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Abstract

Microwave Sensor Measurements And Human Tissue
Characterization

Jacob Velander

In Uppsala University, at the Solid State Electronics Division, Microwave Group,
biomedical sensors/probes are developed for monitoring osteogenesis. This is done
by analyzing interaction between electromagnetic fields and human tissues. Mainly the
analysis is done in frequency domain instead of time domain, but both can be used.
This technique can be applied for many types of bone diseases and for examining
other diseases or health conditions. Diseases or injures as craniosynostosis,
osteoporosis and skin burn are in focus. To facilitate monitoring, small probes for
non-invasive measurements are developed. Validation and optimization are frequently
done in simulation to have better efficiency, gain and penetration of the signal. To
increase the accuracy, proper characterization of tissues is important. Fortunately
ethical application is approved for in-vivo measurements. Ethical approvals are
obtained in collaboration with Akademiska Hospital (Craniofacial center), Utrecht and
Maastricht (Osteoporosis). Characterization and measurements are done on living
tissue. Measurements as follow ups and characterizations of tissues are mostly
performed in clinics. All data is measured with a Field Fox Network Analyzer,
N9918A, from Keysight Technologies. Characterization is done by Agilent 85070E
Dielectric Probe Kit that connects to Field Fox with an ultra-flexible coaxial cable
(MegaPhase Killer Bee 26). Characterization of tissues is done from 1 to 25 GHz and
probe measurements are performed from 1 to 3 GHz. Finally phantom measurements
are done for microwave based non-invasive diagnosis technique for analyzing degree
of skin burn.
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Sammanfattning 
 

Vid Uppsalas universitet, Institutionen för teknikvetenskaper Fasta tillståndets elektronik har 

mikrovågsgruppen skapat biomedicinska sensorer för undersökning av osteogenes. Genom att 

studera interaktionen mellan elektromagnetiska fält och mänskliga vävnader kan sensorer 

skapas. Analys görs huvudsakligen i frekvensdomän istället för tidsdomän, men båda kan 

användas. Denna teknik kan tillämpas för många typer av skelettsjukdomar och för att 

undersöka andra sjukdomar eller hälsotillstånd. Sjukdomar, syndrom eller skador som 

craniosynostosis, osteoporos och brännskador är huvudområdet. För att enkelt undersöka eller 

övervaka människokroppen har sensorer utvecklats för icke invasiva mätningar. Validering, 

optimering samt simulering sker för att skapa bättre effektivitet, förstärkning och penetrering 

av signalen. För att öka känsligheten hos sensorerna är det viktigt att känna till hur 

elektromagnetiska signaler interagerar med människans kroppsvävnader. Noggrann 

karakterisering av levande kroppsvävnad är där med viktig. Lyckligtvis har etisk ansökan 

godkänts för in vivo-mätningar. Etiska godkännanden erhålls i samarbete med Akademiska 

sjukhus (Kraniofacialt centrum), Utrecht och Maastricht (osteoporos). Karakterisering och 

mätningar görs på levande vävnad (in-vivo), tidigare data är från kadaver (ex-vivo). 

Karakterisering och uppföljning av patienter utförs huvudsakligen vid klinik. 

Sensormätningar görs med hjälp av en nätverksanalysator, Field Fox N9918A, från Keysight 

Technologies. Vävnadskarakterisering sker genom, Agilent 85070E Dielektrisk Probe Kit, 

som ansluts till Field Fox via en ultra-flexibel koaxialkabel (MegaPhase Killer Bee 26). 

Karakteriseringen sker från 1 till 25 GHz och sensormätningar utförs från 1 till 3 GHz. 

Slutligen görs mikrovågsmätningar för icke-invasiv diagnostisering av olika grader av 

brännskador på fantommodeller.  
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1. Introduction 
 

Biomedical sensors (BMS) are nowadays an innovative and strong field for examinations and 

detecting diseases at an early stage or monitoring health conditions. The developed 

sensors/probes, within our projects, are produced and considered for body scanning from 

outside and is therefore called non-invasive sensors [1]. Sensors can be realized with/without 

contact to skin surface. In invasive technique sensors are lodged percutaneously. The non-

invasive technique is cost-effective, complies with patient comfort and has a high accuracy. 

Measurements can be easily performed using non-ionizing microwave signals and the 

radiation exposure is way lower than a common mobile phone (<1mW). The frequency range 

that we use is ultra-wide band (UWB), between 1 – 10 GHz which is the part of microwave 

region in the electromagnetic (EM) spectrum. This frequency band, 1 – 10 GHz, is itself 

divided in well-defined bands named, L-band, S-band, C-band, and half of X-band. Humans 

are daily exposed by microwaves, for instance mobile phones, Wireless Fidelity (Wi-Fi), Blue 

tooth and so it would be interesting to use similar microwave signals in medical applications. 

 

1.1. Background and Motivation 
 

One considerably strong reason and the purpose for this technique, is to reduce the unwanted 

harmful radiations as X-ray and computed tomography (CT). Both are classified as ionizing 

radiation and should be avoided when frequent measurements are performed. Focus in this 

project is to develop sensors for bone mineral density (BMD) analysis. Measuring BMD itself 

enables us to assess conditions such as ossification, osteopenia and many more bone related 

defects. There are many areas where this can be used directly and indirectly, correlations for 

EM field interaction within body tissue are needed for monitoring. Previous and ongoing 

works in osteogenesis are explained briefly, but more focus is given to craniosynostosis and 

osteoporosis. Simulations and validations for our sensors are done for different body 

locations. The current research in BMD is used for craniosynostosis, craniotomy, osteoporosis 

and but can be further developed for other bone related diseases too. The method can be also 

used for assessing the degree of skin burn as well. In future, the device will work as a 

complete system like an embedded device (system), all in one unit. The goal is to achieve a 

miniaturized product, which can detect and even predict above mentioned medical conditions. 

