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ABSTRACT 

Research in the field of radiodiagnostics has been extensively developed, creating the need for 

substitute objects to represent human organs—namely, radiological phantoms. A phantom is a 

simulated model of an organ fabricated using 3D printing technology. This study aims to evaluate 

the suitability of Expanded Polyamide – Glass Fiber (EPA-GF) as a kidney stone phantom material 

embedded within a kidney phantom, based on parameters such as material density, CT number, 

electron density, and radiation dose across various CT scan exposure voltages. The phantom 

samples were printed using a dual-extruder 3D printer, with Expanded Polycarbonate (EPC) used 

as the kidney phantom material. CT scan exposure voltages were set to 80 kV, 100 kV, and 120 kV. 

Kidney stone sizes used in this study ranged from 1 mm to 8 mm (1 mm, 2 mm, 3 mm, 4 mm, 5 

mm, 6 mm, 7 mm, and 8 mm). The measured density of EPA-GF was 1.51 ± 0.06 g/cm³. The CT 

numbers obtained at each voltage were 373.30 HU, 329.05 HU, and 299.46 HU, respectively. The 

corresponding electron density values were 1.231, 1.210, and 1.196, respectively. The effective 

doses measured at each voltage were 0.0240 mSv, 0.0448 mSv, and 0.0798 mSv. All parameter 

values were found to be closely aligned with literature references. The smallest visible kidney stone 

size detected was 2 mm. 
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INTRODUCTION 

Kidney stone disease, or nephrolithiasis, is a condition caused by the accumulation of 

substances in the kidney’s excretory system [1]. Kidney stones form due to a high concentration 

of acidic salts combined with minerals during the urine filtration process in the kidneys. The 

prevalence of this disease has significantly increased over the past few decades. The primary 

factor contributing to this rise is suspected to be the decline in individual quality of life [2]. 

To date, there are no definitive indicators for kidney stone disease. However, common 

symptoms include fatigue and frequent anxiety. According to Wang et al. (2024), significant 

differences are found in factors such as age, gender, race, physical condition, blood pressure, 

smoking status, alcohol consumption, and others [2]. One of the most commonly used diagnostic 

methods for kidney stones today is radiodiagnostic imaging, such as CT scans and MRI. 

Radiodiagnostics is a branch of radiology that uses medical imaging to diagnose diseases. This 

method utilizes ionizing radiation, electromagnetic waves, and charged particles to ionize the 
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media they pass through [3]. Computed Tomography (CT) scans and Magnetic Resonance 

Imaging (MRI) are prominent examples of radiodiagnostic tools. 

The use of phantoms in medical science is one alternative that allows for diagnostic procedures 

without causing harm to patients [4]. Phantoms facilitate examination by simulating human 

tissue, enabling accurate dose measurements while adhering to the As Low As Reasonably 

Achievable (ALARA) principle delivering the lowest possible radiation dose while 

maintaining acceptable image quality. 

In terms of flexibility and cost, phantoms must meet the standards for both clinical and research 

applications. To address these limitations, 3D-printed phantoms offer a viable solution, as they 

are cost-effective and easy to manufacture [5]. With 3D printing technology, human organ 

shapes can be reproduced easily, and affordable filament materials can be used. Commonly 

used 3D printing filaments include PLA, ABS, HIPS, and PETG [6]. A 3D Print Dual Extruder 

is a type of printer that offers the advantage of printing with two different filaments 

simultaneously, making the process more efficient in both time and material usage. 

Although many filament types are available for 3D printing, not all are suitable for use in 

kidney phantom fabrication. This is due to the requirement for the material to have an 

appropriate CT number (measured in Hounsfield Units, HU), which is specific to each human 

organ. For instance, air has a CT number of -1000 HU, the kidney ranges from 30–40 HU, the 

liver from 40–60 HU, and bone can reach up to 1000 HU [7], [8]. In 2016, Michiels et al.  

conducted a study on 3D printing materials used for proton therapy. One of the materials tested 

was Expanded Polyamide – Glass Fiber (EPA-GF), which yielded a CT number of 396 HU [9]. 

This value falls within the known CT number range for kidney stones, which is 112–1250 HU 
[10]. 

This study investigates the use of EPA-GF as a potential 3D printing filament for kidney stone 

phantom fabrication. The phantom samples will be printed along with Expanded Polycarbonate 

(EPC) as the kidney organ phantom material. The study includes variations in both kidney 

stone size and CT scan tube voltage (kVp). The samples will be analyzed through CT imaging 

to determine CT numbers, absorbed dose, material density, and relative electron density. The 

results will then be compared to reference parameters for kidney stones reported in the 

literature. 

