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Abstract

:

This study aimed to introduce an alternative, inexpensive, and straightforward polymer with specific mechanical and dielectric properties suitable for the fabrication of a clinical-grade kidney phantom. Two polymer-based phantom materials, polydimethylsiloxane (PDMS) and silicone elastomer (SE), were investigated for their capability to meet the requirements. The concentration ratios of base to curing agent (B/C) were 9.5/1.5, 19/3, 10/1, 20/2, 10.5/0.5, and 21/1 for PDMS and 4.5/5.5, 10/12, 5/5, 11/11, 5.5/4.5, and 12/10 for SE. All samples were mixed, degassed, and poured into Petri dishes and small beakers. The polymer was cured under room temperature for 2 h and then demolded from the hard mold. The air bubbles produced were removed using a vacuum desiccator for 30 min. All samples underwent mechanical testing (tensile strength and elastic modulus), and their dielectric properties were measured using a dielectric probe kit equipped with 85071E materials measurement software. The radiation attenuation properties were also measured using PhyX-Zetra for PDMS phantoms with the chemical formula C2H6OSi. Small changes in base and cross-linker play an essential role in modifying the elastic modulus and tensile strength. The effective atomic number of PDMS showed a similar pattern with human kidney tissue at the intermediate energy level of 1.50 × 10−1 to 1 MeV. Therefore, PDMS can potentially be used to mimic the human kidney in terms of tensile strength, flexibility, the acceptable real part of the complex dielectric constant ε′r, and conductivity, which allows it to be used as a stable kidney phantom for medical imaging purposes.
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1. Introduction


In medical imaging, calibration of the machine, operator training, surgical planning, and simulation are mostly conducted using a phantom. The therapeutic uses of radiation have proliferated and evolved since the discovery of X-rays. The occurrence of erythema and cell squamation have become apparent as harmful effects of high radiation doses. Therefore, people are reluctant to volunteer for radiation-based experiments. Physicists have developed a tissue substitute, known as a phantom, to simulate the response of real patients, which can be used for dosimetry measurements and identification of the limits of a particular system [1,2,3,4]. This phantom could be used to imitate living subjects and prevent unnecessary radiation delivered to human patients.



A wide selection of materials have been studied to find an optimal outcome that best suits certain criteria for phantom development [5]. This has resulted in the fabrication of various materials, such as agar, silicone, polyvinyl alcohol (PVA), and polyacrylamide (PAA), to mimic human tissues [6]. The results have shown that agar is easy to prepare but does not have an excellent long-term stability compared to silicone, which can be considered as the material of choice for stable phantoms. A study comprehensively reviewed four different types of polymer-based materials for constructing medical phantoms: carrageenan-based polymer gel, polymer cross-linked aerogels, UV-curable silicone, and self-healing polymer materials [7]. The findings revealed that even though water-based silica and cellulose aerogel phantoms meet the imaging properties of human tissue, their volume may shrink and the fabrication is complex for larger-scale production. Nonetheless, a multimodal phantom has been successfully innovated with the use of polydimethylsiloxane (PDMS) and hydrophilic silicone [8,9]. The results demonstrated that the addition of hydrophilic silicone can improve the mechanical and imaging properties of a phantom. PDMS, or dimethicone, is a polymer that has been widely used for the fabrication and prototyping of microfluidic chips. The empirical formula of PDMS is (C2H6OSi)n and its fragmented formula is CH3[Si(CH3)2O]nSi(CH3)3, where n represents the number of monomer repetitions.