 

1.2. Previous Work 
 

In the beginning, when the first probe prototype was developed, the simulations and probe 

designs were based on literature data. The data is from cadavers, ex-vivo measurements, and 

therefore not true values compared to living tissue. The first generation of BMD probes are 

now developed and tested on phantoms. Validations for all probes are performed on artificial 

models, called phantoms. The different developed probes cover craniosynostosis, 

osteogenesis, osteoporosis and skin burn applications. Frequency domain is used in the BMD 

analysis. Probes such as resistive dipole antenna [2] is also done for monitoring 

craniosynostosis in time domain using small pulse radar technique. Simulation is frequently 

performed to develop better gain, efficiency and penetration depth for all probes. Also to 

optimize and improve the probes, better knowledge of the dielectric constant, is necessary for 

all tissues. In order to measure the in-vivo properties of human tissue ethical approvals are 
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secured. This project gathers the dielectric properties of in-vivo tissues for the accurate 

modelling of sensors. Data is collected and analyzed from craniosynostosis patients, 

osteoporosis patients and healthy volunteers. The dielectric profile of human skin is also 

collected in view of developing sensors for burn depth analysis. This project will help 

researchers in the development of second generation sensor prototypes.  

 

1.2.1. Craniosynostosis 
 

Newborn children sometimes develop 

craniosynostosis resulting in abnormal head 

shapes. Every year 1 of 1000 newborn 

develop craniosynostosis. Locally, in 

Sweden, this means 80-90 new patients 

every year and the outcomes increase. The 

reason for the condition is the premature 

fusing of at least one skull suture, which 

prevents normal skull growth. Early 

diagnosis is important to facilitate 

craniotomy (surgical intervention to correct 

the cranial shape and volume) and more 

effective bone reformation. Ossification in 

children is faster, more effective, which 

later subsides with age. Therefore it is 

important to treat the disease earlier. Also if 

the intervention is done earlier, there will be 

less risk due to intracranial pressure and 

will result in an aesthetically well-

developed head shape. After craniotomy 

where the surgical defect is placed the physical healing progress can be summed in few steps. 

Analogously to a cavity in a living tissue that changing content over time. This cavity changes 

from a mixed body fluid to levels of regeneration of bone and ends up as partially or fully 

filled defects. All clinical measurements in operation room (OR) and follow ups done in this 

project will contribute largely in developing new models [3-5]. 

 
 

Figure 1. Craniosynostosis and its different 

appearances.  
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1.2.2. Osteoporosis 
 

In elderly, mostly for women, osteoporosis is 

a scourge worldwide. Globally, as of 1990, 

about 1.26 million people get hip fractures. 

Expected values in 2025 are 2.6 million and 

are estimated to reach 4.5 million in 2050 

[6]. In Sweden, with a population of about 9 

million people, approximately 18 thousand 

hip fractures occur each year. Osteoporosis 

stands for “porous bone” and is a disease 

when bone/marrow ratio starts to decrease 

and may result in osteopenia. Consequence 

for affected people is increased risk of 

fracture and later reduced mobility. 

Nowadays for monitoring the healing of 

patient after surgical treatment dual energy 

X-ray absorptiometry (DEXA) is used [7] for accurate BMD measurements. BMD has a 

correlation to microwave dielectric properties, so solutions based on microwave sensors for 

diagnosing osteoporosis and follow up after a fracture can be successfully sought. 

Information about tissue recovery can be derived directly from BMD level or from adjacent 

tissues as muscle and fat. 

 
Figure 2. Comparison of osteoporosis and 

healthy bone.  

 

1.2.3. Skin Burn 
 

Globally burn cause 300,000 deaths each year 

and in 2004 about 11 million people sought 

medical treatment [8]. Anatomically the 

outermost surface on a human covers of skin 

tissue and consists of superficial layer of 

epidermis and a deeper layer of dermis. Skin 

burn comes in different categories such as, 

due to fire, electricity, chemicals or sun and 

can be difficult to analyze. Two proposed 

solutions could be useful clinically. First one 

is to perform overall monitoring for the entire 

burn area. Second, one is to do more local 

measurements such as using a probe. Skin 

burns change a lot with time and depending 

on the reason of skin burn, it can vary at 

various body locations. Burn injury can be 

classified as first-, second- and third-degree 

of skin burn depending on its depth. First-

degree occurs for instance from over sun exposure and affect the superficial epidermis layer. 

Second-degree affects epidermis and partially dermis without neurovascular damage. It can 

be painful and turns into blisters. In third-degree damage entire skin (epidermis and dermis) 

are affected and can reach subcutaneous fat. Very serious condition is the fourth-degree burn 

which affects deeper tissues such as fat, muscles and in worst case bone and internal organs. 

Since different degrees of skin burn have different water retention, techniques such as 

 
Figure 3. Degree of skin burn.  
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microwave sensors efficient in detecting the moisture content can be employed as diagnosis 

technique. 

 

2. Theory 
 

When the electronic component’s size becomes comparable to the signal wavelength wave 

theory, transmission line theory and Maxwell’s wave equations are used. Maxwell’s equations 

are extensively used in Microwave applications.  Microwaves are defined from 300 MHz to 

300 GHz and analogously correspond to a wavelength from 1 millimeter to 1 meter.  

 

 
Figure 4. Electromagnetic spectrum. 

 

In general, antenna gain is proportional to the electrical or physical size of the antenna. This 

has important consequences for small microwave systems. Higher frequencies offers more 

bandwidth for data transmission [9] [10].  

 

Signal processing is done from one port data of 

the scattering matrix [S] and is called S11 or Γ 

(reflection coefficient). The system itself will 

therefore be a transceiver. The name comes from 

a combination of transmitter (sending) and 

receiver (receiving). Analysis can be done both 

in time domain and frequency domain. S11 

shows the matching of the sensor to the material 

under test (MUT). Data is interpreted and 

processed in Matlab (MathWorks). 
 

