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In recent years, the use of microwave techniques for medical diagnostics has experienced
impressive developments. It has demonstrated excellent competencies in various modalities
such as using non-ionizing electromagnetic waves, providing non-invasive diagnoses, and
having the ability to penetrate human tissues within the GHz range. However, due to
anatomical, physiological, and biological variations in the human body, certain obstacles are
present. Moreover, there are accuracy problems such as the absence of numerical models and
experimental data, difficulty in conducting tests due to safety issues with human subjects, and
also practical restrictions in clinical implementation. With the presence of these issues, a better
understanding of the microwave technique is essential to further improve its medical application
and to introduce alternative diagnostic methods that can detect and monitor various medical
conditions in real time.

The first part of this thesis focuses on measurement systems for the microwave technique
in terms of sensor design and development, numerical analysis, permittivity measurement,
and phantom fabrication. The aim is to investigate the feasibility of flexible systems with
different fields of application including a microwave sensor system for measuring the healing
progression of bone defects present in lower extremity trauma, bone regeneration in craniotomy
for craniosynostosis treatments, and dielectric variation for burn injuries. The microwave sensor
which utilizes the contrast in dielectric constant between various tissues was used as the primary
sensor for the proposed application. This involved detailed optimization of the sensor for
greater sensitivity. The experimental work carried out in the lab environment showed that the
microwave sensor was able to detect the contrast in dielectric properties so that it can give an
indication of the healing status for actual clinical scenarios.

The second part of the thesis is making a significant step towards its practical implementation
by establishing a system that can detect and monitor the rate of healing progression with fast data
acquisition speed of microseconds, and developing an efficient user interface to convert raw
microwave data into legible clinical information in terms of bone healing and burn injuries. As
an extension to this thesis, clinical studies were conducted and ethical approval for conducting
tests on human subjects was obtained for the development of a microwave medical system.
The results showed a clear difference in healing progressions due to high detection capability
in terms of dielectric properties of different human tissues. All of these contributions enable a
portable system to complement existing medical applications with the aim of providing more
advanced healthcare systems.

Keywords: Microwave sensors, split ring resonator, biomedical application, orthopedics,
lower extremity injuries, craniosynostosis, burn assessment, clinical measurements, tissue
dielectric properties, phantom

Syaiful Redzwan Mohd Shah, Department of Engineering Sciences, Solid State Electronics,
Box 534, Uppsala University, SE-75121 Uppsala, Sweden.

© Syaiful Redzwan Mohd Shah 2019

ISSN 1651-6214
ISBN 978-91-513-0753-4
urn:nbn:se:uu:diva-393105 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-393105)



 

 
 
  

Genggam bara api, biar sampai jadi arang!

             To my family, to my friends 



 

 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
 

I Mohd Shah, S. R., Velander, J., Mathur, P., Perez, M. D., 
Asan, N. B., Kurup, D. G., Blokhuis, T. J., and Augustine, R. 
Split-ring resonator sensor penetration depth assessment using 
in vivo microwave reflectivity and ultrasound measurements for 
lower extremity trauma rehabilitation. Sensors, 2018, 18(2):636.  
 

II Raaben, M., Mohd Shah, S. R., Augustine, R., and Blokhuis, 
T. J. COMplex Fracture Orthopedic Rehabilitation (COM-
FORT) - Real-time visual biofeedback on weight bearing versus 
standard training methods in the treatment of proximal femur 
fractures in the elderly: study protocol for a multicenter ran-
domized controlled trial. Trials, 2018, 19(1):220. 

 
 

III Mohd Shah, S. R.*, Velander, J.*, Perez, M. D., Joseph, L., 
Mattsson, V., Asan, N. B., Huss, F., and Augustine, R. Im-
proved sensor for non-invasive assessment of burn injury depth 
using microwave reflectometry. Proceeding of the 13th Euro-
pean Conference on Antennas and Propagation, Krakow, Po-
land, 31 Mar.–5 Apr., EUCAP 2019.  
 