PDMS has an elastic modulus of 360–870 kPa, which is larger than the elastic modulus of a real kidney, with 180.32  ±  11.11 kPa (mean  ±  SD) and 95.64  ±  9.39 kPa under axial and transversal loadings, respectively [8]. Elastomers are required to undergo vulcanization, which is the formation of a cross-link between long polymer chains. This feature controls the ability of the elastomer to reconfigure its structure when stress is applied, indicating the elasticity. The covalent cross-linkages ensure that the elastomer returns to its original configuration when the stress is removed and result in permanent deformation. Cross-links can be introduced into polysiloxanes by a range of methods, including (i) the use of a tri- or tetrafunctional siloxane comonomer during polymerization; (ii) the incorporation of a thermal initiator, which attracts hydrogen atoms from PDMS, thus resulting in cross-linking; or (iii) the exposure of PDMS to high-energy irradiation. Figure 1 shows the method of PDMS cross-linking proposed by a previous author [9]. Cross-linking reactions can also be applied with the intention to improve the surface of a cured PDMS sample using hyperthermal hydrogen-induced cross-linking (HHIC) [10].



In this paper, we also discuss the group of polymers known as silicone elastomers (SEs). SE is typically cross-linked using hydrosilylation (usually by Pt catalysis), condensation (usually by Sn catalysis), and radical reaction [11]. In Figure 2, the two most commonly used curing chemistries are illustrated. SE is widely used due to its favorable properties, namely flexibility and durable dielectric insulation, and its exceptional barrier properties against environmental contaminants. SE is superior to PDMS in terms of simpler fabrication (it can be cured at room temperature without the use of an oven) because the premixes have low viscosity. The amount of curing agent required is robust and not as sensitive to PDMS formulations. In addition, SE provides more flexible and stretchable capabilities. Therefore, it would be beneficial for researchers to compare the effectiveness of PDMS with that of SE.



As the amount of cross-linker may affect the strength and stability of samples, the samples used in this study were prepared with minimal differences. To the best of our knowledge, studies on the small ratio are still limited, so we investigated the effects of small differences in the curing agent in the cross-linking process in both PDMS and SE. The PDMS network’s cross-linking with base to curing agent mass ratios of 5:1, 10:1, 16.7:1, 25:1, and 33:1 had an elastic modulus ranging from 0.57 to 3.7 MPa and was linearly proportional to the amount of cross-linker [12]. A kidney phantom composed of siloxane (silicone) is the most widely used polymer for mimicking physical, optical, and thermal properties [13,14].



Adams et al. successfully fabricated a kidney phantom using silicone elastomer, PDMS, and agarose, and, at the same time, constructed a collecting system and outer mold from 3D-printed models [15]. They proved that a combination of tissue-mimicking material and 3D-printed models can further improve the performance of the phantom for various imaging modalities such as CT scan, ultrasound, and endoscopy. In this study, PDMS and SE were prepared using the standard cross-linking formula by the manufacturer, and mechanical testing was performed. PDMS and SE with different thicknesses were fabricated using different cross-linking methods. Additionally, the dielectric and mean attenuation properties of the PDMS material were quantified.



The aim of this study was to formulate a tissue-mimicking material for kidney phantoms because the possibility of underestimated lesions is very high in the kidney, and the radiation dose to the kidney is a primary concern. Apart from that, it is important to distinguish between PDMS and SE because each material has superior flexibility depending on the amount of cross-linker. As rigidity is controlled by cross-linker density, the threshold limit is a vital factor for observing the performance of that material. To the best of our knowledge, most of the phantoms are not tested for material sustainability and effective atomic number (Zeff), instead only focusing on their imaging properties. Therefore, we focused on polymer-based phantoms with a specific mechanical property and effective atomic number to determine the most suitable material for kidney phantoms.




2. Materials and Methods


2.1. Polydimethylsiloxane (PDMS) and Silicone Elastomer (SE) Fabrication


Two different silicones were selected based on the differences in their viscosity, dielectric current, and mechanical properties for fabricating the phantom. The silicone elastomer Ecoflex 00–20 (viscosity of 3000 cps and translucent color) was supplied by Smooth-on (PA, United States), and PDMS Sylgard 184 (density 0.965 g/cm3, viscosity (mixed) 3500 cps, and high transparency) was supplied by Dow Corning (MI, United States).



