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Abstract 

Radiation is valuable for diagnosis and treatment, but excessive exposure can harm human health. To ensure safety, measuring 

radiation absorbed by human tissue during imaging is critical. Scientists use phantoms models simulating human bodies or 

organs, for this purpose. Designing X-ray phantoms requires careful material selection. Most commercial phantoms mimic 

neonates or adults, leaving a gap for pediatric models (ages 1-15 years). This study aimed to fabricate a low-cost pediatric 

phantom. The methodology involved creating a lung phantom using dark cork tiles (30.4 × 30.4 × 1.0 cm), cut into coronal 

plates and stacked to mimic lung anatomy (density: 0.33 g/cm³). The body frame, based on a 3-year-old’s dimensions, was 

constructed using a wood-and-iron skeletal structure shaped with sea mud. After drying, aluminum barriers and gypsum molds 

were made for the front and back body parts. The cork lungs and skeletal were placed inside the mold, and a soft 

tissue-equivalent mixture (STEM) (2.8% calcium carbonate, urethane PMC 121/30 Dry) was poured into the cavity. Once 

dried, the molds were removed, yielding a complete phantom for testing. Density and Hounsfield Units (HU) were evaluated to 

simulate human tissue properties. Soft tissue-equivalent material’s (STEM) average density was 1.032±0.007 g/cm³, aligning 

with the reference range (1.04 g/cm³). Lung density measured 0.441 g/cm³, close to the expected 0.33 g/cm³. HU values for 

soft tissue ranged from -17 to 44, encompassing muscle (10-40) and adipose tissue (-50 to -100). Lung HU values (-600 to 

-1014) fell within the standard range (-500 to -1000), validating the material’s efficacy. A full X-ray image of the trunk 

confirmed the phantom’s structural accuracy and absorption efficiency. Traditional phantoms, often based on Computer 

tomography (CT) slices, struggle to depict skeletal complexities like vertebrae. In contrast, this model clearly visualizes spinal 

vertebrae and skeletal details, aiding precise dosage calculations. The study demonstrates the successful fabrication of a 

pediatric phantom using cost-effective materials, with density and HU values closely matching human tissue. This 

advancement addresses the critical need for pediatric phantoms in radiation research and clinical applications. 
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1. Introduction 

The necessity of pediatric computed tomography, which is 

helpful imaging equipment, has been increasing because CT 

surviving as tool for diagnosing diseases and injury in children. 

However, because of the potential for increased radiation ex-

posure to children undergoing these scans, pediatric CT is a 

public health concern. For every one child, the risks of CT are 

small and the individual risk-benefit compromised favors the 

benefit when used appropriately [1]. Despite the many benefits 

of CT, a disadvantage is the inevitable radiation exposure. 

Radiation exposure is a concern in both adults and children [2]. 

However, there are three unique considerations in children [1]. 

The first one is that children are considerably more sensitive to 

radiation than adults, as demonstrated in epidemiologic studies 

of exposed populations. Also have a longer life expectancy than 

adults, resulting in a larger window of opportunity for ex-

pressing radiation damage; the last thing is that children may 

receive a higher radiation dose than necessary if CT settings are 

not adjusted for their smaller body size [1]. Also because the 

risks of stochastic effects are higher than for adults, because of 

the wide range of their weight, which makes standardization of 

procedure more complicated; and because of the number of 

pediatric diagnostic procedures conducted annually, currently 

above 250 million throughout the world [3]. As a result, the risk 

for developing a radiation-related cancer can be several times 

higher for a young child compared with an adult exposed to an 

identical CT scan [1]. 

In the last decade improvements in CT equipment have 

allowed for better images at lower doses. The use of appro-

priate settings has also become much more widespread, re-

sulting in reductions in doses for children. There is no need for 

higher doses in children, and appropriate settings should al-

ways be used [1]. The use of more than one scan during a 

single examination will further increase the radiation dose., 

single scan should be sufficient during pediatric CT [1]. Ma-

jor national and international organizations responsible for 

evaluating radiation risks agree that no amount of radiation 

should be considered absolutely safe. 

The first study to assess directly the risk of cancer after CT 

scans in childhood found a clear dose-response relationship 

for both leukemia and brain tumors: risk increased with in-

creasing cumulative radiation dose [1]. 