 

IV Mohd Shah, S. R., Mattsson, V., Velander, J., Perez, M. D., De 
Varies, E., Asan, N. B., Nowinski, D., Kurup, D. G., and Au-
gustine, R. Microwave-sensor-based clinical measurement for 
monitoring post-craniotomy bone development in pediatric cra-
niosynostosis patients. Submitted to Sensors. 
 
 
 



 

V Mohd Shah, S. R., Asan, N. B., Velander, J., Ebrahimizadeh, 
J., Perez, M. D., Mattsson, V., Blokhuis, T. J., and Augustine, 
R. Analysis of thickness variation in biological tissues using 
microwave sensors for health monitoring applications. Submit-
ted to IEEE Access.  

 

Reprints were made with permission from the respective publishers. 

*The authors contributed equally to the work.  
  



 

Author’s Contributions  

I. Work conceptualization. Planning and performing all the exper-
imental work. Took part in discussion and made major contribu-
tion in writing the manuscript. 

 
 
II. Analyzing and interpreting the patient data regarding weight 

bearing after proximal femur fractures in the elderly. Took part 
in discussion and made minor contribution in writing the manu-
script. 

 
 
III. Work conceptualization. Planning and performing part of the 

experimental works including fabrications and ex-vivo meas-
urement. Took part in discussion and made significant contribu-
tion in writing the manuscript. 

 
 

IV. Work conceptualization. Planning and performing all the exper-
imental works, including BDA system development, clinical 
measurement and the corresponding data fitting. Took part in 
discussion and major contribution in writing the manuscript. 

 
 
V. Work conceptualization. Planning and performing all the exper-

imental work, including fabrications, phantom measurement. 
Took part in discussion and major contribution in writing the 
manuscript. 
 

 
 

 



 

Other contributions 

I Mohd Shah, S. R., Asan, N. B., Velander, J., Lee, D., Perez, M. D., 
Raaben, M., Blokhuis, T. J., and Augustine, R. Frequency domain 
analysis of hip fracture using microwave Split Ring Resonator sensor 
on phantom model. 2016 IEEE Asia-Pacific Conference on Applied 
Electromagnetics (APACE), Langkawi, Dec 2016, 244‒247. 

II Perez, M. D., Mohd Shah, S. R., Velander, J., Raaben, M., Asan, N. 
B., Blokhuis, T. J., and Augustine, R. Microwave sensors for new 
approach in monitoring hip fracture healing. 2017 11th European 
Conference on Antennas and Propagation (EUCAP), Paris, Mar. 
2017, 1838‒1842. 

III Asan, N. B., Penichet, C.P., Mohd Shah, S. R., Noreland, D., Has-
san, E., Rydberg, A., Blokhuis, T. J., Voigt, T., and Augustine, R. 
Data packet transmission through fat tissue for wireless intra-body 
networks. IEEE J. Electromag. RF Microw. Med. Biol., 2017, 1(2), 
43–51. 

IV Mohd Shah, S. R., Velander, J., Mathur, P., Perez, M. D., Asan, N. 
B., Kurup, D., Blokhuis, T. J., and Augustine, R. Penetration depth 
evaluation of split ring resonator sensor using in-vivo microwave re-
flectivity and ultrasound measurements. 12th European Conference 
on Antennas and Propagation (EuCAP 2018), London, Apr. 2018, 
1–5. 

V Velander, J., Mohd Shah, S. R., Perez, M. D., Asan, N. B., Blokhu-
is, T. J., and Augustine, R. Multi-functional phantom model to vali-
date microwave sensors for health monitoring applications. 12th Eu-
ropean Conference on Antennas and Propagation (EuCAP 2018), 
London, Apr. 2018, 1–5. 

VI Asan, N. B., Hassan, E., Velander, J., Mohd Shah, S. R., Noreland, 
D., Blokhuis, T. J., Wadbro, E., Berggren, M., Voigt, T., and Augus-
tine, R. Characterization of the fat channel for intra-body communi-
cation at r-band frequencies. Sensors, 2018, 18(9):2752. 

