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Tissue-Mimicking Mixtures and Anthropomorphic Calcaneus Phantom for Bone Imaging Applications 

 

Take-Home Messages  

• This work presents tissue-mimicking mixtures to mimic the dielectric properties of skin, muscle, cortical bone, 

and trabecular bone. 

• Anatomically realistic phantoms must be considered as preclinical testing of the microwave imaging system. 

• The tissue-mimicking mixtures and the 3D-printed structures presented in this work can be used as a valuable 

test platform for a microwave imaging system for bone health monitoring. 

• The recipe of tissue-mimicking mixtures for cortical bone and trabecular bone is presented separately. 

• This study has proposed separate tissue-mimicking mixtures for cortical bone and trabecular bone.  
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Abstract: Recent studies have found a significant dielectric contrast between healthy and osteoporotic human trabecular bones. 

This dielectric contrast can be exploited by microwave imaging for monitoring human bone health. The tissue-mimicking phantoms 

play a vital role in preclinical testing of the microwave imaging system. This paper presents anatomically realistic multi-layered 

3D-printed and carbon black-based human calcaneus structure. The liquid and solid based tissue-mimicking mixtures are also 

proposed to mimic the dielectric properties of skin, muscle, cortical bone, and trabecular bone. The liquid tissue-mimicking 

mixtures are composed of Triton X-100, water, and salt, whereas the solid tissue-mimicking mixtures are composed of carbon 

black, graphite, polyurethane, and isopropanol. The dielectric properties of the tissue-mimicking mixtures were measured using an 

open-ended coaxial probe measurement technique across 0.5 – 8.5 GHz. The average percentage difference between the relative 

permittivity and conductivity of reference data and proposed liquid tissue-mimicking mixtures was found to be 7.8% and 9.6% for 

skin, 0.38% and 14% for muscle, 9.6% and 5% for cortical bone, and 3.4% and 2.4 % for trabecular bone, respectively, across 0.5 

– 8.5 GHz. For solid tissue-mimicking mixtures, this difference was found to be 3.93% and 0.64% for skin, 6.13% and 9.21% for 

cortical bone, and 10.66% and 41.82% for trabecular bone, respectively for relative permittivity and conductivity. The proposed 

tissue-mimicking mixtures along with 3D-printed structures can be used as a valuable test platform for microwave bone imaging 

system development.   

 
Keywords — Bone health, dielectric properties, microwave imaging, phantoms, tissue-mimicking mixtures  

 

I. INTRODUCTION1 

ICROWAVE imaging (MWI) is an emerging 

diagnostic technology being investigated for a range 

of medical applications. MWI relies on the contrast of 

dielectric properties of biological tissues, namely relative 

permittivity (𝜀𝑟) and conductivity (𝜎 (𝑆/𝑚)), of target 

anatomical site in the human body [1]. The key advantages 

of MWI over the other clinical imaging modalities are safety 

(non-ionizing radiations), portability, and low cost [2]. These 

advantages make MWI a safe alternative to existing imaging 

technologies for diagnosing and monitoring various diseases 

such as breast cancer detection and diagnosing brain stroke 

[3],[4],[5]. Several recent studies have investigated the 

feasibility of using MWI for osteoporosis monitoring 

[6],[11], which are based on a notable contrast between the 

dielectric properties of different diseased bones [10]. The 

current standard modalities for osteoporosis diagnosis and 

monitoring are Dual-energy X-ray Absorptiometry (DXA) 

and Computed Tomography (CT). Both DXA and CT use 

ionizing radiations, therefore, these are not suitable for 

frequent scans [6],[9]. The associated clinical advantages of 

MWI and contrast of dielectric properties between healthy 

 
 

 

and diseased bones make MWI a potential routine imaging 

modality for monitoring bone health in comparison to the 

DXA and CT [11]. 

The experimental evaluation of the MWI prototype 

helps to examine the prototype in a controlled real-world 

scenario. To this end, tissue-mimicking phantoms play a vital 

role in the evaluation of repeatability, stability, imaging 

quality, and imaging resolution of an MWI system. 

Moreover, the performance of the imaging algorithms in the 

presence of external noise and system interference can be 

well assessed from experimental evaluation [12]. The tissue-

mimicking phantoms emulate the dielectric properties and 

anatomy of various human body parts. Ideally, the reference 

phantoms should be anatomically and dielectrically accurate 

whilst being mechanically and dielectrically stable over time 

and easily produced [13]. The tissue-mimicking mixtures 

(TMMs) used in phantoms can be either liquid-based, such 

as oil-in-gelatin and Triton X-100 mixtures, or solid based, 

such as polyurethane-based TMMs [14]. Oil-in-gelatin 

TMMs have been widely used to emulate breast tissues and 

are attractive due to their ease of fabrication and their ability 

to simulate the dielectric properties of a wide range of tissues 

[15]. One major limitation of oil-in-gelatin TMMs is their 

sensitivity to environmental exposure, which causes 

desiccation over time [13]. Among liquid-based TMMs, 

Triton X-100 appears to be an excellent candidate due to its 

better relative heat stability (allowing to perform 

experiments at the room as well as the human body 

temperature) and because its dielectric properties are stable 

for up to a year [13]. The liquid nature of Triton X-100 

solutions ensures that complex three-dimensional (3D)-

structures can be filled by avoiding air bubbles in these 

structures. Various studies have used this approach to mimic 
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the dielectric properties of head and breast tissues [13],[25]. 