Figure 5. System and concept.  
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3. Simulation and Fabrication Process 

 

The probe prototypes are simulated in 

Computer Simulation Technology (CST) and 

optimized and validated for human body 

tissues [11] for different health conditions. 

The EM design of micro-strip patch antenna 

sensor is based on capacitive split ring 

resonators [1] (SRR) with different geometry 

and properties. All SRR probes developed are 

non-invasive with superficial contact to the 

skin surface. The analysis is observed in 

frequency domain and should have best 

matching for skin contact compared with free 

space. The concept is to have good 

correlation between healthy body tissue and 

affected tissue due to any diseases. 

Consequently high frequency (HF) shift 

(resolution) can occur which helps in 

monitoring healing progress. 

 

 
 

Figure 6. 3D model of SRR with unspecified 

dimensions. Captured from CST software. 

The probe prototypes are designed using layers of HF copper laminates which is suitable for 

microwave micro-strip patches antennas (probes). The layers consist of copper ground plane, 

substrate of ceramics, different copper patches (mostly SRR) and ceramic superstrate. 

Fundamental concept for all layers is that the ground plane should be big enough to cover 

fringing fields. Substrate should have low loss tangent (tan δ). SRR profile, size, shape or 

geometry has a frequency dispersive impact on the reflection coefficient (S11, Γ). Superstrate 

is placed in front or on top to increase bandwidth, gain and efficiency for the probes. All 

initial bricks/boards are 25 mm x 25 mm and are stacked together. Fabrication is done by 

etching out patches/profiles. First of all, the geometrical shape is printed on overhead (OH) 

film, then transferred to copper surface using positive photoresist to then illuminated with 

ultraviolet (UV) light. Profiles (masks) are 

printed out on OH film in Gerber Viewer. To 

transfer the pattern, positive photo resist spray 

is used. The thin photo resist film is covers the 

copper and is baked (hardens) in an oven for 

pre-determined time. The baking temperature 

and time depends on the thickness of 

photoresist. Next process is to expose the 

bricks with UV light about 10 seconds and then 

etch out the pattern. Flood exposure with ferric 

chloride (FeCl3) developer is used to etch out 

the pattern. When the profiles are finished all 

bricks are cleaned with acetone. Ground plane 

layer is soldered to outer part of SMA and 

feeding pin is connected with the micro-strip 

feed and measured to make sure that it is not 

shorted. All layers are then stacked together. 

 

  
Figure 7a. Printed 

layers in Gerber 

Viewer 

Figure 7b. Mask 

illuminated by UV 

light 

  
Figure 7c. Etching 

process with FeCl3  

as a developer  

Figure 7d. End 

result of probes and 

soldered SMA 

1 euro 
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4. Measurements 
 

At this time for our projects, in-vivo measurements are performed both invasive and non-

invasive for different research purpose and are being continued. In-vivo means that all 

measurements are performed directly on living tissue. The developed probes are created for 

non-invasive diagnostic application. Invasive measurements are performed mostly to have 

better understanding of each body tissue in living human. Invasive dielectric characterization 

measurements are done during craniotomy and hip replacement surgeries. Non-invasive 

measurements are done on healthy volunteer’s and craniotomy/hip fracture rehabilitating 

patients. First ethical approval is granted for craniotomy measurements on younger children 

suffering from craniosynostosis. This facilitates clinical follow up measurements for our 

sensors, but especially new data can be obtained from in-vivo slim probe used for dielectric 

characterization measurements instead of ex-vivo cadaver data available from literatures. Also 

invasive in-vivo tissue characterization measurements were done during hip replacement 

surgery on patients suffering from osteoporosis. In this case skin, fat, muscle and bone tissues 

are characterized. For healthy volunteers measurements were carried out to create better 

understanding of the probe performance and to characterize skin EM parameters for older 

adults, age of 65 years and up. Skin characterization is necessary for good transition and 

matching between probe and human body. Deeper understanding and characterization of skin 

can also be a good starting point for local skin burn monitoring. The feasibility of skin burn 

analysis is demonstrated on phantom models.  

 

4.1. Field Fox Network Analyzer for Tissue Characterization 
 

For characterization of materials or tissues a small super HF probe is used, called Dielectric 

Probe (DP) or slim probe. The probe is 2.4 mm in diameter and 200 mm long and it can be 

autoclaved until 125 ºC. Medical autoclave is a sterilization process for hospital operation 

room’s (OR) surgical tools. The process is a hard requirement and has to be used inside OR 

and in-vivo. The DP kit is Agilent 85070E Dielectric Probe Kit. This includes 3 DPs, shorting 

block, holding stand, software and license. Since characterization extends to 25 GHz high end 

cable is a requirement. Therefor especially for characterization, an ultra-flexible coaxial cable 

(MegaPhase Killer Bee 26) is used. 

   
Figure 8a. Fieldfox Figure 8b. MegaPhase Figure 8c.  Shorting block 

 
Figure 8d. Slim probe 
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4.2. Field Fox Analyzer with BMD Probes  
 

Before using a HF or radio frequency (RF) device as handheld Network Analyzer, Field Fox 

N9918A, calibration must be done for specific measurements. Matching is done from the 

device through the coaxial cable until the connector, in our case Sub Miniature Version A 

(SMA) 50 Ohm connector. These connectors are designed for DC up to 26.5 GHz. The field 

fox frequency spectrum specification is in same bandwidth, 0 Hz – 26.5 GHz. To have a good 

calibration, the coaxial cable should have low loss. For this an ultra-flexible coaxial cable 

(MegaPhase Killer Bee 26) is used. All sensors (antennas) are designed for 50 ohm system. 