VII Augustine, R.., Kurup, D. G., Mohd Shah, S. R., Mathur, P., Ra-
man, S., Lee, D., and Kim, K. Microwave reflectivity analysis of 
bone mineral density using ultra wide band antenna. Microw. Opt. 
Technol. Lett., 59: 21–26. 



 

Contents 

1 Introduction ................................................................................................ 13 
1.1 State-of-the-art microwave medical technologies .............................. 14 

1.1.1 Microwave medical treatment .................................................... 15 
1.1.2 Microwave medical diagnosis .................................................... 15 
1.1.3 Data telemetry ............................................................................. 16 

1.2 Telemedicine: challenges and opportunities ...................................... 16 
1.3 Outline of the thesis ............................................................................ 17 

2 Background and theory .............................................................................. 19 
2.1 General description ............................................................................ 19 

2.1.1 Lower extremity fractures ........................................................... 19 
2.1.2 Craniosynostosis ......................................................................... 21 
2.1.3 Severe burn injuries .................................................................... 22 

2.2 Diagnosis procedure ........................................................................... 23 
2.2.1 Lower extremity trauma ............................................................. 23 
2.2.2 Craniosynostosis ......................................................................... 24 
2.2.3 Severe burn injuries .................................................................... 24 
2.2.4 Proposition of diagnostic tool ..................................................... 24 

2.3 Dielectric properties of human tissues ............................................... 25 
2.3.1 Debye equation and Cole-Cole equation .................................... 25 
2.3.2 Permittivity profile of human tissues .......................................... 26 

2.4 The effects of microwave propagation in the human body ................ 29 
2.4.1 Reflection coefficient .................................................................. 29 
2.4.2 Penetration depth ........................................................................ 30 
2.4.3 Attenuation ................................................................................. 30 

2.5 Measurement methods of dielectric properties ................................... 31 
2.5.1 Open-ended coaxial probe method ............................................. 31 
2.5.2 Resonant probe method .............................................................. 32 
2.5.3 Phantoms of the human body ..................................................... 33 

3 Materials and Methods ............................................................................... 35 
3.1 Design aspect ...................................................................................... 35 

3.1.1 The proposition of microwave sensors ....................................... 35 
3.1.2 Simulation design ....................................................................... 35 

3.2 Fabrication process ............................................................................. 37 
3.2.1 Rigid sensors ............................................................................... 37 



 

3.2.2 Flexible sensors .......................................................................... 39 
3.3 Measurement setup ............................................................................. 40 

3.3.1 Laboratory measurement ............................................................ 41 
3.3.2 In-vivo and ex-vivo measurements ............................................. 42 
3.3.3 Clinical measurement ................................................................. 43 

3.4 Clinical studies ................................................................................... 44 
3.4.1 Proximal femur fracture .............................................................. 44 
3.4.2 Craniosynostosis clinical trial ..................................................... 45 
3.4.3 Assessment of the depth of burn injuries .................................... 47 
3.4.4 Ex-vivo human (burnt) skin samples .......................................... 48 

4 Results and Discussion .............................................................................. 50 
4.1 New approach to microwave reflectivity and ultrasound 
measurements (Paper I) ............................................................................ 50 
4.2 Study protocol of Complex Fracture Orthopedic Rehabilitation, 
COMFORT (Paper II) .............................................................................. 56 
4.3 Dielectric profiles at microwave frequencies of burn injuries ........... 59 

4.3.1 Flexible microwave split ring resonator sensor (Paper III) ........ 60 
4.3.2 Assessment of burn depth on burnt skin samples ....................... 63 

4.4 Clinical measurement of pediatric craniosynostosis patients   
(Paper IV) ................................................................................................. 65 
4.5 Two-port non-invasive microwave sensor (Paper V) ......................... 69 