We formulated different PDMS solutions to investigate possible alterations in their properties due to deviation from the recommended 10/1 weight ratio [16]. The standard mixing ratio for PDMS was ten parts of base and one part of curing agent (dimethyl vinylated and trimethylated silica, respectively) [8]. The pre-polymer PDMS and curing agent were combined at various weight ratios, designated as 9.5/1.5, 10/1, and 10.5/0.5. Initially, two parts of PDMS were weighed and stirred in a beaker using a hand stir for five minutes, then the solution was placed in a vacuum desiccator for 30 min to remove the air bubbles. Before the PDMS was casted, a passivation layer (Ease release 200) was applied on the Petri dish to avoid strong adhesion between PDMS and Petri dish so that it could be easily peeled off. The mixtures were then heated in the oven at 80 °C for 30 min and the temperature was increased to 100 °C for another hour. The cured sample was left to cool at room temperature.



SE fabrication consisted of two parts of mixture, in which part A (vinyl silicone, white carbon black, and organic platinum catalyst) was the base and part B (vinyl silicone and white carbon black) contained the curing agent [11]. These two parts were combined at different weight ratios, at base to curing agent ratios of 4.5/5.5, 5/5, and 5.5/4.5 for the thin (weight of 10 g) and thick (weight of 20 g) samples, as tabulated in Table 1. Part A and part B were stirred thoroughly before dispensing. A release agent, Ease Release™ 200, was sprayed to prevent mold degradation. Then, the sample was poured from the mixing container into the Petri dish. Vacuum degassing was used to eliminate trapped air. We allowed the rubber to cure as prescribed at room temperature (73 °F/23 °C) before demolding.




2.2. Material Characterizations


2.2.1. Tensile Strength


Tensile tests were conducted to determine the strength and behavior of PDMS and SE under tension. The tensile strengths of the PDMS and SE were measured using the Instron 4411 electromechanical material testing system (Instron Corporation, Canton, MA, USA). The samples were cut to a dumbbell-shape test. Figure 3 shows a schematic illustration of the sample geometry prior to testing. The materials were pulled by an applied force of less than 15 N [7]. The load and crosshead velocity of 254.00 mm/min were controlled and digitally acquired at 200 Hz using Merlin software V.22043 (Instron Corporation). From the tensile analysis, the modulus of elasticity (MOE) can be calculated using the following formula [8]:


  E =  σ ε   



(1)




where E is the slope of the line in this region, and stress (σ) is proportional to strain (ε).




2.2.2. Dielectric Testing


The open-ended coaxial method was used to find the electromagnetic parameters of the polymers. The tested sample diameter was 25 mm, while the thickness was kept at approximately 25 mm, and the sample was measured by touching it to the flat face of a solid material that operating within the frequency range of 1.39–19.22 GHz at room temperature. The measurement system comprised an open-ended coaxial probe (85071E, Keysight, CA, USA) connected to a vector network analyzer. The samples were cured in a small beaker using the same method, as shown in Figure 4a. The cured samples are shown in Figure 4b. The vector network analyzer consisted of a signal source, a receiver, and a display, as shown in Figure 5a,b. The source launches a signal at a single frequency to the material under test. The receiver is tuned to detect the reflected frequency and transmitted signals from the material. The measured response produces the magnitude and phase data at that frequency.



The connected dielectric measurement instrument predictably applies the electromagnetic fields before the measurement process. The measured data are then converted into permittivity or permeability values. The real part of the complex dielectric constant ε′r (K) is equivalent to the relative permittivity (εr), or the absolute permittivity (ε) relative to the permittivity of free space (ε0). The real part of permittivity (ε′r) is the dielectric constant, and the imaginary part is the dielectric loss εr″. ε′r is a measure of how much energy from an external electric field is stored in the material. The imaginary part of permittivity (εr″) is called the loss factor, which is a measure of how dissipative or lossy the material is to an external electric field.