There are issues relating to optimization of the protection 

associated with the procedure and CT scanner. Particular 

problems that were noted include poor beam collimation, 

inadequate devices for immobilization, lack of adequate 

quality control (QC) and the need for age-specific exposure 

factors based on appropriate anatomical parameters, espe-

cially with CT examinations. It was estimated that, with ap-

propriate care, doses to pediatric patients could be reduced by 

35-75% without affecting image quality. To achieve better 

patient care quality control test must be done for the CT 

scanner [3]. A phantom in the medical field means a replica of 

a body part or an organ for teaching purposes or experiments 

[4], it was designed to mimic human anatomy or tissue prop-

erties [5]. 

It was constructed using materials that mimic the physical 

properties of human tissues, such as water-based gels, plastics, 

or other specialized materials. They are often shaped to re-

semble specific body parts or anatomical structures, such as 

heads, chests, or limbs, allowing for accurate simulation and 

evaluation of imaging or treatment techniques [5]. 

In medical imaging, phantoms are used to assess the per-

formance and accuracy of imaging modalities, such as X-ray, 

CT. By placing the phantom in the imaging field, researchers 

or technicians can evaluate image quality, spatial resolution, 

contrast, and other important parameters. Phantoms also play 

a role in calibrating imaging equipment to ensure accurate and 

consistent measurements. 

In therapy, phantoms are used to measure and verify radi-

ation dose delivery to specific target areas or organs [5]. 

Tissue equivalent materials (TEM) in phantom mimics the 

photon properties of human tissue, which means the material, 

will respond in a similar manner to how human tissues and 

organs would act under the specific imaging modality. 

Tissue analogues materials. Usually contained within 

phantoms, have been used for many years in imaging and 

therapeutic applications. 

Unfortunately, there are not enough materials to mimic all 

the different tissue properties [6]. TEM used within physical 

phantoms are critical to the success of their application. De-

velopment of physical phantoms materials is a flourishing 

area of research. Very few tissue equivalent materials have 

been developed for research use at the low photon energies 

encountered in diagnostic radiology [7]. 

The main purpose of this study was to design body frame 

and lung for pediatric phantom using law cost tissue equiva-

lent materials. Because there was a huge lack of dosimeter 

phantoms tissue equivalent materials in Sudan and the cost of 

purchase is too high from outside country. 

The QC. tests and dose assessment was mostly done with 

commercially available anthropomorphic phantoms such as 

RANDO (The Phantom Laboratory, Salem, NY) or ATOM 

phantoms (Computerized Imaging Reference Systems, Inc, 

Norfolk, VA) the proposed material can have used in con-

struction of these phantoms. In order to give a representation 

of the human body shape, these phantoms typically use three 

tissue equivalent materials imitating bone, lung, and soft 

tissue. 

Materials with particular soft tissue properties have been 

widely investigated for CT, Solids such as Polymethyl 

methacrylate (PMMA) and resins can be used to mimic soft 

tissue [8]. Liquids mixed with varying concentrations of 

contrast agents have allowed the development of liquid 

phantoms with similar imaging contrast properties to a variety 

of organs and tissues. Gelatin materials have been shown to 

have similar properties to soft tissue albeit with radiological 
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changes observed over time; although methods to preserve 

these properties have been developed. Synthetic polymers, 

such as polyvinyl chloride (PVC) and silicone, do not have 

water within the structure and therefore generally have more 

stable properties, as well as a longer shelf life [9]. PVC with 

different softener ratios can result in different HU, allowing 

the creation of a calibration curve to replicate many organ 

densities. Silicone and urethane materials have been used to 

investigate soft tissue with different silicone types and mixes 

giving possibilities to tune the concentrations to mimic the 

relevant HU [7]. 

Numerous studies have been carried out in the area of soft 

tissue elastic materials, the first study where a series of tis-

sue-equivalent materials designed to radiographically mimic 

human tissue at diagnostic photon energies. this include 

(newborn soft tissue substitute), (newborn bone tissue sub-

stitute), (newborn as well as a child/adult lung tissue substi-

tute), (child/adult soft tissue substitute), and (child/adult bone 

tissue substitute). For each material, reference values of mass 

density, mass attenuation coefficients (10-150 keV), and mass 

energy-absorption coefficients (10-150 keV) were matched as 

closely as permitted by material selection and manufacturing 

constraints. Simple calculations of x-ray fluency attenuation 

under narrow-beam geometry using a 66 kVp spectrum typi-

cal of newborn CR radiographs indicate that the tis-

sue-equivalent materials presented here yield estimates of 

absorbed dose at depth to within 3.6% for newborn soft tissue 

substitute, 3.2% for newborn bone tissue substitute, and 1.2% 

for lung tissue substitute of the doses assigned to reference 

newborn soft, bone, and lung tissue, respectively [7]. 