5. Conclusion and Recommendations ........................................................... 74 

6. Sammanfattning och perspektiv på svenska ............................................. 76 

Acknowledgment .......................................................................................... 78 

References ..................................................................................................... 81 

Appendices .................................................................................................... 88 

 



 

Abbreviations  

Abbreviation Description 
2-D 
3-D 
ATE 
BDA 
BDAS 
CCL 
COMFORT 
CSF 
CST 
CT 
DEXA 
DI 
E-field 
EM 
EMS 
FAC 
FLIR 
GHz 
H2020 
H-field 
HF 
ISM 
LDPI 
MHz 
MMG 
MMUC 
MMSE 
MRI 
MSI 
MUT 
MWT 
PDMS 
QCT 
RF 
RCT 

2 Dimension 
3 Dimension 
Artificial tissue emulating  
Bone Density Analyzer 
Bone Density Analysis System 
Copper clad laminates  
Complex Fracture Orthopedic Rehabilitation 
Cerebrospinal fluid 
Computer simulation technology 
Computed tomography 
Dual-energy X-ray absorptiometry 
Deionized 
Electric field 
Electromagnetic 
Elderly mobility scale 
Functional ambulation categories 
Forward-looking infrared 
Gigahertz 
Horizon 2020 
Magnetic field 
High-frequency 
Industrial, scientific and medical 
Laser Doppler perfusion imaging 
Megahertz 
Microwaves in Medical Engineering Group  
Maastricht Medical University Center 
Mini-Mental State Examination 
Magnetic resonance imaging 
Microwave sensing and imaging 
Material under test 
Microwave tomography  
Polydimethylsiloxane 
Quantitative computed tomography 
Radio frequency 
Randomized controlled trial 



 

SMA 
SPIRIT 
 
SRR 
TBI 
TBSA 
UV 
VAS 
VNA 

Subminiature version A 
Standard Protocol Items: Recommendations for In-
terventional Trials 
Split ring resonator 
Traumatic brain injury  
Total body surface area 
Ultraviolet 
Visual analogue scale 
Vector network analyzer 

 
 



 13

1 Introduction 

A growing interest in medical technology can be attributed to society’s in-
creasing awareness of the importance of staying healthy in order to improve 
the quality of life. This leads to the demand for quality healthcare which has 
strained current healthcare systems, resulting in a lack of workforce and 
insufficient medical facilities. Therefore, the development of extensive and 
affordable consumer-based devices to meet healthcare demands is of high 
importance. One emerging technology is a method of applying radio fre-
quency (RF) using microwaves (frequency range of 300 MHz to 300 GHz) 
for diagnostic and therapeutic purposes in medical applications.  

In the years 1938 to 1939, Hollman from Germany suggested the use of 
microwaves for therapeutic purposes, which predicted that deep tissue heat-
ing could be produced by the electromagnetic (EM) waves without excessive 
skin heating.1 A similar work was proposed by Hemingway and Stenstrom 
from the United States in 1939, which reviewed the high-frequency waves 
(short wavelength). They focused on a method of applying heat using mi-
crowaves for therapeutic purposes in medicine.2 However, due to a lack of 
microwave sources and strict limitations on clinical trials, the use of micro-
wave frequency was limited to only 100 MHz. In the early 1980s, the feasi-
bility of using microwaves for diagnostic and therapeutic purposes increased 
rapidly.3–7 There is an increasing interest in the research and development of 
medical applications based on microwave techniques, thanks to the fast de-
velopment of semiconductor technology and numerous signal processing 
methods. 

Microwave medical applications can be divided into three fundamental 
groups depending on how the microwaves are used: 

 
1. Microwaves can be used for the treatment of patients (e.g. hyper-

thermia and diathermy). It is used for thermal or non-thermal effects.  
2. Microwaves can be used to diagnose diseases with the aid of permit-

tivity or attenuation measurements and can be used to generate 
tomographic images. 