The limitation in this approach is that the 3D-printed shells 

have not been dielectrically characterized and this can 

potentially affect the quality of reconstructed images [18]. 

Alternatively, the polyurethane can be used as a potential 

solid TMM. In the polyurethane TMMs, the dielectric 

properties are controlled by adding carbon black and graphite 

powders to the rubber mixture [19]. Due to flexibility, 

dielectric stability, and mechanical strength, the 

polyurethane mixtures outperform the liquid TMMs [20]. 

Moreover, the solid TMMs does not involve any additional 

and unwanted 3D-printed structures, thus minimizing the 

effect on reconstructed microwave images [19]. However, 

these TMMs are hard to reconfigure to account for changes 

associated with the shape of the anatomical lesion compared 

to liquid-based TMMs [13].  There has been a limited 

development on bone mimicking phantoms with only 

simplified homogeneous structures reported for head models 

[13],[21]. However, to the best of authors’ knowledge, no 

study has ever reported TMMs for cortical and trabecular 

bones separately for the application of bone imaging.  

Recent advancements in manufacturing technologies 

have enabled building complex and relatively easily 

reproducible 3D-printed structures for use in solid phantom 

development. One drawback of 3D-printed moulds is the 

limited choice of fabrication substrates. Acrylonitrile 

butadiene styrene (ABS) is a commonly used substrate for 

3D-printed phantom moulds despite its electrical permittivity 

and conductivity being far from the dielectric properties of 

the biological tissues. At a frequency of 2.45 GHz, the 

dielectric contrast in terms of the average percentage 

difference between ABS and trabecular bone is 144% and 

195% for 𝜀𝑟 and 𝜎, respectively. This significant dielectric 

contrast creates a mismatch between the biological tissues 

and the ABS layers in the 3D-printed structures referred to 

as “electrical perturbance”. The previous studies have 

experimentally [18] shown that due to the high dielectric 

contrast with respect to the various biological tissues, the 

ABS walls perturb the field significantly even with wall 

thickness as low as 1.5mm [13].  

This paper presents an anthropomorphic multi-layered 

human calcaneus phantom for MWI system evaluation. A 

full 3D model of a human foot was altered to obtain a multi-

layered human calcaneus structure. The major tissue layers 

considered for developing the calcaneus phantom are skin, 

muscle, cortical bone, and trabecular bone. The human 

calcaneus bone is shown in Fig. 1. The peripheral location of 

human calcaneus bone as can be seen in Fig. 1, makes it the 

most suitable location for MWI. Our preliminary study has 

reported Triton X-100 based TMMs to mimic the dielectric 

properties of skin, muscle, cortical bone, and trabecular bone 

over 0.5 – 8.5 GHz frequency range [14]. These TMMs are 

used in 3D-printed structures that hold the liquid TMMs. 

While phantoms based on these TMMs and 3D-printed 

structures are useful for preliminary experiments, there is 

significant unwanted electromagnetic (EM) field 

perturbance due to the presence of 3D-printed substrate [13]. 

To avoid this unwanted EM field perturbance, this study 

proposes carbon black-based anatomical phantoms that 

mimic the dielectric properties of skin, cortical bone, and 

trabecular bone over 0.5 – 8.5 GHz frequency range. Most of 

the microwave tomography (MWT) imaging systems operate 

below 3 GHz [8]. Gilmore et al. [22] has reconstructed the 

human forearms bones by MWT. The optimal results were 

found at 0.8 GHz and 1 GHz. Scapaticci et al. [5] found that 

the penetration of electromagnetic (EM) waves in human 

biological tissues reduce as a function of frequency. 

Therefore, considering frequencies above 3 GHz for 

microwave bone imaging application would not be feasible 

due to the low penetration of EM waves. However, the 

wideband imaging systems particularly the radar-based 

imaging techniques use higher frequencies [4]. Therefore, 

the liquid and carbon black-based TMMs are characterized 

over a wide frequency range (0.5 – 8.5 GHz). These TMMs 

can be used for both the tomographic and radar-based 

imaging techniques The 3D-printed moulds and counter-

moulds were designed to develop the realistic carbon black-

based calcaneus phantom. The outer layer of the calcaneus 

phantom mimics the dielectric properties of the skin. The 

interior of the calcaneus phantom mimics the calcaneus 

bone. The calcaneus bone has a carbon black-based layer 

mimicking dielectric properties of the cortical bone, and a 

cavity to contain the trabecular bone mimicking material. 

This trabecular bone cavity is filled with trabecular bone 

mimicking liquid. The flexibility of using liquid TMM for 

trabecular bone in the proposed phantom allows for 

mimicking natural variation of trabecular bone dielectric 

properties. Moreover, the trabecular bone cavity can be filled 

with TMM of diseased trabecular bone. The carbon black 

based phantoms will reduce the artefacts in images which 

would be otherwise present in the plastic phantoms. 

However, the liquid TMMs based phantoms are still useful 

for preliminary experiments for evaluation of the prototype 

and imaging algorithms due to ease of preparation.  

The remainder of the paper is organized as follows: 

Section II discusses the methodology including the 

preparation of liquid and solid TMMs, design of 3D-printed 

structures, and dielectric characterization of the phantoms. 

Section III presents the results and discussion on dielectric 

properties of liquid and solid TMMs, design of 3D-printed 

structures, and carbon black based phantoms. Finally, 

conclusions are drawn in Section IV. 