 

 
  

Figure 9a. N9918A Field Fox 

Handheld Microwave Analyzer 

26.5 GHz (Keysight Technologies)  

Figure 9b. MegaPhase Killer 

Bee 26 

Figure 9.c 

Keysight 

Calibration kit  

 

Performance of calibration, step by step. 

  
Figure 10a. Mechanical Cal Setup  Figure 10b. Step 1. Cal Wizard 
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Figure 10c. Step 2.  

 
Figure 10d. Step 3 

. 

  
Figure 10e. Finish Figure 10f. Calibrated system without 

sensor 

 

4.2.1. Craniosynostosis Measurements 

 

In Akademiska Hospital, in Uppsala, ethical approval is now accepted for in-vivo 

measurements. This is very gratifying and is helpful to do the pediatric tissue 

characterization. All tissues in newborn or younger children have different EM properties 

and slightly different physical properties compared to that of adults. Since children grow 

fast they have high healing rates. Their tissues such as bone have more fluid retention and 

entails higher dielectric constant. The children who were included in the study have a 

dispersive skull thickness ranging from 2-5 mm.  Craniotomy is often done in pediatric 

patients because of their high bone healing rates. 
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Figure 11. Craniotomy for craniosynostosis  patient in operation room during operation. 

 

Craniosynostosis baseline measurement 
Patients Probe Slim 

Probe 

Patients Location/  

Measuring spots  

 

 
 

Measurements 

(timeline)  

Follow up 

 

 

 
 

 

SRR 

 

 

 
 

 

No 

 

 
 

12 so far  

 

Estimate 

more than 

20/year 

 

 
Pre/Post op SRR Yes  Scalp and arm, the spot before defect  

1 week  SRR No  Defect, frontal bone and front fontanelle  

1 month SRR No  Defect, frontal bone and front fontanelle  

3 month SRR No  Defect, frontal bone and front fontanelle  

6 month SRR No  Defect, frontal bone and front fontanelle  

12 month SRR No  Defect, frontal bone and front fontanelle  

Table 1. Positions of measurements on craniosynostosis patients.  

4.2.2. Osteoporosis Measurements 

 

Measurements during the stay in Netherlands include three patients. With respect to patients 

we were not able to do more measurements than was allowed. Occasionally some data could 

not be measured due to patient discomfort in lying still. During the visit measurement 

procedure for each patient took roughly 1 hour and actually more was needed. Later all 

included measurements were need to be more time efficient. During the stay we start to use 

two types of network analyzers in parallel, Field Fox and a mini VNA tiny to save time. A 

simpler coaxial cable was used for mini-VNA and therefore more noise sensitive. This 

explains why lots of graphs have ripples during measurements. 

Front 

fontanelle 

Fronta

l 

Possible placement 

of defect 

Parietal 
bone 

Coronal 

suture 
Sagittal 

suture 
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Picture 12a. Performance and setup during 

patient 1  

Picture 12b. Start using mini-VNA in 

parallel for patient 2 and 3 . 

Osteoporosis baseline measurement 
Osteoporosis  

Probe 

 

Slim Probe 

Gender/  

Number 

Gender/  

Number 

Location/  

Measuring spots  

A, 

Left trochanter  

SRR No  

 

 

 

Man/1 

 

 

 

 

Woman/2 

 

Right trochanter  SRR Yes 

B, 

Left Thigh 

SRR No 

Right Thigh SRR Yes 

C, 

Left Distal  

SRR No 

Right Distal  SRR No 

Table 2. Positions of measurements on osteoporosis patients .  

4.2.3. Volunteer Measurements 

 

To facilitate skin characterization with DP and evaluation of BMD probes, slim probe and 

BMD probes were connected in parallel to Field Fox. Since calibration of each port is needed 

for different successive measurements it takes more time. Doing the measurements parallel 

saves time for all volunteers. To create fewer errors it is important to perform proper 

measurements. To have more reliable measurements all probes have mechanical support. For 

DP a metal arm was used with no angle limits. At the tip of DP probe a circular footprint of 1 

cm
2
 was utilized to achieve the manufacturer’s requirement. The tip was held and maintained 

1 mm against the skin surface and equal pressure for each measurement was ensured. BMD 

probes were connected with straps to control location and pressure. Before measuring, marks 

were made to have all probes in same place. This was applied for both DP and BMD probes. 

Every measurement was taken repeatedly 5 times for each probe and for any location. 

Repeated measurements make statistical and more accurate data. To have more significant 

correlations a scale was used to measure volunteers weight, BMI, fat percentage, muscle 

percentage and bone percentage. 

mini-VNA 

Field Fox 

Slim Probe 

A 

B 

C 
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Figure 13. Setup for volunteer measurements.  

 

Volunteers baseline data  
Volunteers  

Probe 

 

Slim Probe 

Gender/ 

Number 

Gender/ 

Number 

Location/ 

Measuring spots  

A, 

Left trochanter  

SRR No  

 

 

 

Man/5 

 

 

 

 

Woman/5 

 

Right trochanter  SRR Yes 

B, 

Left Thigh 

SRR No 

Right Thigh SRR Yes 

C, 

Left Distal  

SRR No 

Right Distal  SRR Yes 

Table 3. Positions of measurements on volunteers.  

Data collection 
Volunteers 

 
Man 

 

Age 

 

Height 

[cm] 

 

Weight 

[kg] 

 

BMI 

 

Fat 

[%] 

 

Muscle 

[%] 

Circumference [cm]  

Left 

Thigh 

Right 

Thigh 

Left 

Distal  

Right 

Distal  

1
s t

 71 176 87.1 28.1 33.2 35.9 48.5 53 38.5 38.5 

2
nd

 70 174 77.3 25.5 18.5 37.4 45 46 35 34.5 

3
rd

 74 165 74.2 27.3 34.4 36.5 45 46.5 35 33 

4
th

 78 180 92.1 28.4 22.1 35.0 45.5 46.5 33.5 35.5 

5
th

 72 177 85.3 27.3 31.7 36.1 45 47 35 35.5 

Woman           

1
s t

 72 160 88 >30 NA NA 52 51 38 37.5 

2
nd

 71 150 73.4 >30 NA NA 50 52 34.5 36.5 

3
rd

 72 173 86.1 28.8 32.9 28.0 50 49.5 36 36.5 

4
th

 74 174 71.1 23.5 26.3 28.7 47 45 37 38.5 

5
th

 73 159 87 >30 NA NA 51 50 38 37.5 

Table 4. Summaries data from volunteers.  

