number calcium component, offers the potential to replicate the physical densities associated with different bone types and the atomic number relevant to photoelectric interactions. Our study also showed that PLA-S is a suitable material for bone phantoms.



The emphasis on CT numbers in our study aligns with the specific requirements of developing accurate and effective radiological phantoms. While other properties, such as mechanical strength and biocompatibility are also important, our primary objective was to ensure that the phantoms accurately mimic the radiological characteristics of human tissues for improved imaging. Future work may involve a more comprehensive assessment of these factors to broaden the application of the developed materials.




5. Conclusions


In this study, a total of 29 materials were investigated for their radiation characteristics, including seven custom-made materials and 22 commercially selected materials for FFF 3D printing, which were scanned at a clinical CT unit using three different beam energies. The results showed that HUs of melted and printed samples differ, as the melted samples demonstrated higher CT numbers due to the absence of void gaps typically found in printed samples, even with a 100% infill factor. We identified several commercial and custom-made filaments that are suitable for substituting both soft and hard human tissues. In the special case of breast imaging, the possible realization of an anthropomorphic breast phantom with two filaments is envisaged, consisting of ABS-C for breast adipose tissue and ASA-A for glandular breast tissue, suitable for all CT energies.
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Appendix A


The printed cubic samples and the cylindrical pellet (melted) samples were CT scanned at Saint Marina University Hospital of Varna using a Siemens SOMATOM Definition scanner. They were divided into two groups. Figure A1a and Figure A2a show the first group, which included all the materials without metallic components (ABS-S, ABS-G, PEG-PP, PLA-WC, ASA-A, TPU-P, TPC-F, BVOH, PLA-C, ABS-E, PLA-CC, PETG-C, PLA-CC, PLA-XT, ABS-CE, PLA-E, PETG-HD, PLA-S, ABS-SB10, ABS-SB20, ABS-CSH, PLA-SSB). The second group of samples (Figure A1b and Figure A2b) included all the materials with metallic components (PLA-I, PLA-MC, ABS-C, PLA-G, PLA-ST, REFL). A referenced cube of polymethyl methacrylate (PMMA) (the large, unlabeled rectangular shapes in the figures) has been placed into both groups.
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Figure A1. Arrangements of the scanned cube samples. (a) Coronal plane of CT scan with 23 printed cubes at 80 kV. (b) Coronal plane of CT scan with 6 printed cubes at 80 kV. 






Figure A1. Arrangements of the scanned cube samples. (a) Coronal plane of CT scan with 23 printed cubes at 80 kV. (b) Coronal plane of CT scan with 6 printed cubes at 80 kV.
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Figure A2. Arrangements of the cylindrical samples. (a) Coronal plane of CT scan with 23 cylindrical samples at 80 kV. (b) Coronal plane of CT scan with 6 cylindrical samples at 80 kV. 






Figure A2. Arrangements of the cylindrical samples. (a) Coronal plane of CT scan with 23 cylindrical samples at 80 kV. (b) Coronal plane of CT scan with 6 cylindrical samples at 80 kV.
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Data for all non-metallic and non-reflective samples are summarized in Table A1.





 





Table A1. Measured CT numbers (in Hounsfield units) of printed and melted samples. For comparison, we repeated the evaluations for PMMA samples, resulting in the following HUs: 100 (80 kV), 110 (100 kV), and 118 (120 kV). Data for samples containing metallic particles (PLA-MC, PLA-I and PLA-ST) or reflective particles (REFL) are not included in the table; their average HU values reached the maximum value for our CT scanner.






Table A1. Measured CT numbers (in Hounsfield units) of printed and melted samples. For comparison, we repeated the evaluations for PMMA samples, resulting in the following HUs: 100 (80 kV), 110 (100 kV), and 118 (120 kV). Data for samples containing metallic particles (PLA-MC, PLA-I and PLA-ST) or reflective particles (REFL) are not included in the table; their average HU values reached the maximum value for our CT scanner.