II. METHODOLOGY 

A.  3D-Printed Structures 

The design and fabrication complexity of the anatomical 

structure primarily depends upon the corresponding details 

of the anatomical site. Moreover, the accuracy and precision 

to replicate any anatomical site in the human body highly 

                             
Fig. 1. Human calcaneus bone. 
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dependent upon the application to be investigated [23]. In 

this study two types of human bone structures were 

modelled: 1) a two-layered hollow cylinder was designed to 

represent the cortical and trabecular bones; and 2) a 3D 

model of the human foot was used to develop anatomically 

realistic human calcaneus phantom. The model was designed 

as a three-layered human calcaneus structure. These three 

layers were filled with liquid TMMs for skin, cortical bone, 

and trabecular bone. The human calcaneus was chosen as the 

target anatomical site due to the proximity of the calcaneus 

bone to the skin, and the ratio of cortical to the trabecular 

bone is also similar to that found in the femoral head and 

lumbar spine [24],[25], which are primary targets for 

standard osteoporosis monitoring technologies. A 3D-

modelling software (Autodesk Fusion 3D) was used to 

produce all 3D models. These models were then printed with 

Ultimaker 2+ Extended 3D printer at 200 °C using a 

polylactic acid (PLA) filament. The thickness of walls was 

kept to 2mm to prevent leakage of liquid TMMs and to avoid 

potential low field perturbation. Finally, these 3D-printed 

structures were filled with liquid TMMs for Triton X-100 

based phantoms. Moreover, similar 3D models were 

developed as moulds for carbon black-based phantoms. 

B.  Liquid Tissue Mimicking Mixtures Preparation 

The liquid TMMs were composed of Triton X-100, 

water, and salt (NaCl). The preparation of TMMs was based 

on the guidelines outlined in [13],[26]. The solution of Triton 

X-100, water, and salt was put in a glass beaker and was 

thoroughly mixed until the disappearance of air bubbles. The 

percentage of salt was varied following the difference 

between the conductivity of reference tissue and the 

conductivity of the proposed TMM. The higher 

concentrations of salt were used for tissues having high 

conductivity values, however, higher concentrations of 

Triton X-100 were used to lower both the conductivity and 

permittivity of the solutions. As described in [13], TMM 

solutions that contain 45-55% of Triton X-100 become 

highly viscous, however, none of the Triton X-100 solutions 

except skin fell in that range. In this study, we have proposed 

liquid TMMs for skin, cortical bone, and trabecular bone. 

The composition of constituents was adjusted until the 

dielectric properties of TMMs were close to the reference 

values reported by Gabriel et al. [27].  

C.  Solid Tissue Mimicking Mixtures Preparation 

The solid TMMs were composed of carbon black, 

graphite, polyurethane, and isopropanol. Since this TMM 

provides enough flexibility for recreating the target dielectric 

properties of various biological tissues [28]. A similar 

procedure has been adopted for the preparation of TMMs as 

outlined in [23]. Firstly, a polyurethane base was prepared 

by mixing equal masses of two liquid precursors to 

polyurethane as per the manufacturer’s instructions 

(VytaFlex 20, Smooth-On, Easton, PA, USA). Once the 

polyurethane base was ready, the graphite powder and 

carbon black powder were mixed. To get the desired 

dielectric properties of TMMs, the mixture of carbon black, 

graphite, and polyurethane was thoroughly mixed. It has 

been observed in [16] that polyurethane provides a 

mechanically strong base while the relative permittivity and 

conductivity of various biological tissues can be achieved by 

varying proportions of graphite and carbon black. It was 

observed that the values of dielectric properties increase as 

the mass percentage of carbon black and graphite powder 

increases. However, the blended mixture gets thicker and 

extremely difficult to mix as the mass percentage of carbon 

black and graphite powder is increased. To achieve the 

uniformity of mixture and higher dielectric properties, a 

small amount of isopropanol was added as a thinning agent. 

For optimal dielectric properties of the final phantom, 

rectangular cuboids 50 × 20 × 20 mm3 were designed as 

reference samples and their dielectric properties were 

measured. The 3D-printed moulds were developed to shape 

the solid TMMs into anatomically realistic carbon black 

based phantoms. This study has proposed the composition of 

solid TMMs for skin, cortical bone, and trabecular bone.  

D.  Dielectric Properties Measurement 

The dielectric properties of liquid and solid TMMs were 

measured by employing an open-ended coaxial probe 

(OECL) technique. The measurements were recorded in the 

frequency range of 0.5 – 8.5 GHz over 101 linearly spaced 

frequency points. The dielectric measurements were 

performed by Keysight slim form probe 85070E connected 

directly to the Keysight E5063A vector network analyzer 

(VNA) [29]. The temperature of liquids for calibration and 

validation was measured using a digital thermometer 

(HI98509-1) from Hanna Instruments. The VNA was used to 

measure the reflection coefficient (𝑆11) at 101 linearly 

spaced frequency points, and a commercially available 

software suite (Keysight N1500A) was used to convert the 

𝑆11 parameters to real (𝜀′) and imaginary (𝜀′′) parts of 

complex permittivity [1].  

A standard three-load one-port calibration (Air, Short, 

and Deionized water) was used to calibrate the measurement 

equipment before the measurement of dielectric properties. 