 

Slim probe, BMD probe 

Shorting Block 
Calibration 

kit  

Support  

A 

B 

C 

BMD 

probe

s 
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4.2.4. Skin Burn Measurements 

 

Ex-vivo measurements are done on phantoms and have a simplified base structure consisting 

of 2 phantom layers of epidermis and dermis. The epidermis phantom is a superficial phantom 

stacked on dermis phantom with an underlying muscle phantom, see figure 14. Initially both 

the skin phantoms have the same EM properties, to emulate first degree of skin burn the 

epidermis phantom is exposed to heat/dehydration several times. The second dermis layer is 

dehydrated to the same level. This corresponds to second degree of skin burn. Similar 

procedure is repeated until the phantoms are highly dehydrated thus reaching higher degree of 

skin burn. 

 

 
Figure 14. Setup for skin burn measurements. 

 

  

Dermis phantom 

Epidermis phantom 

 

Muscle phantom (red) 

Hot air gun 

NWA 

Dermis 

Epidermis 

Coax.  –  SMA   –   Probe 

Dehydration 

S11, ( Γ ) 
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5. Results 
 

5.1. Craniosynostosis 

5.1.1. Follow up 

 

 

Figure 15a. Pre operation, post operation, 1 week follow 

up, 

1 month follow up and last expected value for next follow 

up. 

Figure 15b. Defect placement 

and further follow ups  

 

5.2. Osteoporosis 

5.2.1. Skin Characterization 

 

 

Osteoporosis Patient 2nd Woman 
 
Total measurements 

 

𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 5} = 𝛴10 
 
Average dielectric constant at 2.4 GHz for the two different 

locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=5

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 8.9

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 28.8
 

 

entire right leg. 
 

∑
𝜀𝑟𝑖
𝑁

𝑁=10

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 18.9 

 

Figure 16. Characterization of skin for 2 

different spots, thigh and trochanter.  

Estimated mean value for all iterated 

measurements on right leg. 

  

Osteoporosis patients  𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 𝜀�̅�,𝑡ℎ𝑖𝑔ℎ 𝜀�̅�,𝑡𝑟𝑜𝑐ℎ 𝜀�̅�.𝑙𝑒𝑔 

1
st
 Man NA NA NA NA 

2
nd

 Woman NA NA NA NA 

3
rd

 Woman NA 8.9 28.8 8.9 

Average NA 8.9* 28.8 18.9 
 Table 5. Summed Average Data for Skin Characterization at 2.4 GHz  

*The patient’s skin appeared to be thin, dry and scaly. This explains low dielectric 

Measured 

spot for 

patient 
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constant values.  

5.2.2. Probe Measurements  

 

Trochanter measurements (Osteoporosis P1-P3) 

 

 Probe placement (A) 

 

 

Figure 16a. Frequency shift for all osteoporosis patients.  

 
b. measuring spot.  

Free space                Amplitude = -16.6 dB, Resonance frequency = 2.710 GHz 

Patient 

No. 

Dominant Hand 

/Gender 
𝐴𝑟𝑓.𝑜𝑝 

(𝑑𝐵) 

𝐴𝑟𝑓.𝑟𝑒𝑓  

(𝑑𝐵) 

𝛥𝐴𝑜𝑝,𝑟𝑒𝑓  

(𝑑𝐵) 

𝑓𝑟.𝑜𝑝 

(𝐺𝐻𝑧) 

𝑓𝑟.𝑟𝑒𝑓 

(𝐺𝐻𝑧) 

𝛥𝑓𝑜𝑝,𝑟𝑒𝑓  

(𝑀𝐻𝑧) 
1 RH/M -7.63 -8.00 0.37 2.673 2.675 2 
2 RH/W -9.48 -8.00 -1.48 2.671 2.690 19 
3 RH/W -6.62 -6.55 -0.08 2.660 2.680 20 

 

Table 6. Summed data and information from trochanter measurements.  

 

Thigh measurements (P1-P3) 

 

Probe placement (B) 

 

 

Figure 17a. Frequency shift for all osteoporosis patients.  

 
b, measuring spot.  

Free space                Amplitude = -3.61 dB, Resonance frequency = 2.84 GHz 

Patient 

No. 

Dominant Hand 

/Gender 
𝐴𝑟𝑓.𝑜𝑝 

(𝑑𝐵) 

𝐴𝑟𝑓.𝑟𝑒𝑓  

(𝑑𝐵) 

𝛥𝐴𝑜𝑝,𝑟𝑒𝑓  

(𝑑𝐵) 

𝑓𝑟.𝑜𝑝 

(𝐺𝐻𝑧) 

𝑓𝑟.𝑟𝑒𝑓 

(𝐺𝐻𝑧) 

𝛥𝑓𝑜𝑝,𝑟𝑒𝑓  

(𝑀𝐻𝑧) 
1 RH/M -11.9 -7.6 -4.3 2.675 2.575 100 
2 RH/W -20.0 -32.5 12.5 2.638 2.634 4 
3 RH/W -15.6 -21.2 5.6 2.600 2.600 0 

 

Table 6. Summed data and information from thigh measurements.  