METHOD 

Sample Fabrication 

The test samples were designed using Autodesk Fusion 360 in the form of rectangular blocks, 

with size variations of 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6 mm, 7 mm, and 8 mm. Printing 

was performed using a Flashforge 3D printer with 100% infill density. EPA-GF filament was 

used for the kidney stone samples, while EPC filament was used as the material for the kidney 

organ phantom. 

Material Density Test 

The material density was determined by measuring the mass and volume of each sample. The 

mass was obtained by weighing the sample using a digital balance, while the volume was 

measured based on the displacement of distilled water. This test was conducted to determine 

the density value, which represents the compactness of a substance and is expressed as the mass 
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per unit volume. The density can be calculated using a graphical method, beginning with 

Equation 1 as the initial formula, and then rearranged into Equation 2. 

𝜌 =  
𝑚

𝑉
 (1) 

𝑚 = 𝜌.V (2) 

It is stated that volume is the independent variable, mass is the dependent variable, and density 

is represented by the gradient (slope). 

 

CT Scan Radiological Testing 

The purpose of the CT scan radiological test is to obtain digital images of each sample. From 

these images, the CT number will be measured using the Region of Interest (ROI) technique, 

along with the calculation of electron density and radiation dose for each tested material.One 

of the properties of X-rays is their ability to penetrate materials and undergo attenuation as they 

pass through. The interaction between X-rays and a material causes a loss of X-ray intensity. 

This attenuation, or reduction in X-ray energy, depends on the material’s atomic number, 

density, and thickness. As a result, the intensity of radiation after passing through a material is 

lower than the initial intensity.The resulting intensity value after X-rays pass through a material 

can be calculated using Equation 2, which reflects the grayscale level observed in the CT image 
[11]. 

𝐼 =  𝐼0 𝑒−𝜇𝑥  (3) 

Organs that have undergone CT scan imaging are then analyzed to obtain their corresponding 

CT numbers. According to Guswantoro et al. (2020), the relative electron density can be 

derived from the CT number values, as shown in Equations 4 and 5 below 

𝑁𝑒 = 1,052 + 0,00048𝑁𝐶𝑇 , untuk nilai CT Number > 100  (4) 

𝑁𝑒 = 1,000 + 0,001𝑁𝐶𝑇 , untuk nilai CT Number < 100  (5) 

The effective dose received by the sample can be calculated using exposure factors and 

conversion values, including CTDI<sub>vol</sub> (mGy), DLP (mGy·cm), SSDE (mGy), 

and effective dose (mSv). 

The Dose Length Product (DLP) is calculated by multiplying the Computed Tomography Dose 

Index volume (CTDIvol) by the scan length (L) [10]. The Size-Specific Dose Estimate (SSDE) 

can be obtained by multiplying the effective diameter (Deff) by the size conversion factor (f) 
[12]. The effective diameter is derived from the anteroposterior (AP) and lateral (LAT) 

dimensions. AP (anteroposterior) refers to the distance from the front (anterior) to the back 

(posterior) of the patient's body as seen in the scanned image, while LAT (lateral) refers to the 

body width from the left to the right side as measured in the axial plane image. Finally, the 

effective dose is determined by multiplying the DLP by a region-specific conversion factor. 

DLP = CTDIvol × L          (6) 

SSDE = Deff  × f         (7) 

𝐷𝑒𝑓𝑓 =  √𝐴𝑃 𝑥 𝐿𝐴𝑇          (8) 
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E = (DLP) × k          (9) 

 

RESULT AND DISCUSSION 

Density 

The printed phantom samples were then subjected to material density testing. From the density 

test, mass and volume measurements were obtained. These measurement data were then 

processed using a graphical approximation method, applying Equation 2 to determine the 

density value of the samples on figure 1. 

 

Figure 1. Graph of the Relation between Volume and Mass of EPA-GF Filament 

Using the graphical method, the slope (representing the density) was obtained as 1.51 ± 0.06 

g/cm³, with a coefficient of determination (R²) of 0.99. The measured material density closely 

approximates the density of two types of kidney stones, with a difference of 9.9% compared to 

cystine stones and 11.2% compared to struvite stones [13]. When compared to data from ICRU 

Report 46, which lists densities of 1.660 g/cm³ for cystine stones, 1.745 g/cm³ for uric acid 

stones, and 2.300 g/cm³ for calcium oxalate stones, the measured density falls within a 

relatively close range. 