The calibration of the measurement equipment was verified 

by measuring dielectric properties of 0.1 M NaCl solution 

(saline) at 22 oC [30]. A total of 6 validation measurements 

were performed. The uncertainty of the equipment’s 

accuracy is reported in Table I. The uncertainty in accuracy 

in terms of percentage is defined as:  

𝑈𝐶𝐴𝐶𝐶(𝑓) = (
𝑥𝑚𝑒𝑎𝑠(𝑓)− 𝑥𝑟𝑒𝑓(𝑓)

𝑥𝑟𝑒𝑓(𝑓)
) × 100  (1) 

where 𝑥𝑚𝑒𝑎𝑠 represents measured dielectric properties of 0.1 

M NaCl and 𝑥𝑟𝑒𝑓  represents standard dielectric properties of 

0.1 M NaCl [30] at the measured temperature. The 

repeatability of measurements is also reported in Table I, and 

defined as: 

𝑈𝐶𝑅𝐸𝑃(𝑓) = (
𝑥𝑚𝑒𝑎𝑠(𝑓)− 𝑥𝑚𝑒𝑎𝑛(𝑓)

𝑥𝑚𝑒𝑎𝑛(𝑓)
) × 100   (2) 

where 𝑥𝑚𝑒𝑎𝑛 represents the mean of the measured dielectric 

properties. To compute the uncertainties, the measurements 

were recorded in the frequency range of 0.5-8.5 GHz over 

101 linearly spaced frequency points. The reported values of 

𝑈𝐶𝐴𝐶𝐶  and 𝑈𝐶𝑅𝐸𝑃 are averaged over the measured frequency 

range (0.5-8.5 GHz). The combined uncertainty is the sum 
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of 𝑈𝐶𝐴𝐶𝐶  and 𝑈𝐶𝑅𝐸𝑃  both for relative permittivity and 

conductivity. The uncertainty analysis was based on previous 

studies [1],[30]. The total combined uncertainty is reported 

in Table I.  
TABLE I 

PERCENT UNCERTAINTY IN ACCURACY AND REPEATABILITY 

OF MEASUREMENTS 

Parameter 𝜀𝑟 (%) 𝜎 (𝑆/𝑚) (%) 

𝑈𝐶𝐴𝐶𝐶  0.04 2.75 

𝑈𝐶𝑅𝐸𝑃 0.07 0.75 

Combined 0.11 3.50 
The reported values of 𝑈𝐶𝐴𝐶𝐶  and 𝑈𝐶𝑅𝐸𝑃 are averaged over the measured 

frequency range (0.5-8.5 GHz). 

III. RESULTS AND DISCUSSION 

A. 3D-Printed Structures  

The 3D-printed structures were developed to hold the 

liquid TMMs for each tissue. Fig. 2 (a) and (b) shows the 

two-layered cylindrical bone phantom, and Fig. 2 (c) and (d) 

shows the anatomically realistic three-layered calcaneus 

phantom. The cylindrical structure only incorporates the 

cortical bone and trabecular bone. The cylindrical structure 

was printed as an initial simplistic test case for the MWI 

system. As the calcaneus bone, in general, resembles an 

irregular shaped cylinder, therefore for initial imaging 

purposes, the cylindrical structure can be used. The 

anatomically realistic 3D calcaneus structure was designed 

to simulate a more realistic imaging scenario. To avoid 

problems such as leakage, trapped air, and weakness of the 

structure, the thickness of the walls was chosen to be 2mm, 

which is a compromise between mechanical stability and 

electrical perturbance. The authors have tested ABS 

structures of 1.5 mm thickness and 2 mm thickness. The 

thickness of 2 mm for ABS structures ensured that the liquid 

TMMs do not leak to adjacent layers in a multi-layered 3D-

printed structure and provides good mechanical stability. 

B. Liquid Tissue Mimicking Mixtures  

To mimic the dielectric properties of skin, muscle, 

cortical bone, and trabecular bone, several TMMs containing 

Triton X-100, water, and salt were made. The percentage of 

Triton X-100 was varied from 90% to 24%, whereas, the 

percentage of water was varied from 10% to 76%. The 

dielectric properties of all TMMs were analyzed and the 

composition of each TMM was varied to match the target 

tissue. Among all TMMs, four solutions were selected that 

mimic the dielectric properties of skin, muscle, cortical bone, 

and trabecular bone. The recipe for muscle tissue-mimicking 

material was obtained from [13], whereas the dielectric 

properties of skin, cortical bone, and trabecular bone were 

achieved by varying the composition of TMMs. The 

composition of TMMs that mimic the dielectric properties of 

each target tissue is given in Table II. 
TABLE II 

COMPOSITION OF LIQUID TMMS 

While the recipe of muscle is taken from [13], the recipes for skin, 

cortical bone, and trabecular bone are proposed in this study. NaCl is 

expressed in terms of grams/liter(g/L).  

The measured dielectric properties of liquid TMMs of 

target tissues (solid plots) and the reference dielectric data 

(dashed plots) are shown in Fig. 3. Each solid curve in Fig. 3 

indicates the mean value of six measurements taken at 101 

linearly spaced frequency points between 0.5 – 8.5 GHz. The 

measurements were obtained at multiple sites in the liquid. 

The dashed plots represent the corresponding tissue’s 

reference dielectric data taken from a large scale study 

conducted by Gabriel et al. [27]. It can be observed from Fig. 