3. Microwaves can be used as a data telemetry tool. 
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1.1 State-of-the-art microwave medical technologies  
In the present time, standard imaging technologies such as ultrasound, mag-
netic resonance imaging (MRI), computed tomography (CT), and X-ray are 
being widely used in the medical field for cancer diagnosis, bone imaging, 
tumor detection, musculoskeletal disorders, appendicitis, infectious diseases, 
and trauma. These methods provide clinical information concerning image 
contrasts between different tissues, provide good resolution, and some of the 
methods depend on ionizing radiation. For instance, MRI scanning provides 
good resolution, but is a costly procedure and has a fairly long examination 
time. 

CT and X-ray are methods with intrinsic hazards as both methods use ion-
izing radiation and, hence, increase the risk of cancer. In addition, patients 
will have to tolerate mammography-related pain and discomfort during ex-
aminations. The ultrasound technique does not involve ionizing radiation 
and is preferred for diagnostic imaging in specific indications. However, due 
to its strong reflections that cause acoustic shadows, it cannot penetrate air 
and bones.8–9 Moreover, it is operator-dependent and is not sensitive enough 
for specific areas, i.e. the detection of retroperitoneal hematoma. In compari-
son to the problems and risks associated with these technologies, the micro-
wave method for medical applications has the potential to enhance both di-
agnostic capability and accuracy and also allows for earlier diagnosis. Mi-
crowave technology is based on non-ionizing EM waves, which makes it 
less harmful for patients compared to mammography and CT scan. In addi-
tion, the microwave method offers a non-invasive diagnosis in medicine 
which can reduce pain, improve the efficiency of treatments, and shorten the 
recovery time for patients.  

The primary microwave applications in the medical field currently in-
clude data telemetry, medical diagnosis, and medical treatment, as shown in 
Figure 1.1. The following sections briefly present these three applications. 

 
Figure 1.1 The main prospective applications of microwaves in medicine. 
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1.1.1 Microwave medical treatment 
Microwave medical treatment is a method based on thermal effect. Heat is 
produced using microwave radiation to increase the local temperature in 
order to eliminate abnormal tissues (malignant). This method is more precise 
and effective compared to other modalities such as chemical toxins (chemo-
therapy), ionizing radiation (X-ray), and surgical treatment.10–11 Other related 
microwave medical treatments include microwave thermotherapy, hyper-
thermia, and microwave ablation.12–15 

In the context of this thesis, microwave medical treatment will not be 
covered. Instead, this thesis focuses on the usage of microwaves for diagno-
sis and monitoring which can be considered as a telemedicine system. 

1.1.2 Microwave medical diagnosis 
The incorporation of non-ionizing EM waves in the range of microwave 
frequency for sensing and imaging in medical diagnosis is becoming more 
prominent as it is affordable and poses a lower health risk compared to the 
aforementioned imaging technologies. The concept of microwave medical 
diagnosis is by observing the signal scattering produced by dielectric differ-
ence. In this process, there is a contrast of dielectric properties between 
healthy and malignant tissues.16–18. In terms of imaging, an image is created 
in a 2-D or 3-D form. This demonstrates a difference between dielectric 
properties (relative permittivity and conductivity) of various tissues or a 
difference between imaging and medical diagnosis. It is also possible to 
form an image based on differences in permittivity and position of an intense 
scattering that is a general indication of a tumor inside the body. 

The spectrum of microwave sensing and imaging (MSI) of medical diag-
nosis covers several applications such as heartbeat detection, blood flow and 
pressure, fluid or water accumulation, brain stroke, and traumatic brain inju-
ry (TBI).19–23 In microwave medical diagnosis, researchers have been using 
two main approaches intensively which are microwave tomography (MWT) 
and radio detection and ranging (radar) imaging. 