  K =  ε   ε 0    =   ε r =  ε ′  r − j ε  r ″   



(2)







The conductivity is measured by considering the imaginary part of permittivity   ε  r ″   , which represents the mechanisms of electromagnetic losses inside the material due to molecular polarization and electron movement. Hence, the conductivity, σ, can be computed as follows [17]:


  σ  f  = 2 π f ε  r ″     f   ε 0   



(3)








2.2.3. Radiation Attenuation Properties: Mean Attenuation Properties and Effective Atomic Number (Zeff)


Phy-X/ZeXTRa is free online software developed with an easy-to-use graphic user interface (GUI) interface and used to calculate the Zeff of photons (both photon interactions and photon energy absorption) in the energy region of 1 keV–20 MeV and of electrons, protons, alpha particles, and ions in the energy region of 1 MeV–1 GeV. This software can calculate the Zeff of more than 180 predefined materials of interest in the field of medical physics. The total weight number and fractions of the mole inserted shall be equal to 1 (or 100%).






3. Results


3.1. Tensile Strength


The results of the tensile tests varied with different mixtures of base and curing agent. Figure 6 and Figure 7 show that the standard mixing ratio was consistently high for both the PDMS Young’s modulus and tensile strength. The tensile strength increased with increasing amount of cross-linker. However, further increases in the amount of cross-linker decreased the tensile strength by reducing the amount of curing agent. PDMS 10.5/0.5 and PDMS 21/1 reduced the stiffness and flexibility of the samples. The PDMS samples were observed to have lower tensile and Young’s modulus values with the increasing weight and thickness of the specimens of PDMS 19/3, PDMS 20/2, and PDMS 21/1. This trend showed that lighter samples are consistently stiffer than heavier samples.



On the other hand, SE did not result in conclusive findings since the graph was not consistent for either Young’s modulus or tensile strength (Figure 6 and Figure 7). The Young’s modulus of our SE samples was relatively higher, while the tensile strength was in good agreement with that reported in previous studies [15]. However, the thin samples followed the same graph pattern as PDMS. The standard mixing ratio of SE 5/5 was found to be optimum as the elastic modulus was higher compared to those of the other mixing ratios.




3.2. Dielectric Measurement


Based on Equation (2), the real part of the complex dielectric constant    ε ′  r   and loss are shown in Figure 8a,b. The dielectric constant ε′r obtained from this study showed a similar pattern for both SE and PDMS samples. The dielectric constant ε′r for SE was higher than that of the PDMS samples with a similar range, between 12 and 48. The maximum difference in the dielectric constant ε′r for SE 5.5/4.5 was higher than that in PDMS 10.5/0.5 by a factor of ±1.2. Figure 8a shows a significant drop in the dielectric constant, which corresponds to the maximum frequency for the dielectric loss shown in Figure 8b. This transition represents the frequency at which the dipole polarization is completely out of phase with the applied oscillating electric field. The relative permittivity decreases at high frequency as γ, β, and α dispersion occurs. In the gigahertz region, γ dispersion occurs due to water molecule polarization, and in the kilohertz region, β dispersion occurs due to the polarization of cellular membranes, whereas at low frequency, α dispersion is associated with the ionic diffusion of cellular membranes. Since both PDMS 10/1 and SE 5/5 samples had a high Young’s modulus and tensile strength, we illustrate the dielectric constant ε′r and conductivity of standard PDMS 10/1 and SE 5/5 samples for a frequency between 0.2 and 19.2 GHz in Figure 9.




3.3. Radiation Attenuation Properties: Mass Attenuation Coefficient, and Effective Atomic Number


Based on our earlier analyses, standard PDMS 10/1 is thought to be the optimum level. Therefore, further evaluations of radiation attenuation properties were conducted. The mass attenuation coefficient and effective atomic number of standard PDMS 10/1 are tabulated in Table 2. The effective atomic number is a photon interaction parameter, which is used for dosimetric properties. The studied silicone samples have relatively moderate Z elements. Therefore, there is a need to determine the attenuation properties and effective atomic number of these samples. Our PDMS samples had Zeff values similar to those reported in an earlier study by Majunatha [18].