3 (a) and (b), that the mean dielectric properties of TMMs 

are well aligned with the reference dielectric properties of 

modelled tissues. The average percentage difference was 

calculated between relative permittivity and conductivity 

values of reference tissues from Gabriel et al. [27] and the 

relative permittivity and conductivity values of proposed 

TMMs over 0.5 – 8.5 GHz and is presented in Table III. This 

difference was found to be less at lower frequencies 

compared to higher frequencies. The average percentage 

difference between the dielectric properties of TMM and its 

respective tissue is found to be less than ± 10%, which is 

within the expected variance in biological tissue [31]. The 

variations observed in results are in agreement with literature 

reporting TMMs for human biological tissues [13],[23],[32].  
TABLE III 

 AVERAGE PERCENTAGE DIFFERENCE BETWEEN TMM AND 

REFERENCE TISSUE DIELECTRIC DATA  

Target Tissue 𝜀𝑟 (%) 𝜎(𝑆/𝑚) (%) 

Skin 7.8 9.6 

Muscle 0.38 14 

Cortical Bone 9.6 5 

Trabecular Bone 3.4 2.4 

Target Tissue Triton X-100  

(vol %) 

Deionized 

water 

 (vol %) 

NaCl  

(g/L) 

Skin 40 60 5.2 

Muscle [13] 24 76 5 

Cortical Bone 77 23 0.8 

Trabecular Bone 69.5 30.5 0.8 

 
(a) (b) 

 
(c)                                                      (d) 

Fig. 2. 3D-printed two-layered cylindrical bone phantom (a) Top View 

(b) Side View and anatomically accurate human calcaneus structure (c) 
Interior View (d) Exterior View.  
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C. Solid Tissue Mimicking Mixtures  

This study has made a first attempt to develop solid 

TMMs for cortical bone and trabecular bone. Also, a solid 

TMM for skin is developed for a fully anatomical and 

dielectrically accurate calcaneus phantom. Several TMMs 

containing carbon black, graphite, urethane, and isopropanol 

were made for each tissue. The composition of TMMs that 

mimic the dielectric properties of investigated tissues is 

given in Table IV.  
TABLE IV 

COMPOSITION OF SOLID TMMS 

Target 

Tissue 

cb 

(sv%) 

Graphite 

(sv%) 

Urethane            

(sv%) 

Isopropanol 

(mL/100g)  

Skin 5 28 67 3  

CB 4 0 96 3  

TB 5 0 95 3  
CB = Cortical Bone, TB = Trabecular Bone, cb = carbon black, sv = solid 

volume, mL/100g = milliliter/100 gram. Recipes for skin, cortical bone, and 

trabecular bone are proposed in this study. 

The mixture of carbon black, graphite, urethane, and 

isopropanol was thoroughly mixed and left for 24 hours 

before the dielectric measurements were performed. Fig. 4 

shows the dielectric properties of the TMMs and the 

reference values of the respective tissues. Each solid curve in 

Fig. 4 indicates the mean value of six measurements taken at 

101 linearly spaced frequency points between 0.5 – 8.5 GHz. 

The measurements were obtained at multiple sites on the 

solid TMM. It can be observed from Fig. 4 (a) and (b), that 

the mean dielectric properties of TMMs are well aligned with 

the dielectric properties of respective tissues, particularly the 

relative permittivity. However, there is a relatively large 

deviation between the conductivity of TMMs and reference 

data. The large deviation in conductivity is mainly observed 

due to the absence of water in solid TMMs. The solid TMMs 

are composed of isopropanol as a liquid constituent. Since, 

the conductivity of water is higher and has an exponential 

behavior compared to isopropanol, which has lower 

conductivity and non-exponential behavior within 0.5 – 8.5 

GHz frequency range, therefore, the conductivity profile of 

proposed TMMs have lower values at higher frequencies 

compared to reference data. However, the proposed TMMs 

maintain a realistic contrast between the conductivities of 

target tissues of the considered anatomical site. This contrast 

can be well observed below 3 GHz, where most of the MWT 

imaging systems operate [8]. The variations observed in 

conductivity profiles of solid TMMs are in agreement with 

literature reporting the conductivity of solid TMMs for 

human biological tissues [22],[28],[32]. The average 

percentage difference was calculated between relative 
permittivity and conductivity values of reference tissues 

from Gabriel et al. [27] and the relative permittivity and 

conductivity values of proposed TMMs over 0.5 – 8.5 GHz 

and is presented in Table V. 

 
 (a) 

 
 (b)  

Fig. 3. Dielectric properties of liquid tissue-mimicking mixtures over 

0.5 – 8.5 GHz frequency band: (a) Relative Permittivity (b) 
Conductivity. The measured dielectric data of TMMs (solid lines) are 

compared with reference data (dotted lines) from Gabriel et al. [27]. 

 

 
 (a) 

 
 (b)  

Fig. 4. Dielectric properties of solid tissue-mimicking mixtures over 0.5 
– 8.5 GHz frequency band: (a) Relative Permittivity (b) Conductivity. 

The measured dielectric data of TMMs (solid lines) are compared with 

reference data (dotted lines) from Gabriel et al. [27]. 
. 
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Table V 
AVERAGE PERCENTAGE DIFFERENCE BETWEEN TMM AND 

REFERENCE TISSUE DIELECTRIC DATA 

Target Tissue 𝜀𝑟 (%) 𝜎 (𝑆/𝑚) (%) 

Skin 3.93 0.64 

Cortical Bone 6.13 9.21 

Trabecular Bone 10.66 41.82 

The average percentage difference between the dielectric 

properties of each TMM and corresponding reference values 

was found to be less for lower frequencies compared to 

higher frequencies for solid TMMs as observed in liquid 

TMMs. The average percentage difference in relative 

permittivity profiles of the bone TMMs and corresponding 

tissues are smaller compared to the average percentage 

difference in conductivity profiles. 