In MWT and radar-based imaging, several wideband antennas (with high-
range resolution) are placed surrounding the body. The antennas are formed 
based on a fixed array, matched with homogenous matching medium and use 
imaging algorithms to generate an image of the body.24–26 MWT is based on 
reconstructing the distribution of complex permittivity by solving the prob-
lems of reverse electromagnetic scattering.  
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1.1.3 Data telemetry 
Data telemetry is referred to as wireless data transmission using EM waves 
between implanted medical devices and external devices. In recent years, 
implanted devices have gained considerable interest among healthcare pro-
viders due to the rise in quality of life and a growing market for healthcare 
products.  

Potential applications of data telemetry include deep brain stimulation, 
diabetic glucose surveillance, and cochlear implants.27–29 For the application 
of cochlear implants, an external antenna attached behind the ear to the re-
ceiver in the cochlea (cochlear implant) can directly transmit audio signals. 
In diabetic glucose surveillance, glucose concentration is registered by an 
implanted biosensor and transferred to external devices by an implantable 
antenna. Other potential applications for data telemetry include blood pres-
sure, heartbeat rate, intracranial pressure, and body temperature. 

Up to the present time, there are no other available techniques better suit-
ed for data telemetry between implanted devices and external devices than 
microwaves. Galvanic and capacitive coupling are two approaches that could 
be used for the data telemetry concept.  The reason for this is that micro-
waves allow wireless communication through human tissues which consid-
erably increases the quality of life instead of using conventional implanted 
wire-based systems. 

1.2 Telemedicine: challenges and opportunities 
Telemedicine can be defined as the usage of telecommunication to transmit 
health information to healthcare clinics from a distance. It has been practiced 
for many decades in several medical applications to monitor health and dis-
eases. In this method, patients’ access to medical facilities can be significant-
ly enhanced. 

Today, thanks to the rapid development of technology, telemedicine can 
be employed with advanced images, audio, and video, interactive teleconfer-
encing systems as well as live-streaming capabilities. For example, these 
technologies can expand the delivery of healthcare services to communities 
and individuals in suburban and rural areas. Furthermore, telemedicine can 
help to attract and maintain professional healthcare in rural areas by support-
ing ongoing training and collaborations with other healthcare professionals. 

Figure 1.2 illustrates a vision of future telemedicine for a home health 
nursing service using microwaves. The system of medical diagnosis is used 
to monitor health issues such as cardiovascular diseases, burns, asthma, ENT 
(ear, nose, and throat), and stroke which need prompt diagnosis and treat-
ment. In addition, telemedicine offers the opportunity to relay vital signs 
such as heart rate, blood pressure, diabetes (blood glucose), or respiration 
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rate to a distant clinical professional and action can be initiated as needed. 
From this perspective, the combination of data telemetry and microwave 
medical diagnosis contributes effectively to an integrated healthcare system.     

 
 
Figure 1.2 Illustration of telemedicine vision using microwaves for home health 
nursing service. The illustration also shows the aim as well as the scope of the work 
to comprehend these applications. 

1.3 Outline of the thesis 
This thesis presents the development of a medical diagnostic tool using the 
microwave technique that can be potentially used for the microwave 
healthcare system (see Figure 1.2). The focus is based on the concept of 
monitoring healing conditions on lower extremity fractures, craniosynostosis 
and burn injuries, with detailed explanations, which will be explained in 
Section 2. The dielectric properties (relative permittivity and conductivity) 
and sensor development have been studied to improve the understanding of 
the microwave techniques. The operational frequencies cover the range from 
0.5 GHz to 10 GHz. 
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This work is the result of a combination of research projects, Complex 
Fracture Orthopedic Rehabilitation (COMFORT), Bone Density Analysis 
System (BDAS), Osteodiagnosis, and SenseBurn and is conducted by the 
Microwaves in Medical Engineering Group (MMG) at the Ångström La-
boratory, Uppsala University. With regard to the underlying goal, clinical 
trials are performed with an emphasis on ethical approval, both to optimize 
the sensor with respect to human tissues for better accuracy and performance 
and to enhance the feasibility of medical diagnosis using microwaves. 