4. Discussion


With regard to the tensile test results, PDMS and SE show different performances at different ratios of base to curing agent. The suggested ratios are 10/1 for PDMS and 5/5 for SE. The elastic modulus increased dramatically with decreasing thickness. This finding is consistent with a previous study [19]. The phenomena of stretching, breaking, and deformation are critical in that the arrangement of polymer in PDMS controls its mechanical properties. The SE 10/12 ratio was consistently lower compared with the other SE samples due to lower base-to-catalyst ratio and thicker sample. Therefore, part A (base-to-catalyst ratio) was found to be a fundamental property for the strength of a sample. Overall, as observed in the SE graph, the lower the amount of part A (catalyst-to-base ratio), the more likely it becomes unstable. Nevertheless, there is a slight difference concerning the impact of the curing agent on the material properties. This finding is consistent with earlier studies in which the sample was mixed with higher amounts of curing agent [12,20]. In addition, a higher amount of base reduces the strength of the overall compound properties due to the lack of interaction between the base and the curing agent [20].



According to Zhixin (Tampa, Florida), increasing the amount of cross-linker by up to 20% could stiffen the PDMS network [12]. However, other reports showed that for higher concentrations of curing agent, the modulus is reduced since the cross-link sites are saturated, and excess curing agent leads to a void or dilution of the network. This reduces the stiffness, especially when measured in tension, which is inconsistent with the results of the present study, where a higher amount of curing agent reduced the elastic modulus of PDMS and SE. The density of PDMS was 0.965 g/cm3, which is similar to the mass density of the kidney, 1.066 g/cm3. The flexibility and stable mechanical properties of PDMS are beneficial for phantom storage and transportation.



There is an apparent difference between the PDMS and SE samples. The dielectric result can be varied with different amounts of base and curing agents. In this study, the dielectric constant ε′r was lower than that of water but higher than the dielectric constant ε′r of other polymers [21]. Our thick samples might not dry fully, and this will dramatically alter the desired dielectric properties [21]. The conductivity value found in this study is comparable with those reported in other literature, ranging from 5 to 10 S/m [5]. Muscles and high-density tissues have relatively high conductivity and permittivity, while adipose tissue has comparatively low permittivity and conductivity values [5]. Additionally, silicone possesses favorable dielectric properties such as high dielectric breakdown strength and high resistivity [11]. For most dielectric materials, ionic conductivity plays a significant role at frequencies less than 200 MHz. Basically, insulators have a lower dielectric constant ε′r; thus, in this study, PDMS was a better insulator compared to SE.



The attenuation properties of our standard phantom were studied to ensure that it could mimic human tissue. Therefore, Phy-X/ZeXTRa software was used to calculate Zeff [22]. The effective atomic number is constant in the intermediate-energy region, whereas noticeable variation was observed for low- (<20 keV) as well as high-energy regions [23]. Overall, the effective atomic number of PDMS is around 4.00 to 5.00 in a higher-energy range (≥1.00 × 10−1 MeV) and comparable with the effective atomic number of the kidney found in literature [18]. This Zeff is lower at the intermediate energy range due to the dominance of pair production and scattering effects. This study only focused on the chemical formula of PDMS since PDMS is found to be the material of choice to be used as the kidney phantom due to its effective atomic number, high elastic modulus, and comparable real part of the complex dielectric constant ε′r, as reported by other researchers [4,17].



Overall, we proved that a minimal difference in curing agent not exceeding 20% (curing agent to base ratio) between SE samples in this study does not alter the elastic modulus substantially. In contrast, PDMS is more sensitive to the amount of cross-linker compared to SE; the amount of cross-linker varies by 5%, 10%, and 16%, yet the elastic modulus changes substantially. Hence, the 5% cross-linker reduces the elastic modulus by half and deteriorates the strength of the sample regardless of thickness. The dielectric properties can also be affected by the amount of cross-linker. As the level of curing increases, the maximum dielectric loss shifts toward lower frequency, while the change in the dielectric constant at α static with α infinity diminishes [21]. This behavior represents the gradual transition from the rubbery to the glassy state of the polymer with an increase in cross-link density.