Second study which provides a review on different types of 

phantom materials, it says that Water was the first tissue 

equivalent material which was used for radiation measure-

ment as water had unit density similar to human body; in 

reality anatomy of human body is completely different. It is 

made up of heterogeneous medium of different densities like 

bone, tissue, muscle, air cavities and teeth. These heteroge-

neities in human body produce perturbation in 

dose-distribution during radiation therapy. Therefore, the 

exact evaluation of energy imparted to the human body may 

not be feasible by water based measurements which is highly 

desirable for understanding the effect of energy absorbed. 

Thus, there is need to develop a phantom composed of such 

materials which could absorb radiation like human body 

structures and the selected phantom material also remains 

stable. Its overall efficacy is to improve the accuracy of do-

simetry and hence radiation treatment outcomes [10]. 

An additional research where pediatric chest phantom was 

designed constructed and evaluated to optimize chest CT 

examinations for infants. The phantom was designed to ena-

ble dosimetry and image measurements within the anthro-

pomorphic structure. It was constructed using tissue equiva-

lent materials to mimic thoracic structures of infants, aged 0-6 

months. The phantom materials were validated across a range 

of diagnostic tube voltages with resulting CT numbers found 

equivalent to pediatric tissues observed via a survey of clini-

cal pediatric chest studies. The phantom has been successfully 

used to measure radiation dose and evaluate various image 

quality parameters for pediatric specific protocols [11]. 

This study has recently developed methodology to con-

struct pediatric body frame with low cost tissue equivalent 

materials that are simply prepared in the laboratory to help in 

designing pediatric phantoms with diagnostic energy 120 kVp. 

To construct the body frame, lung and bone tissue equivalent 

materials was used to give the complete shape of phantom to 

see the efficiency of soft tissue equivalent materials when 

imaging with x-ray machine. Three objectives were taken into 

consideration when developing the suggested material: to 

approximate the physical characteristics of human tissue, 

including density, attenuation coefficients, and physical di-

mensions. Soft tissue-equivalent substitute is based on two‐

part urethane rubber compound “PMC 121/30 Dry”, 

(Smooth‐On, Easton, PA) calcium carbonate mixture that 

forms a pliable compound, the phantom body frame was 

designed to mimic the body frame of 3 to 4 years old patient. 

2. Materials and Method 

2.1. Materials 

The proposed tissue-equivalent substitutes were selected 

depend on three goals, the first one is to similar physical 

properties to human tissue, such as density and attenuation 

coefficients, the second one was to create an easy and simple 

method in the phantom body frame manufacturing process, 

the final one was to simulate the same physical dimensions of 

pediatric frame. 

The fabricated tissue-equivalent materials were assessed by 

measuring the material density and attenuation properties 

(HU). The attenuation coefficient of the soft tissue equivalent 

materials was evaluated by measuring the Hounsfield value 

from multiple thicknesses of material using a narrow beam 

geometry generated by clinical radiographic unit. 

For each soft tissue and lung tissue samples, the density 

was calculated using Archimedes’ principle. 

2.1.1. Soft Tissue-equivalent Substitute (STEM) 

Soft tissue equivalent materials were designed to be a ho-

mogeneous soft-tissue analog that represents skeletal muscle 

as well as organs, connective tissue, and adipose tissue. 

The materials used in the fabrication was urethane-based 

soft tissue equivalent materials and was manufactured to 

match the X-ray attenuation and density of human soft tissue 

(1.04 g/cm3) within the diagnostic energy range 130 kVp and 

to achieve a target X-ray attenuation coefficient based on the 

ICRU-44 reference soft tissue composition [12, 13]. 