	

	
PETG-HD

	
PETG-C

	
PLA-E

	
PLA-CC




	
kV

	
printed

	
melted

	
printed

	
melted

	
printed

	
melted

	
printed

	
melted




	
80

	
+93 ± 3

	
+163 ± 3

	
−37 ± 3

	
+156 ± 39

	
+127 ± 2

	
+181 ± 3

	
+115 ± 3

	
+206 ± 2




	
100

	
+104 ± 2

	
+175 ± 2

	
−29 ± 4

	
+159 ± 31

	
+133 ± 1

	
+188 ± 4

	
+118 ± 4

	
+207 ± 2




	
120

	
+106 ± 2

	
+181 ± 3

	
−29 ± 3

	
+158 ± 2

	
+138 ± 1

	
+192 ± 2

	
+119 ± 4

	
+210 ± 2




	

	
PLA-C

	
PLA-W

	
PLA-WC

	
PLA-G




	
kV

	
printed

	
melted

	
printed

	
melted

	
printed

	
melted

	
printed

	
melted




	
80

	
+20 ± 3

	
+171 ± 2

	
−35 ± 1

	
+165 ± 3

	
−123 ± 10

	
+82 ± 5

	
+360 ± 1

	
+422 ± 5




	
100

	
+23 ± 2

	
+178 ± 1

	
−32 ± 1

	
+170 ± 3

	
−124 ± 13

	
+88 ± 6

	
+320 ± 2

	
+378 ± 5




	
120

	
+25 ± 1

	
+183 ± 2

	
−31 ± 1

	
+176 ± 6

	
−124 ± 12

	
+93 ± 5

	
+290 ± 2

	
+353 ± 4




	

	
PLA-XT

	
ABS-CE

	
ABS-E

	
ABS-G




	
kV

	
printed

	
melted

	
printed

	
melted

	
printed

	
melted

	
printed

	
melted




	
80

	
+2 ± 4

	
+108 ± 5

	
+55 ± 3

	
+315 ± 3

	
−117 ± 2

	
−51 ± 4

	
−344 ± 6

	
+83 ± 6




	
100

	
+12 ± 5

	
+121 ± 4

	
+4 ± 3

	
+248 ± 3

	
−101 ± 1

	
−33 ± 3

	
−367 ± 5

	
+57 ± 7




	
120

	
+16 ± 6

	
+128 ± 5

	
-25 ± 3

	
+212 ± 3

	
−89 ± 2

	
−20 ± 4

	
−389 ± 8

	
+46 ± 6




	

	
ABS-S

	
ABS-C

	
TPC-F

	
BVOH




	
kV

	
printed

	
melted

	
Printed

	
melted

	
printed

	
melted

	
printed

	
melted




	
80

	
−397 ± 37

	
−27 ± 3

	
−55 ± 2

	
−67 ± 12

	
−86 ± 2

	
11 ± 30

	
−14 ± 6

	
−42 ± 24




	
100

	
−419 ± 35

	
−30 ± 3

	
−40 ± 4

	
−51 ± 12

	
−75 ± 3

	
17 ± 32

	
−1 ± 6

	
−48 ± 25




	
120

	
−442 ± 38

	
−32 ± 2

	
−36 ± 4

	
−41 ± 12

	
−70 ± 4

	
28 ± 31

	
1 ± 5

	
−43 ± 24




	

	
TPU-P

	
ASA-A

	
HIPS-E

	
PEG-PP




	
kV

	
printed

	
melted

	
Printed

	
melted

	
printed

	
melted

	
printed

	
melted




	
80

	
−88 ± 8

	
+81 ± 9

	
−9 ± 1

	
+43 ± 8

	
−154 ± 4

	
−58 ± 1

	
−410 ± 4

	
−157 ± 6




	
100

	
−91 ± 7

	
+90 ± 9

	
0 ± 2

	
+61 ± 7

	
−138 ± 3

	
−42 ± 2

	
−422 ± 4

	
−186 ± 6




	
120

	
−86 ± 7

	
+96 ± 10

	
+3 ± 1

	
+65 ± 8

	
−132 ± 2

	
−32 ± 2

	
−435 ± 4

	
−201 ± 7




	