With this aim in mind, the structure of this work is as follows: The first 
part of this work pertains to the study of the properties of different tissues 
(thickness, relative permittivity, and conductivity). In these Subsections 4.1 
and 4.4, the efforts are invested in characterizing human tissues based on 
ultrasound information, and intraoperative and in-vivo measurement (Papers 
I and IV).94–95 This work also covers clinical trials by including volunteers 
and patients who have undergone surgical procedures. The second part of 
this work covers a study protocol of clinical trials in Subsection 4.2 (Paper 
II).113 To do so, a collaboration between medical hospitals (Uppsala Aca-
demic University Hospital, Sweden and Utrecht and Maastricht Academic 
University Hospital, the Netherlands) and academia (Ångström Laboratory, 
Uppsala University) is introduced to perform the significant clinical study 
related to this thesis.  

In Subsection 4.3 (Paper III), intensive studies are performed in regard to 
tissue-mimicking phantoms and ex-vivo tissue samples.99 For this purpose, 
Artificial Tissue Emulating (ATE) phantoms are prepared by mixing differ-
ent material compositions to create semi-solid (electrically and physically) 
emulating tissues. Ex-vivo measurements are conducted and tissue samples 
are analyzed with respect to dielectric properties of different human tissues. 
The final part of this work provides the extended concept of sensor devel-
opment for physiological and biological properties in Subsection 4.5 (Paper 
V).116 The highlight of the final part of this work is to investigate the varia-
tion in biological tissue thicknesses indicating a great potential application in 
the area of medical diagnosis. 
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2 Background and theory 

This section gives an overview of the definitions of various medical condi-
tions covered throughout this thesis. It also includes an important aspect of 
this study which is the propagation characteristics of electromagnetic (EM) 
signals in human tissues.  

2.1 General description 
This study is mainly driven by the demand for a non-invasive and non-
ionizing microwave sensor-based diagnostic tool to monitor tissue varia-
tions, especially during the rehabilitation of lower extremity fractures, crani-
osynostosis, and burn injuries. For example, replacements ensuing bone inju-
ries are becoming increasingly prevalent.30 Children and the elderly have a 
higher tendency to suffer from bone disorders and other complications relat-
ed to bone healing. This mainly affects elderly patients since they show a 
very high variation in the fracture healing rate. There are numerous types of 
bone disorders such as those developed due to osteoporosis, osteoarthritis, 
and non-union fractures, or surgical treatments such as to treat cranio-
synostosis or post-craniotomy complications such as hemorrhage, 
wound/soft tissue infection, and bone flap infection.31 For burn injuries, in 
order to classify the degree of a burn sample, it is necessary to define a 
threshold for each degree of the burn. The most reliable definition of the 
degree of the burn can be provided by burn surgical experts. 

2.1.1 Lower extremity fractures 
In lower extremity trauma, musculoskeletal problems and conditions are 
common and the impact is pervasive.32 This is because they have the largest 
and most significant impact on society and health care, and are considered as 
one of the most expensive disease categories.33–35 Lower extremity fractures 
represent the most common cause of health problems that limits one’s ability 
to do work and leads to early retirement or long-term sick leave. The burden 
of musculoskeletal conditions is predicted to increase dramatically as the age 
of the population increases because many of these conditions, namely osteo-
porosis and osteoarthritis, are more prevalent or have a greater impact on 
elderly people.36–37 
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Osteoporosis is described as a skeletal disease (bone disorder) that can 
lead to fragile bones. Osteoarthritis, on the other hand, can be classified as 
cartilage damage, with or without changes in interior cancellous bone, and 
bone marrow edema-like lesions. Because of this, the bone loses its strength 
which could, for instance, lead to hip replacement surgery. Osteoarthritis is 
the leading cause of pain and disability especially among the elderly. In 
Sweden, with a population of 10 million people, there are approximately 
18,000 cases of hip fractures per year.38–39 The incidence of hip fractures 
globally in 1990 was roughly 1.26 million and is estimated to increase to 2.6 
million in 2025 and 6 million in 2050.40–41 Considering these numbers, it is 
significantly important to have proper rehabilitation and to monitor the bone 
healing progress for healthy aging. 