The commercially available, two-part urethane rubber 

compound “PMC 121/30 Dry”, (Smooth-On, Easton, PA), 

was mixed with 2.8% by weight of powdered Calcium Car-
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bonate (CaCO3) (Fisher Scientific, Hanover Park, IL) to ac-

quire the comparable substance. Using an electric mixer, the 

calcium carbonate was added to the two parts of urethane and 

blended until a homogenous mixture was achieved with no 

undissolved CaCO3. The commercially available ure-

thane-based material is straightforward to prepare and handle, 

and its elastic properties make it easy to remove from molds 

once it has cured. The soft tissue equivalent material was 

designed to be a homogeneous soft tissue analog that includes 

skeletal muscle with organs, connective tissue, and adipose 

tissue. 

2.1.2. Lung-tissue Equivalent Substitute (LTEM) 

Commercially available dark cork tiles measuring 30.4 × 

30.4 × 1.0 cm (ArtMinds, Michaels, Irving, TX) were inte-

grated into the proposed materials using the same methodol-

ogy as Nima Kasraie et al. [14]. They were then cut into 

coronal plates in four different quadrants (anterior left, ante-

rior right, posterior left, and posterior right) and adhered to 

one another with transparent adhesive in stacks of 2.0 cm 

superior lobe width, 4.0 cm inferior lobe width, 8.0 cm lateral 

length, 2.0, 4.0 in medial area length and 3 cm midsection 

thicknesses. The superior lobes were sliced to a transverse 

length of 2.0 cm, and they grew wider as we approached the 

inferior lobes. When the stacks were aligned, the overall 

shape of the lung changed stepwise from anterior to posterior, 

in accordance with the sloped shape of the cost diaphragmatic 

recess area of the lungs. This was because each of the six 

plates had a slightly different contour in the bottom (inferior) 

section when they were cut. To reflect typical anatomical 

structure, the right lung was also purposefully slightly raised 

in relation to the left. The amorphous texture, light density, 

attenuation qualities, and ease of handling of the cork material 

led to its selection. Since lung tissue has a density of 0.33 

g/cm3, which is equivalent to the density of a fully inspired 

lung, it was selected as a lung equivalent alternative [15]. 

2.2. Samples Preparation 

2.2.1. Soft and Lung Tissue Equivalent Materials 

The methodology was based on designing of complete 

trunk for pediatric patient as one body unit. This construction 

methodology can be used for pediatric and adult when phan-

tom design was needed. This method involved preparation of 

samples from 2.8% weight of calcium carbonate and then 

added to the two parts of urethane PMC 121/30 Dry”, 

(Smooth-On, Easton, PA) and mixed with an electric mixer, 

with care being taken to ensure a homogeneous mixture with 

no undissolved CaCO3 and this mixture for soft tissue equiv-

alent materials. The resulting material was divided into 3 

cubic 3 cm3 samples to measure the density and was left to 

completely cure for 1 day. 

The cubic sample that the prepared materials fill with was 

made and designed from red wax that was usually used in the 

field of dentistry for taking the dimension of the patient teeth 

with wax mold. 

After the samples were dry, the density of each sample was 

measured by the mathematical formula of density. Each 

sample was weighed on a digital balance that has scale with 

0.001/gram precision and the mass of each piece was found. 

The density of each sample was calculated using equation (1). 

𝜌=𝑚𝑣                   (1) 

where 𝜌 is density of material, v is volume of the object, and 

m is mass of the object. Tissue equivalent material was se-

lected to give a density similar to that of human tissue and to 

obtain x-ray attenuation coefficient based on the ICRU-44 

reference for soft tissue composition [14]. 

The same test for the density measurements was done for 

the lung tissue equivalent materials, where dark cork tiles 

measuring 30.4 × 30.4 × 1.0 cm was weighted and the density 

of the dark cork whole piece was found by dividing the mass 

over the volume of the piece. 

2.2.2. The Attenuation Coefficient 

To determine the attenuation coefficient, (HU) of suggested 

tissue equivalent materials, CT images of developed material 

were investigated using a calibrated 128 slice Philip CT 

scanner at the Ibn ALhaytham diagnostic center, ALhawadith 

Street, Khartoum, Sudan operated at a tube voltage of 130 

kVp. The mean HU was determined from three selected re-

gions of interest (ROI) at different axial positions in the 

samples, using areas of approximately 200 mm2. 