	
PLA-SSB

	
ABS-CSH

	
ABS-SB10

	
ABS-SB20




	
kV

	
printed

	
melted

	
printed

	
melted

	
printed

	
melted

	
printed

	
melted




	
80

	
+3065 ± 4

	
+3071 ± 0.1

	
+3059 ± 6

	
+2668 ± 52

	
+2117 ± 10

	
+2748 ± 38

	
+2893 ± 5

	
+3070 ± 1




	
100

	
+2902 ± 34

	
+3069 ± 4

	
+2670 ± 28

	
+2232 ± 57

	
+1614 ± 6

	
+2171 ± 30

	
+2253 ± 5

	
+2985 ± 16




	
120

	
+2536 ± 8

	
+3042 ± 15

	
+2208 ± 46

	
+1951 ± 52

	
+1272 ± 5

	
+1800 ± 28

	
+1798 ± 8

	
+2612 ± 30




	

	
PLA-S

	

	

	

	

	

	




	
kV

	
printed

	
melted

	

	

	

	

	

	




	
80

	
+832 ± 13

	
+1360 ± 14

	

	

	

	

	

	




	
100

	
+664 ± 12

	
+1151 ± 12

	

	

	

	

	

	




	
120

	
+563 ± 11

	
+1030 ± 2
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Figure 1. (a) Single screw extruder: It consists of a hopper, a main motor rotating a single screw, and a heated nozzle producing filaments of 1.75 mm diameter. (b) Custom-made and commercial filaments. 
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Figure 2. Samples used for the study of their HU values. (a) Cube samples placed on the CT patient bed, prepared for scanning; (b) a single cube sample showing the dimensions used for the cubes in the study; (c) a single melted sample illustrating the dimensions used for the cylindrical melted samples in the study. 
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Figure 3. Arrangements of the scanned samples from non-metallic materials. (a) Printed samples; (b) melted samples. The coronal plane of CT scan with these samples is shown in Figure A1 in the Appendix A part. 






Figure 3. Arrangements of the scanned samples from non-metallic materials. (a) Printed samples; (b) melted samples. The coronal plane of CT scan with these samples is shown in Figure A1 in the Appendix A part.



[image: Technologies 12 00139 g003]







[image: Technologies 12 00139 g004] 





Figure 4. Arrangements of the scanned samples from metallic materials. (a) Printed samples; (b) melted samples. The coronal plane of CT scan with these samples is shown in Figure A2 in the Appendix A part. 
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Figure 5. Average CT number for 29 materials studied as (a,a′) printed samples, and (b,b′) melted samples. Measurements were taken at 80 kV, 100 kV and 120 kV. A block of PMMA was scanned as a reference material [48]. 
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Figure 6. Measured CT numbers (in HU) of printed (a) and melted samples (b) for selected materials, whose attenuation is close to that of adipose tissue, at 80 kV, 100 kV and 120 kV. The black dashed lines indicate CT numbers for bovine and porcine adipose tissues, taken from [20] as a reference. 
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Figure 7. Measured CT numbers of printed (a) and melted (b) samples for selected materials whose X-ray attenuation is close to that of bone tissues at 80 kV, 100 kV, and 120 kV. The black dashed lines indicate the minimum and maximum CT number range for whole bone, cortical bone, and bone segmented in regions of varying hardness, as classified for bovine and porcine tissues by Ma et al. [20], and are used as a reference. 
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Figure 8. Measured CT numbers of printed (a) and melted samples (b) for selected materials whose attenuation is close to that of breast adipose tissue and breast glandular tissue at 80 kV, 100 kV, and 120 kV. The dashed lines indicate the CT number for adipose breast tissue (−100 HU at 120 kV) and fibroglandular breast tissue (+40 HU) as referenced from Ruschin et al. [49]. For the energy dependence of breast adipose tissue, we assumed the trend of adipose tissue reported by Ma et al. [20]. 
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Table 1. Custom-made and commercial materials used in the study. The first seven are custom-made materials. Relative concentrations of binder and filler materials are given by volume fraction.
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	No.
	Material
	Name
	Material Binder/Material Filler