CT-Number 

The printed phantom samples were subsequently tested using an X-ray machine. Radiological 

testing was performed using X-ray exposure via a Siemens Healthineers CT Scanner, 

SOMATOM go.Top, serial number 120756, producing digital images in DICOM format. The 

CT scan images were used to determine the CT number. In this study, CT number values were 

obtained by defining Regions of Interest (ROI) representing grayscale intensity areas, using the 

RadiAnt DICOM Viewer software. The ROIs were drawn in elliptical shapes, and for each 

sample, nine measurement points were taken from one slice. The selected slice was the one 

with the clearest anatomical representation. The ROI area used for CT number determination 

was 0.0015 cm², corresponding to a single pixel. The ROIs created on the images displayed 

information such as the CT number value for the selected area. From the CT number data of 

each sample, a relationship can be established between the sample size variations and their 

respective CT number values. To understand the effect of kidney stone sample size on CT 

number, refer to Figure 2 below. 
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Figure 2. Graph of the Relation between Sample Size and CT-Number 

An increase in tube voltage for each sample size resulted in a decrease in CT number. 

This finding contrasts with the results observed in the kidney phantom, where higher tube 

voltages corresponded to higher CT number values. The decreasing trend of CT numbers in 

the kidney stone phantom as tube voltage increases is attributed to the structure of the EPA-GF 

material, which consists of 75% nylon and 25% glass fiber, limiting its ability to absorb 

radiation dose. With each increase in tube voltage, a greater amount of X-ray radiation intensity 

is able to penetrate the EPA-GF material, resulting in lower CT numbers. These results are 

consistent with findings from previous studies, where 80 kV produced a CT number of 396 

HU, and 140 kV yielded 280 HU [9]. In addition to CT number values, this material behavior 

can also be observed through its visual appearance (visibility). By using the 3D Bone & Skin 

mode in RadiAnt DICOM Viewer, differences in visibility across varying tube voltages 

become clearly noticeable. 

 

(a) (b) (c) 

Figure 3. Visualization of the phantom using the 3D Bone & Skin mode in RadiAnt DICOM Viewer at 

varying tube voltages: (a) 80 kVp, (b) 100 kVp, and (c) 120 kVp 

Figure 3 shows sample results obtained using the 3D Bone & Skin mode.This mode is a feature 

of RadiAnt DICOM Viewer, designed to distinguish between soft tissue and hard tissue. In the 
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images, the green color represents hard tissue—in this case, the kidney stone phantom, while 

the blue color indicates soft tissue, representing the kidney phantom. As the tube voltage 

increases, the green color in the kidney stone phantom becomes fainter, due to the material’s 

reduced ability to attenuate radiation at higher intensities. 

The CT number reflects a material’s ability to attenuate passing radiation, the thicker the 

material, the greater its attenuation, resulting in a higher CT number. However, in the 6 mm 

and 8 mm samples, a decrease in CT number compared to the 5 mm and 7 mm samples was 

observed. This reduction is attributed to uneven distribution of glass fiber in the filament. The 

6 mm and 8 mm samples were printed earlier in the sequence, and it is likely that the filament 

portion used for those sizes contained less glass fiber, leading to lower attenuation capability. 

EPA-GF is a polyamide (PA/nylon) filament reinforced with glass fiber to improve its 

mechanical strength. Since glass has a higher CT number than nylon, any reduction in glass 

content leads to a lower overall CT number. 

Overall, the CT number range for the kidney stone phantoms was 299.46 to 373.30 HU, which 

is considered reliable, supported by a high correlation (R² = 0.987) in the graph of tube voltage 

vs. CT number shown in Figure 4. When compared with reference data, EPA-GF is suitable 

for mimicking two types of kidney stones: 

● Struvite stones, with a CT number range of 225–396 HU, and 

● Calcium phosphate stones, with a range of 290–945 HU[14]. 

 
Figure 4. Plot illustrating the relation between tube voltage and CT number of the kidney stone phantom 

Relative Electron Density 

Relative electron density is the ratio between the electron density of a given material and that 

of a reference material, typically water. The relative electron density value of a sample is 

influenced by its corresponding CT number. By using the obtained CT number values, the 

relative electron density can be calculated using Equations 4 and 5.  

Table 1. Calculated Electron Density Values of Phantom Samples Made from EPA-GF Material 

Voltage (kVp) 
Electron 

Denstity 
Error 

80 

100 

120 

1,231 

1,210 

1,196 

0,002 

0,002 

0,002 
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The results presented in Table 1 were compared with data from ICRU (1992), which reports 

relative electron densities (Ne) in the range of 1.5 to 3.0. The difference between these values 

and the current results is quite significant, as the ICRU data primarily represent common kidney 

stone types, particularly calcium oxalate, which has a CT number exceeding 1000 HU. 