2.3. Phantom Body Frame and Lung 

Construction Methodology 

Two molds were made for the body frame. One to the front 

part and the other one for the back part of the body. The body 

frame dimension depends on the measurements of external 

dimension of pediatric of 3 years old age. The external di-

mension measurements include length and diameter of the 

neck, the distance between two shoulders from front and back, 

the length and diameter of the arms and legs, the diameter of 

the pelvic area and the waist, the diameter around chest and 

stomach. 

The first step in the fabrication methodology was to pre-

pare a skeletal from wood and iron just like the shape of 

body; the skeletal include neck, part of arms and legs, and 

pelvic area. the second step is to use a certain type of sea 

mud where this mud was put in to the skeletal from inside to 

outside, then start to sculpt the body shape using mud until 

the final shape of the body (trunk) with its specific dimen-

sion appear with all its details, then it leaves for three days 

until it become correlated and consistent. The trunk must be 

smooth and very sleek. 

After the trunk frame is ready, aluminum was used to create 

barrier between the front body part and the back part and 
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above the neck area a hole was made using mud also. White 

gypsum was used to make an external mold for the front and 

back part of the body, it should separate between the two 

molds parts with mud, then it tied up with thread until it held 

together and leaved to completely dry. 

The front and back mold was taken after the gypsum was 

dry and the inside body was taking out, it was used with lung 

constructed from dark cork and skeletal that prepared before 

from Silicon Rubber RTV (683) and Calcium Carbonate to 

figure out how the body frame can work with the other tissue 

equivalent material and the shape of the body frame in the 

construction of phantom and for measurement purposes. 

The skeletal and lung was arranged and fixed carefully in-

side the hollow back part of the mold like the arrangement in 

human body, then covered with the front part of the mold and 

a mixer of the tissue equivalent materials was prepared (which 

contain 2.8% weight of calcium carbonate and two parts of 

urethane PMC 121/30 Dry”, (Smooth-On, Easton, PA) was 

added together and mixed with an electric mixer, with care 

being taken to ensure a homogeneous mixture with no un-

dissolved CaCO3) and poured through the hole in the neck 

until the hollow was full, and leave to complete dry and in-

tegrated. When the molds were removed, a complete frame of 

body or (phantom) can obtained. 

3. Results 

To know the degree of the useful and benefit of the chosen 

material which are urethane rubber mixed with CaCO3 as 

tissue equivalent material, the density of the material and the 

Hounsfield value was tested using computed tomography unit 

to figure out the agreement degree where it was compared 

with a reading of real patient soft tissue and with the slandered 

(reference level of density and HU) and the results of the 

density was as follow: 

3.1. Density Measurements 

3.1.1. Density of Soft Tissue 

Table 1. The density values of the bone equivalent material based on 

the volume and the mass measurements. 

Samples Mass (g) Volume (𝐜𝐦𝟑) Density (G/𝐜𝐦𝟑) 

1 28 27 1.037 

2 27 26 1.038 

3 23 22.5 1.022 

Average density = (1.032±0.007) g/𝑐𝑚3. 

3.1.2. Density of Lung Tissue 

The density was Taken by Weight of the whole piece dark 

cork tiles measuring 30.4 × 30.4 × 1.0 cm divided by its 

volume as follow: 

ρ = 
𝑚

𝑣
=

1192

2700
= 0.441 g/𝑐𝑚3 

3.2. Attenuation Coefficient Measurements 

Table 2. The value of the attenuation coefficients (Hounsfield value HU) for each sample of soft equivalent materials. 

Region of Interest in CT Image Samples 1 HU values Samples 2 Hu Values Samples 3 Hu Values 

1 10 15 36 

2 26 17 16 

3 17 19 21 

4 13 44 29 

5 43 15 39 

6 -17 23 44 

Table 3. The value of the attenuation coefficients (Hounsfield value HU) for the lung equivalent materials sample. 

Region of Interest in CT Image Randum Measurment on the Samples Randum Measurment on the Samples 

1 -800 -1000 
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Region of Interest in CT Image Randum Measurment on the Samples Randum Measurment on the Samples 

2 -764 -1014 

3 -600 -795 

4 -807 888 

5 960 -832 

6 -995 -758 

3.3. The Figures for the Samples and Body Frame Constructions 

 
Figure 1. Image of the samples during measurements of HU using CT scanner. 