	1
	ABS-CSH
	ABS/Cesium Sulfate Hydrate
	80% ABS/20% Cesium Sulfate Hydrate (Roth)



	2
	ABS-CE
	ABS/Cement
	80% ABS/20% Cement (Isomat white 50.5)



	3
	ABS-S
	ABS/Silica gel
	80% ABS/20% Silica Gel (Valerus)



	4
	ABS-SB20
	ABS/Barium Sulfate
	80% ABS/20% Barium Sulfate (Danhson)



	5
	ABS-SB10
	ABS/Barium Sulfate
	90% ABS/10% Barium Sulfate (Danhson)



	6
	ABS-G
	ABS/Gypsum
	80% ABS/20% Gypsum (Knauf Gipsopiia)



	7
	PLA-SSB
	Stonefil/Barium Sulfate
	90% Stonefil/10% Barium Sulfate (Danhson)



	8
	PETG-HD
	HD glass (Formfutura, Nijmegen, The Netherlands)
	NA



	9
	PEG-PP
	Pegasus PP (Formfutura, The Netherlands)
	NA



	10
	TPC-F
	Flexifil (Formfutura, The Netherlands)
	NA



	11
	PETG-C
	Carbonfil (Formfutura, The Netherlands)
	85% PETG/15% Carbon fibers



	12
	PLA-XT
	XT-CF20 (Colorfabb, Belfeld, The Netherlands)
	NA



	13
	ASA-A
	ApolloX (Formfutura, The Netherlands)
	NA



	14
	ABS-E
	Easyfil ABS (Formfutura, The Netherlands)
	NA



	15
	HIPS-E
	Easyfil Hips (Formfutura, The Netherlands)
	NA



	16
	TPU-P
	Python flex (Formfutura, The Netherlands)
	NA



	17
	PLA-C
	Easycork (Formfutura, The Netherlands)
	70%PLA/30% Cork



	18
	PLA-E
	Easyfil PLA (Formfutura, The Netherlands)
	NA



	19
	PLA-S
	Stonefil (Formfutura, The Netherlands)
	50% PLA/50% Stone



	20
	BVOH
	BVOH (Formfutura, The Netherlands)
	NA



	21
	PLA-W
	Easywood (Formfutura, The Netherlands)
	60% PLA/40% Wood



	22
	PLA-CC
	Corkfill (Colorfabb, The Netherlands)
	NA



	23
	PLA-WC
	Woodfill (Colorfabb, The Netherlands)
	NA



	24
	ABS-C
	Conductive ABS (SainSmart, Lenexa, KS, USA)
	NA



	25
	PLA-MC
	Metalfil copper (Formfutura, The Netherlands)
	20% PLA/80% Copper



	26
	REFL
	Reflect-o-Lay (Lay Filaments, Cologne, Germany)
	Reflective particles



	27
	PLA-I
	Iron-filled PLA (Protopasta, Vancouver, WA, USA)
	55% PLA/45%Iron



	28
	PLA-ST
	Steelfill (Colorfabb, The Netherlands)
	NA



	29
	PLA-G
	Glowfill (Colorfabb, The Netherlands)
	PLA/PHA (Phosphorescent pigment)










 





Table 2. Printing settings for the printed and melted samples. PT—printing temperature (°C), PS—printing speed (mm/s), FT—furnace temperature (°C).
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	Material
	PT (°C)
	PS (mm/s)
	FT (°C)
	Material
	PT (°C)
	PS (mm/s)
	FT (°C)