However, when compared to references that only provide CT number values where relative 

electron density is calculated manually, the obtained results fall within the expected range. For 

example, struvite kidney stones have an electron density range of 1.160–1.242, and calcium 

phosphate stones range from 1.191–1.507 [14]. Thus, it can be concluded that, in terms of 

electron density, EPA-GF is a suitable material for use as a phantom for struvite and calcium 

phosphate kidney stones. 

The exposure voltage (kVp) in CT scanning is closely related to electron density, since the 

electron density values obtained from CT scans are influenced by exposure parameters such as 

tube voltage (kV) and tube current (mA).The X-ray tube voltage affects both the radiation 

intensity and the image quality in CT scanning. The CT number represents the average X-ray 

attenuation in each pixel of an image, where the attenuation coefficient depends on the 

composition and density of the tissue. The higher the electron density in a tissue or organ, the 

greater the likelihood of X-ray interaction. Therefore, relative electron density plays a critical 

role in determining the radiation dose received by patients. 

Effective Dose 

In this study, the effective dose was calculated using Indose CT software by inputting the 

digital image data. The CT scan exposure parameters were used to determine the output dose 

values, namely CTDIvol and DLP. The Computed Tomography Dose Index Volume (CTDIvol) 

represents the scanner output dose and is influenced by exposure factors. For the Wood and 

ASA filament samples, the CTDIvol was 0.44 mGy, as both were scanned using the same 

exposure parameters. The Dose Length Product (DLP) represents the total dose output over the 

scanned length and is also affected by exposure parameters. 

The values of CTDIvol, anteroposterior (AP), and lateral (LAT) dimensions were used to 

calculate the Size-Specific Dose Estimate (SSDE), which represents the absorbed dose by the 

patient or scanned object. The AP and LAT values were obtained by measuring the height 

(front to back) and width (left to right) of the phantom, respectively. The LAT dimension refers 

to the horizontal line from the left to the right boundary of the sample under measurement. As 

shown in Table 2, the SSDE values at 80 kV, 100 kV, and 120 kV were 0.612 mGy, 1.140 

mGy, and 2.029 mGy, respectively.The size correction factor (f) for an effective diameter of 

7.14 cm was determined by polynomial extrapolation based on data from AAPM Report No. 

204. 

Table 2. Effective Dose Values for EPA-GF Phantom Samples at Various Tube Voltages 

Voltage 

(kVp) 

LAT 

(cm) 

AP 

(cm

) 

L 

(cm) 

CTDIvo

l (mGy) 

DLP 

(mGy·cm

) 

Def

f 
f 

SSDE 

(mGy

) 

E 

(mSv) 

80 

10.4

4 4.88 6.09 0.22 1.340 7.14 

2.7

8 0.612 0.0240 

100 

10.4

4 4.88 6.09 0.41 2.497 7.14 

2.7

8 1.140 0.0448 

120 

10.4

4 4.88 6.09 0.73 4.446 7.14 

2.7

8 2.029 0.0798 
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The effective dose is obtained by multiplying the measured dose with the conversion 

coefficient k (mSv/mGy·cm). The value of k varies depending on the body region and the 

patient's age. For the adult abdomen–pelvis region, the k factor is 0.01794 [15]. The effective 

dose values calculated at 80 kV, 100 kV, and 120 kV were 0.0240 mSv, 0.0448 mSv, and 

0.0798 mSv, respectively. 

The increase in dose is directly proportional to the increase in tube voltage, as higher voltages 

produce more electrons during the thermionic emission process. Consequently, a higher 

number of X-ray photons pass through the material, resulting in a greater absorbed radiation 

dose [16]. According to AAPM Report No. 096 (2008)[14], the typical effective dose for an 

abdominal CT scan is between 5 and 7 mSv. The EPC and EPA-GF materials irradiated in this 

study produced effective doses that are well below the standard abdominal CT dose range. 

 
CONCLUSION 

The EPA-GF-based kidney stone phantom, with a measured density of 1.51 ± 0.06 g/cm³ and 

CT numbers within the reference range for struvite and calcium phosphate stones, serves as an 

effective simulation tool for kidney stone imaging and pre-scanning procedures. The smallest 

visible stone size was 2 mm, as the 1 mm sample failed to provide sufficient X-ray attenuation 

for contrast formation. Moreover, variations in tube voltage significantly influenced CT 

numbers—higher voltages caused lower CT numbers and reduced image clarity. This behavior 

is attributed to the EPA-GF composition, containing 75% nylon and 25% glass fiber, which 

limits radiation absorption. 
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