5. Conclusions


In conclusion, this research work presents a simple method of characterizing a sample by investigating the mechanical and dielectric properties of various mixtures of the polymers PDMS and SE. From an effective atomic number perspective, PDMS showed a pattern similar to kidney tissue at intermediate energy level. Thus, it is recommended as the material of choice for kidney phantoms. Additionally, small changes in the amount of cross-linker could alter the elastic modulus, and more caution should be exercised when reducing the cross-linker from its standard value as it deteriorates the sample’s stability. It is compulsory to modify the cross-linking at a range of ±20%, and addition of water and hydrogen silicone could improve the mechanical properties of the phantom. Moreover, its transparency has made the process of making texture phantoms easier. To conclude, PDMS could mimic human kidney tissue in terms of flexibility, an acceptable real part of the complex dielectric constant ε′r, and conductivity, demonstrating its suitability as the material of choice to be used as a stable kidney phantom in the field of medical imaging.
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Figure 1. Cross-linking of polydimethylsiloxane (PDMS). 
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Figure 2. Cross-linking chemistries for silicone elastomer by hydrosilylation reactions. 
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Figure 3. A schematic illustration of the sample geometry prior to testing. 
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Figure 4. (a) Four cured SE samples in small beakers. (b) Four cured PDMS samples being removed from the glass tube. 
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Figure 5. (a) Calibration standard of the probe is set by using a standard sample. (b) PDMS. 
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Figure 6. Tensile strength for various mixtures and thicknesses. 
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Figure 7. Elastic modulus for various mixtures and thicknesses. 
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Figure 8. (a) The real part of the complex dielectric constant ε′r and (b) the dielectric loss   ε  r ″    for various mixtures of PDMS and SE. 
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Figure 9. (Y1) The real part of the complex dielectric constant ε′r of standard PDMS and SE 5/5. (Y2) The conductivity s/m (σ) of standard PDMS 10/1 and SE 5/5. 
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Table 1. Samples with various mixtures of PDMS and Silicone Elastomer (SE).






Table 1. Samples with various mixtures of PDMS and Silicone Elastomer (SE).





	
No.

	
PDMS

	
SE




	
Sample

(Thin, 11 g)

	
Sample

(Thick, 22 g)

	
Sample

(Thin, 10 g)

	
Sample

(Thick, 22 g)






	
1

	
PDMS 9.5/1.5

	
PDMS 19/3

	
SE 4.5/5.5

	
SE 10/12




	
2

	
PDMS 10/1

	
PDMS 20/2

	
SE 5/5

	
SE 11/11




	
3

	
PDMS 10.5/0.5

	
PDMS 21/1

	
SE 5.5/4.5

	
SE 12/10
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Table 2. Radiation attenuation properties of PDMS 10/1.






Table 2. Radiation attenuation properties of PDMS 10/1.





	Energy

MeV
	Mass Attenuation Coefficient (MAC)

cm2/g
	Effective Atomic Number (Zeff)





	1.50 × 10−2
	4.603
	11.41



	2.00 × 10−2
	2.050
	10.35



	3.00 × 10−2
	0.738
	8.02



	4.00 × 10−2
	0.417
	6.38



	5.00 × 10−2
	0.300
	5.45



	6.00 × 10−2
	0.246
	4.93



	8.00 × 10−2
	0.198
	4.45



	1.00 × 10−1
	0.176
	4.26



	1.50 × 10−1
	0.149
	4.10



	2.00 × 10−1
	0.135
	4.05



	3.00 × 10−1
	0.116
	4.02



	4.00 × 10−1
	0.103
	4.01



	5.00 × 10−1
	0.094
	4.01



	6.00 × 10−1
	0.087
	4.01



	8.00 × 10−1
	0.076
	4.00



	1.00 × 10
	0.069
	4.00



	1.50 × 10
	0.056
	4.01



	2.00 × 10
	0.048
	4.02



	3.00 × 10
	0.039
	4.08



	4.00 × 10
	0.034
	4.15



	5.00 × 10
	0.030
	4.22



	6.00 × 10
	0.028
	4.30



	8.00 × 10
	0.025
	4.46



	1.00 × 101
	0.023
	4.62



	1.50 × 101
	0.021
	4.97
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