  

A 

B 
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Distal measurements (Osteoporosis P1-P3) 

 

Probe placement (C), 

 

 

Figure 18a: Frequency shift for all osteoporosis patients.  

 
b. measuring spot.  

Free space                Amplitude = -10.6 dB, Resonance frequency = 2.78 GHz 

Patient 

No. 

Dominant Hand 

/Gender 
𝐴𝑟𝑓.𝑜𝑝 

(𝑑𝐵) 

𝐴𝑟𝑓.𝑟𝑒𝑓  

(𝑑𝐵) 

𝛥𝐴𝑜𝑝,𝑟𝑒𝑓  

(𝑑𝐵) 

𝑓𝑟.𝑜𝑝 

(𝐺𝐻𝑧) 

𝑓𝑟.𝑟𝑒𝑓 

(𝐺𝐻𝑧) 

𝛥𝑓𝑜𝑝,𝑟𝑒𝑓  

(𝑀𝐻𝑧) 
1 RH/M NA NA NA NA NA NA 
2 RH/W -18.0 -12.4 -5.6 2.433 2.532 -99 
3 RH/W -9.8 -10.2 0.4 2.440 2.540 -100 

 

Table 7. Summed data and information from distal  measurements.  

  

5.3. Volunteers 
 

5.3.1. Skin Characterization 

 

 

Volunteer Man 1
st
 

 

Total measurements 
 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 5} = 𝛴15 
 

Average dielectric constant at 2.4 GHz for the three different 
locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=5

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 30.9

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 30.9

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 28.6
 

 
entire right leg. 

 

∑
𝜀𝑟𝑖
𝑁

𝑁=15

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 30.1 

 

Figure 19. Characterization of skin for 3 

different spots, distal femur, thigh and 

trochanter.  

Estimated mean value for all iterated 

measurements man volunteer 1.  

  

C 
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Volunteer Man 2
th

 
 
Total measurements 

 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 3} = 𝛴9 
 
Average dielectric constant at 2.4 GHz for the three different 

locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=3

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 33.8

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 30.6

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 34.3
 

 

entire right leg. 

 

∑
𝜀𝑟𝑖
𝑁

𝑁=15

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 32.9 

 

Figure 20. Characterization of skin for 3 

different spots, distal femur, thigh and 

trochanter.  

Estimated mean value for all iterated 

measurements man volunteer 2.  

 

 
 

 

Volunteer Man 3
th 

 

Total measurements 

 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 5} = 𝛴15 
 

Average dielectric constant at 2.4 GHz for the three different 

locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=5

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 31.8

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 29.2

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 27.1
 

 

entire right leg. 
 

∑
𝜀𝑟𝑖
𝑁

𝑁=15

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 29.3 

 
Figure 21. Characterization of skin for 3 

different spots, distal femur, thigh and 

trochanter.  

Estimated mean value for all iterated 

measurements man volunteer 3.  

 

 
 

 

Volunteer Man 4
th 

 

Total measurements 
 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 3} = 𝛴9 
 

Average dielectric constant at 2.4 GHz for the three different 

locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=3

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 34.1

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 33.0

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 32.8
 

 
entire right leg. 

 

∑
𝜀𝑟𝑖
𝑁

𝑁=15

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 33.3 

 
Figure 22. Characterization of skin for 3  

different spots, distal femur, thigh and 

trochanter.  

Estimated mean value for all iterated 

measurements man volunteer 4.  
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Volunteer Man 5
th 

 
Total measurements 

 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 3} = 𝛴9 
 
Average dielectric constant at 2.4 GHz for the three different 

locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=3

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 31.7

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 30.0

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 30.3
 

 

entire right leg. 

 

∑
𝜀𝑟𝑖
𝑁

𝑁=15

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 30.7 

 
Figure 23. Characterization of skin for 3 

different spots, distal femur, thigh and 

trochanter.  

Estimated mean value for all iterated 

measurements man volunteer 5.  

  

 

 

Volunteer Woman 1
th

 
 
Total measurements 

 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 1} = 𝛴3 
 

Average dielectric constant at 2.4 GHz for the three different 
locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=1

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 20.2

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 19.9

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 19.3
 

 

entire right leg. 

 

∑
𝜀𝑟𝑖
𝑁

𝑁=3

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 19.8 

 

Figure 24. Characterization of skin for 3 

different spots, distal femur, thigh and 

trochanter.  

Estimated mean value for all iterated 

measurements woman volunteer 1.  

 

 
 

 

Volunteer Woman 2
th

 
 
Total measurements 

 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 5} = 𝛴15 
 
Average dielectric constant at 2.4 GHz for the three different 

locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=5

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 23.8

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 29.1

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 25.9
 

 

entire right leg. 

 

∑
𝜀𝑟𝑖
𝑁

𝑁=15

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 26.3 

 
Figure 25. Characterization of skin for 3 

different spots, distal femur, thigh and  

trochanter.  

Estimated mean value for all iterated 

measurements woman volunteer 2.  
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Volunteer Woman 3
th

 
 
Total measurements 

 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 3} = 𝛴9 
 
Average dielectric constant at 2.4 GHz for the three different 

locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=3

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 27.6

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 25.6

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 26.6
 

 

entire right leg. 

 

∑
𝜀𝑟𝑖
𝑁

𝑁=9

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 26.6 

 
Figure 26. Characterization of skin for 3 

different spots, distal femur, thigh and 

trochanter.  

Estimated mean value for all iterated 

measurements woman volunteer 3.  

 

 
 

 

Volunteer Woman 4
th

 
 

Total measurements 

 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 3} = 𝛴9 
 

Average dielectric constant at 2.4 GHz for the three different 

locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=3

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 24.6

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 26.3

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 28.1
 

 

entire right leg. 
 

∑
𝜀𝑟𝑖
𝑁

𝑁=9

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 26.3 

 

 
Figure 27. Characterization of skin for 3 

different spots, distal femur, thigh and 

trochanter.  