	ABS-CSH
	240
	20
	240
	TPU-P
	230
	10
	200



	ABS-CE
	240
	20
	240
	PLA-C
	230
	40
	220



	ABS-S
	240
	15
	240
	PLA
	180
	40
	180



	ABS-SB20
	240
	20
	240
	PLA-S
	200
	40
	190



	ABS-SB10
	240
	20
	240
	BVOH
	220
	40
	200



	ABS-G
	240
	20
	240
	PLA-W
	220
	40
	210



	PLA-SSB
	200
	15
	190
	PLA-CC
	200
	20
	170



	PETG-HD
	240
	40
	210
	PLA-WC
	200
	20
	180



	PEG-PP
	230
	8
	210
	ABS-C
	200
	20
	240



	TPC-F
	230
	10
	210
	PLA-MC
	210–230
	15
	180



	PETG-C
	230
	40
	210
	REFL
	230
	40
	200



	PLA-XT
	250
	15
	230
	PLA-I
	200
	40
	200



	ASA-A
	240
	40
	220
	PLA-ST
	200
	20
	180



	ABS-E
	200
	40
	210
	PLA-G
	200
	20
	180



	HIPS-E
	230
	40
	220
	
	
	
	










 





Table 3. Summary of which materials are suitable for mimicking specific tissues in radiological phantoms, based on this study.
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	Material
	Phantom Application
	HU Values, at 120 kV





	ABS-SB10
	Cortical bone
	+1272 ± 5 HU (printed)



	ABS-CE
	50/50 glandular/adipose tissue

Bone tissue
	−25 ± 3 HU (printed)

+212 ± 3 HU (melted)



	PLA-S
	Dense bone tissue
	+563 ± 11 HU (printed)

+1030 ± 2 HU (melted)



	PLA-E
	Tumor tissue

Bone tissue
	+138 ± 1 HU (printed)

+192 ± 2 HU (melted)



	PLA-G
	Bone tissue
	+290 ± 2 HU (printed)

+353 ± 4 HU (melted)



	PETG-C
	50/50 glandular/adipose tissue

Bone tissue
	−29 ± 3 HU (printed)

+158 ± 2 HU (melted)



	PETG-HD
	Tumor tissue
	+106 ± 2 HU (printed)

+181 ± 3 (melted)



	PLA-W
	50/50 glandular/adipose tissue

Bone tissue
	−31 ± 1 HU (printed)

+176 ± 6 HU (melted)



	ABS-CSH
	Bone tissue
	+2208 ± 46 HU (printed)

+1951 ± 52 HU (melted)



	TPU-P
	Adipose tissue

Tumor tissue
	−86 ± 7 HU (printed)

+96 ± 10 HU (melted)



	PLA-WC
	Adipose tissue

Tumor tissue
	−124 ± 12 HU (printed)

+93 ± 5 HU (melted)



	ABS-G
	Soft tissue, glandular, and tumor tissues
	+46 ± 6 HU (melted)



	PLA-XT
	Soft tissue (glandular tissue)

Bone tissue
	+16 ± 6 HU (printed)

+128 ± 5 HU (melted)



	PLA-CC
	Tumor tissue

Bone tissue
	+119 ± 4 HU (printed)

+210 ± 2 HU (melted)



	PLA-C
	Soft tissue, glandular tissue

Bone Tissue
	+25 ± 1 HU (printed)

+183 ± 2 HU (melted)



	ASA-A
	Soft tissue, glandular tissue

Tumor tissue
	+3 ± 1 HU (printed)

+65 ± 8 HU (melted)



	HIPS-E
	Adipose tissue

50/50 glandular/adipose tissue
	−132 ± 2 HU (printed)

−32 ± 2 HU (melted)



	BVOH
	Adipose tissue
	−43 ± 24 HU (melted)



	PLA-SSB
	Bone tissue
	+2536 ± 8 HU (printed)

+3042 ± 15 HU (melted)



	ABS-E
	Adipose tissue

50/50 glandular/adipose tissue
	−89 ± 2 HU (printed)

−20 ± 4 HU (melted)



	ABS-C
	50/50 glandular/adipose tissue

Adipose tissue
	−36 ± 4 HU (printed)

−41 ± 12 HU (melted)



	TPC-F
	Adipose tissue

Soft tissue, glandular tissue
	−70 ± 4 HU (printed)

+28 ± 31 HU (melted)



	ABS-S
	50/50 glandular/adipose tissue
	−32 ± 2 HU (melted)
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