Fig. 5 (a) and (b) show side and top views of cylindrical 

shaped solid calcaneus phantom. As discussed earlier the 

cylindrical-shaped phantoms were designed as initial test 

cases for the MWI system. The outer layer of the phantom 

mimics the dielectric properties of cortical bone and the inner 

layer was filled with trabecular bone’s liquid TMM. 

An anatomically realistic solid calcaneus phantom was 

also developed as shown in Fig. 6 (a) and (b). Fig. 6 (a) and 

(b) shows the interior and exterior views of a realistic 

calcaneus phantom. The phantom is composed of a solid 

single layer having an interior cavity, where the external and 

internal layers mimic the dielectric properties of the skin. 

Fig. 7 (a) and (b) shows the exterior and interior views of 

a realistic calcaneus bone phantom. The outer layer mimics 

the dielectric properties of cortical bone and the inner layer 

constitutes the liquid TMM of trabecular bone. The 

calcaneus bone phantom was then placed into the calcaneus 

phantom. The empty spaces left between the skin layer and 

the outer layer of calcaneus bone phantom were filled with 

liquid TMM of muscle. 

IV. CONCLUSION 

Phantoms play a vital role in assessing the data 

acquisition, pre-processing signal evaluation, and 

repeatability of measurements in a controlled realistic 

scenario for an MWI system.  In this study, two types of 

MWI phantoms were developed: 1) liquid-based TMMs to 

provide the flexibility of varying dielectric properties to 

mimic the tissue behaviors such as the growth of cancer or 

degradation of bone tissue; 2) solid TMMs for more realistic, 

stable and anatomically accurate phantoms. The liquid 

TMMs for skin, muscle, cortical bone, and trabecular bone 

were developed using mixtures of Triton X-100, water, and 

salt. These liquid TMMs can be used with 3D-printed 

structures to mimic anatomical calcaneus bone for imaging 

applications. The solid TMMs for skin, cortical bone, and 

trabecular bone were developed using carbon black, 

graphite, polyurethane, and isopropanol. The solid TMMs 

are easily mouldable, relatively inexpensive, mechanically, 

and dielectrically stable over time. The dielectric properties 

of TMMs developed in this study aligns well with the 

reference dielectric data. The combined average percentage 

difference between dielectric properties of liquid TMMs and 

the reference data is found to be less than 10% for target 

tissues. Similar findings are observed for solid TMMs, 

except for the conductivity of trabecular bone that 

significantly deviated from reference data at higher 

frequencies. The objective of the study was to propose liquid 

and solid based TMMs within an acceptable error range of 

dielectric properties and hence to maintain a contrast 

between target tissues of the considered anatomical site. The 

variations observed in dielectric properties of TMMs are in 

agreement with the literature reporting TMMs for human 

biological tissues. Future studies will focus on developing 

more realistic replication of human calcaneus that should 

also involve trabecular bone microarchitecture along with 

bone marrow for experimental investigation of bone models 

for monitoring bone health.  

REFERENCES 
[1] A. Shahzad, K. Sonja, M. Jones, R. M. Dwyer, and M. O’Halloran, 

“Investigation of the effect of dehydration on tissue dielectric 

properties in ex vivo measurements,” Biomed. Phys. Eng. Express, vol. 
3, no. 4, pp. 1–9, 2017. 

[2] R. Scapaticci, P. Kosmas, and L. Crocco, “Wavelet-Based 

 
                     (a)                                                      (b)    

Fig. 5. Cylindrical shaped calcaneus bone phantom (a) Side view (b) Top 

View. 

 

 
(a)                                                 (b) 

Fig. 7. Anatomically realistic calcaneus bone phantom (a) Exterior 

View (b) Interior view. 

 

 
                     (a)                                                      (b)    

Fig. 6. Anatomically realistic calcaneus phantom (a) Interior view (b) 

Exterior View. 

 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/JERM.2020.3029938

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



Regularization for Robust Microwave Imaging in Medical 
Applications,” IEEE Trans. Biomed. Eng., vol. 62, no. 4, pp. 1195–

1202, 2015. 

[3] A. Shahzad, M. O’Halloran, E. Jones, and M. Glavin, “A multistage 
selective weighting method for improved microwave breast 

tomography,” Comput. Med. Imaging Graph., vol. 54, pp. 6–15, 2016. 

[4] D. O’Loughlin, M. O’Halloran, B. M. Moloney, M. Glavin, E. Jones, 
and M. A. Elahi, “Microwave Breast Imaging: Clinical Advances and 

Remaining Challenges,” IEEE Trans. Biomed. Eng., vol. 65, no. 11, 

pp. 2580–2590, 2018. 
[5] R. Scapaticci, L. Di Donato, I. Catapano, and L. Crocco, “A feasibility 

study on microwave imaging for brain stroke monitoring,” Prog. 

Electromagn. Res., vol. 40, pp. 305–324, 2012. 
[6] B. Amin, M. A. Elahi, A. Shahzad, E. Porter, B. McDermott, and M. 

O’Halloran, “Dielectric properties of bones for the monitoring of 

osteoporosis,” Med. Biol. Eng. Comput., Aug. 2018. 
[7] B. Amin, M. A. Elahi, A. Shahzad, E. Porter, and M. O’Halloran, “A 

review of the dielectric properties of the bone for low frequency 

medical technologies,” Biomed. Phys. Eng. Express, vol. 5, no. 2, p. 
022001, 2019. 