Estimated mean value for all iterated 

measurements woman volunteer 4.  

 

 
 

 

Volunteer Woman 5
th

 
 

Total measurements 
 

𝑛 × 𝑑𝑖𝑠𝑡𝑎𝑙 + 𝑛 × 𝑡ℎ𝑖𝑔ℎ + 𝑛 × 𝑡𝑟𝑜𝑐ℎ = {𝑛 = 5} = 𝛴15 
 

Average dielectric constant at 2.4 GHz for the three different 
locations. 

∑
𝜀𝑟𝑖
𝑁

𝑁=5

𝑖=1
= 𝜀�̅� ,   

𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
⇒     {

𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 = 30.4

𝜀�̅�,𝑡ℎ𝑖𝑔ℎ = 30.2

𝜀�̅�,𝑡𝑟𝑜𝑐ℎ = 32.8
 

 
entire right leg. 

 

∑
𝜀𝑟𝑖
𝑁

𝑁=15

𝑖=1
= 𝜀�̅� ,   

𝑎𝑣𝑔.  𝑙𝑒𝑔
⇒      𝜀�̅�.𝑙𝑒𝑔 = 31.1 

 
Figure 28. Characterization of skin for 3 

different spots, distal femur, thigh and 

trochanter.  

Estimated mean value for all iterated 

measurements woman volunteer 5.  
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Volunteer Man  𝜀�̅�,𝑑𝑖𝑠𝑡𝑎𝑙 𝜀�̅�,𝑡ℎ𝑖𝑔ℎ 𝜀�̅�,𝑡𝑟𝑜𝑐ℎ 𝜀�̅�.𝑙𝑒𝑔 

1
st
 30.9 30.9 28.6 30.1 

2
nd

 33.8 30.6 34.3 32.9 

3
rd

 31.8 29.2 27.1 29.3 

4
th

 34.1 33.0 32.8 33.3 

5
th

 31.7 30.0 30.3 30.7 

Average 32.5 30.7 30.6 31.3 

Volunteer Woman     

1
st
 20.2 19.9 19.3 19.8 

2
nd

 23.8 29.1 25.9 26.3 

3
rd

 27.6 25.6 26.6 26.6 

4
th

 24.6 26.3 28.1 26.3 

5
th

 30.4 30.2 32.8 31.1 

Average 25.3 26.2 26.5 26.0 
Table 8. Summed Average Data for Skin Characterization at 2.4 GHz  

 

5.3.2. Probe Measurements  

 

Trochanter  

 

 

Figure 29. Frequency shift for all volunteers.  

 
Free space                Amplitude = -13.62 dB, Resonance frequency = 2.725 GHz 

Volunteer 

No. 

Dominant Hand 

/Gender (BMI)  
𝐴𝑟𝑓.𝑙𝑒𝑓𝑡  

(𝑑𝐵) 

𝐴𝑟𝑓.𝑟𝑖𝑔ℎ𝑡 

(𝑑𝐵) 

𝛥𝐴𝑙𝑒𝑓𝑡,𝑟𝑖𝑔ℎ𝑡  

(𝑑𝐵) 

𝑓𝑟.𝑙𝑒𝑓𝑡  

(𝐺𝐻𝑧) 

𝑓𝑟.𝑟𝑖𝑔ℎ𝑡 

(𝐺𝐻𝑧) 

𝛥𝑓𝑙𝑒𝑓𝑡,𝑟𝑖𝑔ℎ𝑡 

(𝑀𝐻𝑧) 
1 RH/M (28.1) -8.24 -7.42 -0.82 2.675 2.670 5 
2 RH/W (>30) -7.83 -6.58 -1.25 2.695 2.685 10 
3 RH/M (25.5) -7.31 -6.96 -0.35 2.675 2.675 0 
4 RH/W (>30) -7.63 -7.20 -0.43 2.667 2.667 0 
5 RH/M (27.3)  -8.07 -6.79 -1.28 2.658 2.658 0 
6 RH/M (28.4) -9.28 -9.29 0.01 2.685 2.685 0 
7 RH/M (27.3) -6.13 -6.22 0.10 2.675 2.675 0 
8 RH/W (28.8) -5.10 -4.83 -0.28 2.658 2.658 0 
9 RH/W (23.5) -6.73 -6.79 0.01 2.608 2.617 (-) 8.3 
10 RH/W (>30) -4.82 -4.43 -0.39 2.658 2.658 0 

 

Table 9. Summed data and information from trochanter measurements.  

A 



20 

 

 

Thigh  

 

 

Figure 30. Frequency shift for all volunteers.  

 
Free space                Amplitude = -2.66 dB, Resonance frequency = 2.985 GHz 

Volunteer  

No. 

Dominant Hand 

/Gender (BMI)  
𝐴𝑟𝑓.𝑙𝑒𝑓𝑡 

(𝑑𝐵) 

𝐴𝑟𝑓.𝑟𝑖𝑔ℎ𝑡  

(𝑑𝐵) 

𝛥𝐴𝑙𝑒𝑓𝑡,𝑟𝑖𝑔ℎ𝑡 

(𝑑𝐵) 

𝑓𝑟.𝑙𝑒𝑓𝑡 

(𝐺𝐻𝑧) 

𝑓𝑟.𝑟𝑖𝑔ℎ𝑡 

(𝐺𝐻𝑧) 

𝛥𝑓𝑙𝑒𝑓𝑡,𝑟𝑖𝑔ℎ𝑡  

(𝑀𝐻𝑧) 
1 RH/M    (28.1) -4.96 -4.61 -0.35 2.808 2.817 9 
2 RH/W (>30) -32.67 -15.46 -17.21 2.605 2.565 40 
3 RH/M (25.5) -5.09 -4.34 -0.74 2.850 2.800 50 
4 RH/W (>30) -5.10 -4.90 -0.20 2.808 2.818 (-) 10 
5 RH/M (27.3)  -4.32 -4.23 -0.09 2.742 2.775 (-) 33 
6 RH/M (28.4) -3.46 -3.84 0.38 2.652 2.676 (-) 24 
7 RH/M (27.3) -4.96 -4.61 -0.35 2.675 2.617 (-) 58 
8 RH/W (28.8) -6.11 -6.30 0.19 2.825 2.817 45 
9 RH/W (23.5) -5.74 -4.65 -1.09 2.809 2.817 (-) 8 

10 RH/W (>30) -5.25 -5.36 0.11 2.817 2.817 0 
 

Table 10. Summed data and information from thigh  measurements.  