  
(a) designing of skeletal from wood and iron to construct the inner 

mold. 
(b) using of sea mud to construct the inner mold of the trunk. 
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(c) trunk constructed using see mud. 
(d) using of aluminum sheet to separate between the front and back 

part of the body. 

  
(e) covering the body with gypsum to give the external mold of 

trunk. 
(f) shape of the external molds of the trunk. 

  
(g) inserting and fixing the skeletal and lung inside the mold. (h) preparing the external mold before pour the mixer inside the mold. 

http://www.sciencepg.com/journal/ejb


European Journal of Biophysics http://www.sciencepg.com/journal/ejb 

 

17 

  
(i) pouring of mixed soft tissue equivalent materials inside the mold. (j) The final shape of body frame. 

Figure 2. Images illustrate the preparation steps for the designing of the mold. 

 
Figure 3. Image quality pictures using x-ray machine for body frame 

(trunk) assist with lung and skeletal. 

4. Discussion 

The paper focused on developing a methodology to con-

struct body frames and lungs for phantoms using inexpensive, 

easily prepared tissue-equivalent materials. For the purpose of 

simulating the physical characteristics of human bone using 

CT scans, the density and HU were tested; density was de-

termined by dividing mass by volume. The resulting average 

density of the tissue equivalent material was (1.032±0.007) 

g/cm3. It was found that it falls within the density range of 

tissue (1.04 g/cm3) and the density of the lung was 0.441 

g/cm3, so the measurements of density were agreeing with 

reference level (0.33 g/cm3). 

To account for tissue homogeneities inside the human body, 

CT scanners employ HU. To ensure that the results are com-

parable to those at the reference level, the linear attenuation 

coefficient value in CT images of the soft equivalent material 

was assessed from various positions of the testing sample. The 

resulting HU for soft tissue was swinging in a range from (-17 

up to 44) HU. The goal of the soft tissue equivalent material 

was to create a homogeneous soft tissue analog that contained 

adipose tissue, connective tissue, and skeletal muscle with 

organs, so the range of HU slandered value for which muscle 

tissue was (10-40) and for the adipose tissue (-50 to -100) 

therefore the range of the results were fluctuated between (-50 

to 40). The resulting HU for lung tissue in a range from (-600 

up to -1014) HU, which fall in the range of HU slandered 

value (-500 up to -1000), Therefore the value of CT UH is 

passed the test and accepted. 

This study offers a new composition manufacturing 

methodology and approval of the efficacy of the two-part 

urethane rubber compound “PMC 121/30 Dry” with CaCO3 

as a soft tissue-equivalent material to construct body frame as 

one unit with the help of other part of body (bone and lung) to 

help in the construction of pediatric phantom. The method-

ology of molds construction is easily and simple to handle. 

And the final shape of the body was clear with all its details 

illustrate in the x-ray image as in human body. 

5. Conclusion 

A new methodology and simple way for designing body 

frame to be used in the construction of pediatric CT phantoms 

for quality control and dosimetry studies purposes was suc-

cessfully constructed. Two-part urethane rubber compound 

“PMC 121/30 Dry”, was used with CaCO3 to fabricate tissue 

equivalent material, the urethane rubber compound was 

mixed with 2.8% by weight of powdered CaCO3 to be as 

low-cost soft tissue materials and dark cork was used as lung 

tissue equivalent materials. 

The methodology and the material used was passed the 

tests of the density and the attenuation coefficient measure-

ments and achieved the required results, and when they 

compared with the slandered it was found that the density of 
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the fabricated material ((1.032±0.007) g/cm3) fall within the 

range of human soft tissue concentration which are (1.04) 

g/cm3, and the density of the lung tissue equivalent materials 

are 0.441 g/cm3 also fall within the range of human lung tis-

sue concentration which are 0.3 g/cm3, the attenuation coef-

ficients (HU) range from (-50 to 40) HU and (-600-1014 HU) 

on different CT images of soft tissue and equivalent materials 

also similar to that in reference level. 

The majority of the conventional phantoms used in quality 

control testing were constructed using CT slices, which may 

have made it difficult to see all of the body details and the skel-

etal vertebrae. Nonetheless, the suggested model allows for a 

clear view of the spine, organs, vertebrae, and every other com-

ponent of the body with all of its features, which can be useful in 

determining the radiation exposure to the human body. 
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