[8] P. M. Meaney, T. Zhou, D. Goodwin, A. Golnabi, E. A. Attardo, and 

K. D. Paulsen, “Bone dielectric property variation as a function of 
mineralization at microwave frequencies,” Int. J. Biomed. Imaging, 

vol. 2012, 2012. 

[9] P. M. Meaney et al., “Clinical microwave tomographic imaging of the 
calcaneus: A first-in-human case study of two subjects,” IEEE Trans. 

Biomed. Eng., vol. 59, no. 12, pp. 3304–3313, 2012. 
[10] B. Amin et al., “Dielectric characterization of diseased human 

trabecular bones at microwave frequency,” in 2020 Medical 

Engineering and Physics, 2020, pp. 1–8. 
[11] B. Amin, M. A. Elahi, A. Shahzad, E. Parle, L. McNamara, and M. 

Orhalloran, “An insight into bone dielectric properties variation: A 

foundation for electromagnetic medical devices,” EMF-Med 2018 - 1st 
EMF-Med World Conf. Biomed. Appl. Electromagn. Fields COST 

EMF-MED Final Event with 6th MCM, pp. 3–4, 2018. 

[12] M. A. Elahi et al., “Evaluation of image reconstruction algorithms for 
confocal microwave imaging: Application to patient data,” Sensors 

(Switzerland), vol. 18, no. 6, 2018. 

[13] N. Joachimowicz, B. Duchêne, C. Conessa, and O. Meyer, 

“Anthropomorphic Breast and Head Phantoms for Microwave 

Imaging,” Diagnostics, vol. 8, no. 4, p. 85, 2018. 

[14] B. Amin, D. Kelly, A. Shahzad, M. O’Halloran, and M. A. Elahi, 
“Microwave calcaneus phantom for bone imaging applications,” in 

2020 14th European Conference on Antennas and Propagation 

(EuCAP), 2020, pp. 1–5. 
[15] M. Lazebnik, E. L. Madsen, G. R. Frank, and S. C. Hagness, “Tissue-

mimicking phantom materials for narrowband and ultrawideband 

microwave applications,” Phys. Med. Biol., vol. 50, no. 18, p. 4245, 
2005. 

[16] J. Garrett and E. Fear, “Stable and flexible materials to mimic the 

dielectric properties of human soft tissues,” IEEE Antennas Wirel. 
Propag. Lett., vol. 13, no. c, pp. 599–602, 2014. 

[17] N. Joachimowicz, C. Conessa, T. Henriksson, and B. Duchêne, 

“Breast phantoms for microwave imaging,” IEEE Antennas Wirel. 
Propag. Lett., vol. 13, pp. 1333–1336, 2014. 

[18] T. Rydholm, A. Fhager, M. Persson, S. Geimer, and P. Meaney, 

“Effects of the Plastic of the Realistic GeePS-L2S-Breast Phantom,” 

Diagnostics, vol. 8, no. 3, p. 61, 2018. 

[19] J. Garrett and E. Fear, “A New Breast Phantom With a Durable Skin 

Layer for Microwave Breast Imaging,” IEEE Trans. Antennas 
Propag., vol. 63, no. 4, pp. 1693–1700, 2015. 

[20] T. Hikage, Y. Sakaguchi, T. Nojima, and Y. Koyamashita, 

“Development of lightweight solid phantom composed of silicone 
rubber and carbon nanotubes,” in 2007 IEEE International Symposium 

on Electromagnetic Compatibility, 2007, pp. 1–4. 

[21] R. Scapaticci, M. Bjelogrlic, J. A. T. Vasquez, F. Vipiana, M. Mattes, 
and L. Crocco, “Microwave technology for brain imaging and 

monitoring: physical foundations, potential and limitations,” in 

Emerging Electromagnetic Technologies for Brain Diseases 
Diagnostics, Monitoring and Therapy, Springer, 2018, pp. 7–35. 

[22] C. Gilmore, A. Zakaria, S. Pistorius, and J. Lovetri, “Microwave 

imaging of human forearms: Pilot study and image enhancement,” Int. 
J. Biomed. Imaging, vol. 2013, 2013. 

[23] B. McDermott et al., “Anatomically and dielectrically realistic 

microwave head phantom with circulation and reconfigurable 

lesions,” Prog. Electromagn. Res. B, vol. 78, pp. 47–60, 2017. 
[24] J. M. Vogel, R. D. Wasnich, and P. D. Ross, “The clinical relevance 

of calcaneus bone mineral measurements: a review,” Bone Miner., vol. 

5, no. 1, pp. 35–58, 1988. 
[25] B. Clarke, “Normal bone anatomy and physiology.,” Clin. J. Am. Soc. 

Nephrol., vol. 3 Suppl 3, no. Suppl 3, pp. 1–16, 2008. 

[26] D. A. Pollacco, M. C. Conti, L. Farrugia, P. S. Wismayer, L. Farina, 
and C. V Sammut, “Dielectric properties of muscle and adipose tissue-

mimicking solutions for microwave medical imaging applications,” 

Phys. Med. Biol., vol. 64, no. 9, p. 95009, 2019. 
[27] C. Gabriel et al., “The dielectric properties of biological tissues : III . 