 

Distal  

 

 

Figure 31a. Frequency shift for all volunteers.  

 

 
 

b. 

B 

C 
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Free space                Amplitude = -3.11 dB, Resonance frequency = 3.283 GHz 

Volunteer  

No. 

Dominant Hand 

/Gender (BMI)  
𝐴𝑟𝑓.𝑙𝑒𝑓𝑡 

(𝑑𝐵) 

𝐴𝑟𝑓.𝑟𝑖𝑔ℎ𝑡  

(𝑑𝐵) 

𝛥𝐴𝑙𝑒𝑓𝑡,𝑟𝑖𝑔ℎ𝑡 

(𝑑𝐵) 

𝑓𝑟.𝑙𝑒𝑓𝑡 

(𝐺𝐻𝑧) 

𝑓𝑟.𝑟𝑖𝑔ℎ𝑡 

(𝐺𝐻𝑧) 

𝛥𝑓𝑙𝑒𝑓𝑡,𝑟𝑖𝑔ℎ𝑡  

(𝑀𝐻𝑧) 
1 RH/M (28.1) -13.1 -10.8 -2.3 2.440 2.450 -10 
2 RH/W (>30) -17.5 -19.4 1.9 2.415 2.445 -30 
3 RH/M (25.5) -10.9 -14.8 3.9 2.400 2.392 8 
4 RH/W (>30) -16.5 -19.6 3.1 2.417 2.417 0 
5 RH/M (27.3)  -12.4 -10.7 -1.7 2.425 2.425 0 
6 RH/M (28.4) -11.1 -17.3 6.2 2.342 2.326 16 
7 RH/M (27.3) -16.9 -18.9 2.0 2.417 2.417 0 
8 RH/W (28.8) -31.7 -19.0 -12.7 2.433 2.425 8 
9 RH/W (23.5) -23.7 -33.8 10.1 2.425 2.442 (-) 17 

10 RH/W (>30) -24.0 -20.2 -3.8 2.433 2.417 16 
 

Table 11. Summed data and information from dista l measurements.  

 

5.4. Skin Burn 
 

5.4.1. Skin Phantom Characterization 

  

  

Figure 32a. Characterization of epidermis 

phantom 

b. Characterization of dermis phantom 

 

During drying, the dielectric constant for each phantom was decreased. 

 

Skin Phantom Composition 
Phantom 

(f = 2.4) 

[GHz] 

Dielectric 

Constant 

(ε r)  

Conductivity 

(σ) 
Loss 

tangent 

(tan δ)  

Composition x[g]/100[g] of DI water  

PE NaCl TX-151 Agar 

Skin 38 1.44 0.28 21.2 0.518 1.328 3.12 
Table 12. Skin phantom composition and properties.  

6. Conclusion 
 

6.1. Craniosynostosis 
 

After the clinical measurements we gathered more inputs on performing measurements 

effectively and information about real skull defect size and shapes. The defect refilling 

mechanism after craniotomy was explored. Before the closure of scalp the bone dust 

generated is mixed with tissue glue and placed back in the skull defects to induce 

osteogenesis. Bone thickness is found to be thinner than earlier expected. Sometimes skull is 
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not even thicker than a millimeter. Scalp is about 2 millimeter in thickness. The BMD probe 

was used to follow up the skull defect healing and the results are presented. We were able to 

observe defect healing in course of 2 months. 

  

6.2. Osteoporosis 
 

In general, women are more prone to osteoporosis. Fracture is more common on left side 

which can be correlated to a general right handed person. More measurements and data are 

needed to have better correlation and understanding. 

 

6.3. Volunteers 
 

10 Volunteers are included for measurements. We were able to observe very little deviation 

between resonance frequencies on same spot for right and left leg. This supports our 

hypotheses about healthy volunteers compared with patients. In the case of reflection 

amplitude, right and left can differ and this could have a correlation with dominant side.   

 

6.4. Skin burn 
 

During skin burn measurement on phantoms we were not able to do real time measurements 

on dielectric characterization of skin in parallel. Stationary and portable NWA can be utilized 

to have much better results. Hence, we can say that we see a frequency shift due to variation 

in moisture content. And in reality skin burn degree do vary with respect to their moisture 

contents. 
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7. Discussion 
 

Measurements in clinics are a challenge. Children (craniosynostosis patients) are not always 

complying with measurements and they tend to move during measurements which create 

errors and uncertainty in data. Stockings with selected spots for each patient will be used in 

future measurements. Improvements are needed for more stable contact with our probes.  

 

More measurements on elderly are needed for larger spread of data and measurement time 

should be reduced further. We expect to include more probes and measuring devices in future.  

 

8. Future Work 
 

Follow ups will be continued until 1 year. Smaller and more flexible probes with deeper 

penetration and higher resolution will be developed. Arrays of sensor elements in probes will 

be useful in monitoring multiple spots simultaneously. Further development is foreseen in 

signal processing to reliably interpret all data. Better matching is important to improve 

efficiency. To the best of our knowledge this work is unique and will be published in 

biomedical engineering journal in the near future.  
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Wi-Fi – Wireless Fidelity 