Parametric models for the dielectric spectrum of tissues The dielectric 

properties of biological tissues : III . Parametric models for the 
dielectric spectrum of tissues,” 1996. 

[28] B. L. Oliveira, D. O’Loughlin, M. O’Halloran, E. Porter, M. Glavin, 

and E. Jones, “Microwave Breast Imaging: Experimental tumour 
phantoms for the evaluation of new breast cancer diagnosis systems,” 

Biomed. Phys. Eng. Express, vol. 4, no. 2, p. 25036, 2018. 

[29] S. Salahuddin, E. Porter, F. Krewer, and M. O’ Halloran, “Optimised 
analytical models of the dielectric properties of biological tissue,” 

Med. Eng. Phys., vol. 43, pp. 103–111, 2017. 

[30] C. Gabriel and A. Peyman, “Dielectric measurement: Error analysis 
and assessment of uncertainty,” Phys. Med. Biol., vol. 51, no. 23, pp. 

6033–6046, 2006. 

[31] C. Gabriel, “Dielectric properties of biological tissue: Variation with 
age,” Bioelectromagnetics, vol. 26, no. SUPPL. 7, pp. 12–18, 2005. 

[32] J. Garrett and E. Fear, “Stable and flexible materials to mimic the 
dielectric properties of human soft tissues,” IEEE Antennas Wirel. 

Propag. Lett., vol. 13, pp. 599–602, 2014. 

Mr. Bilal Amin is pursuing his Ph.D. in 
Electrical and Electronics Engineering from 

the National University of Ireland Galway. His 

Ph.D. research at Translational Medical 
Device Lab. is on the application of Dielectric 

Metrology and Electromagnetic Medical 

systems for earlier diagnosis of Osteoporosis. 
His Ph.D. program is being funded by the 

European Research Council (ERC). He did his 

BS in 2013, securing First Class in Electrical 
Engineering from COMSATS University 

Lahore, Pakistan under the auspices of the 

National ICT scholarship program. In 2015, he earned his Master’s degree 
with distinction in Electrical Engineering from COMSATS University 

Islamabad, Pakistan. His current research interests are compressive 

sampling, microwave imaging, medical signal processing, dielectric 

metrology, and electromagnetic medical systems. 

Dr. Atif Shahzad received a B.Sc. (Hons.)  in 

Computer Engineering from COMSATS 
University, MSc. Electronic Engineering from 

the University of Leeds and Ph.D. in Medical 

Engineering from the National University of 
Ireland Galway in 2006, 2009, and 2015, 

respectively. Dr. Shahzad is a research lecturer 

in medical technologies and Co-Director of the 
Smart Sensors Lab. at the National University 

of Ireland Galway. His research is focused on 

medical sensing technologies, device 
development, signal and image processing, and artificial intelligence in 

healthcare. He has received over 13 national and international awards 

including Presidential Award for Distinguished Achievers.  

Mr. Daniel Kelly is a fourth-year Medical 

student at the National University of Ireland 

Galway. Daniel has maintained a 1.1 grade 
average throughout his degree and was 

awarded both the Health Research Board 

Summer Student Scholarship and Welcome 
Trust Biomedical Vacation scholarship. 

Daniel has presented his research at both the 

Medical Undergraduate Research Conference 
and the Atlantic Corridor Research 

Conference. His research is focused on the 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/JERM.2020.3029938

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

 

9 

development of bone phantoms for use in the testing and development of 
novel microwave imaging devices.  

Prof. Martin O'Halloran is a professor in 

medical electronics and Science Foundation 
Ireland (SFI) Investigator at the National 

University of Ireland Galway. Reflecting the 

interdisciplinary nature of his research, he 
holds a joint affiliation with the College of 

Engineering and Informatics; and the College 

of Medicine, Nursing & Health Sciences, and 
leads the Translational Medical Device 

Laboratory in the Lambe Institute. Dr. 

O'Halloran has received over 30 national and 
international research awards and was recently awarded SFI's Early-Stage 

Researcher of the Year, Engineers Ireland Chartered Engineer of the Year, 

and the European Research Council's Starting Investigator Grant. He was a 
co-proposer of a European COST Action (entitled "MiMED") and is now 

leading a network of over 180 medical device researchers from 24 countries, 

focused on the clinical evaluation and commercialization of novel medical 

devices in Europe. Over the last 6 years, Dr. O'Halloran has personally 

secured €5.6 million in direct research funding and has published more than 

40 papers in peer-reviewed journals. Dr. O'Halloran has been an invited 
chair and invited speaker at several major electromagnetics and translational 

medicine conferences/seminars. He is currently a non-executive director of 

the BioInnovate program and co-lead of the Health Innovation Hub Ireland 
at NUI Galway. 
 

Dr. Adnan Elahi is a lecturer in medical 
electronics at the National University of 

Ireland Galway. He holds a Ph.D. in Electronic 

Engineering from the National University of 
Ireland Galway, M.Sc. in Embedded Digital 

Systems from the University of Sussex, United 

Kingdom, and BS in Computer Engineering 
from COMSATS University Lahore, Pakistan. 

His Ph.D. research was focused on the 

investigation and development of novel signal 

processing algorithms to improve microwave 

imaging of the breast. He has over 8 years of research experience in medical 

device development. He has previously worked as a lecturer at COMSATS 
University Lahore, Pakistan; and as a Research Associate at Computer 

Vision Research Group (COMVIS) Lahore, Pakistan. 

 
 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/JERM.2020.3029938

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.