In lower extremity trauma, there are four different stages of fracture heal-
ing. In the first stage, a hematoma is generated after inflammation. In the 
second stage of the reparative period, cartilaginous tissue progressively re-
places the initial fibrin and woven bone starts to form. In the third stage of 
the reparative phase, the cartilaginous tissue mineralizes, more bone forms, 
and the volume of granulation tissue substantially decreases. In the final 
stage, remodeling restores the original form of the bone once the bone has 
been bridged.42 Figures 2.1a–d show the stages of fracture healing. 

 

Figure 2.1  Illustration of different stages of fracture healing.42    
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2.1.2 Craniosynostosis 
Craniosynostosis is a condition where the skull plates of a newborn fuse 
prematurely, leaving limited space for the growth of the brain. The birth 
prevalence of children with craniosynostosis is approximately 4 in 10,000 
live births.43 Craniotomy is a surgical intervention adopted as part of cranio-
synostosis treatment.44 It is a procedure where one or a set of bone flaps are 
removed from the patient’s skull to allow the brain to grow. Defects of dif-
ferent shapes and sizes, caused by the removal of bone flaps or opening the 
skull using spacers, form in the skull and these defects heal over time. The 
four main types of craniosynostosis are metopic craniosynostosis, sagittal 
craniosynostosis, unicoronal craniosynostosis, and lambdoid craniosynosto-
sis, as shown in Figure 2.2.  

 
Figure 2.2 Images of cranial sutures involved in non-syndromic craniosynostosis.45  

A summary of the intramembranous ossification steps representing the bone 
healing process is as follows. 1) Mesenchymal stem cells at the fracture site 
develop into osteoblasts which cluster together on the dura to form an ossifi-
cation center. 2) The osteoblasts secrete osteoid which mineralizes after a 
few days. Osteoblasts trapped within the osteoid become osteocytes. 3) Tra-
beculae and the periosteum form. 4) The trabeculae on the external face of 
the bone thicken, finally forming lamellar bone. The inner part of the bone 
becomes cancellous, or spongy bone, complete with red bone marrow. The 
most important point that can be drawn from this simplified explanation is 
that the flat bone forms on top of the dura and subsequently grows from 
there.68 These healing stages are estimated based on medical records and 
clinical monitoring. 
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Craniosynostosis has been chosen as a model since the defects made as 
part of its medical intervention are in the skull, and therefore close to the 
skin. A microwave sensor can be used in this case at low power for illumi-
nating the defect and a penetration depth of utmost 1 cm is required. Fur-
thermore, the operations are done in neo-natal patients and they have high 
growth values. Thus, craniotomy renders an ideal test environment for the 
clinical validation of a microwave-based bone density sensor. 

2.1.3 Severe burn injuries 
Burns on the surface of the body have complicated pathological impacts that 
can affect various functions of the body. It can occur shortly after an acci-
dent and can have serious implications on affected patients. The main causes 
of burn injuries include liquids, scalds, dry heat, flame, heated objects, radia-
tion, electricity, and chemicals.46–47 Burns are usually categorized by the 
depth and degree of the injury.  

Table 2.1. Burn injuries classification schemes.  

Classification based on the 
degree50 

Classification by Derganc48 Classification by Shakespeare49 

First-degree burn Epidermal burn Superficial burn 

Second-degree burn- 
superficial 

Dermal burn-superficial Superficial partial-thickness 
burn 

Second-degree burn-deep 
 

Dermal burn-deep 
 

           

Deep dermal partial-thickness 
burn 

Third-degree burn Full-thickness burn 

Fourth-degree burn Subdermal burn Full-thickness burn involving 
underlying tissues 

 

For the description of burn injuries, three classification schemes are current-
ly in use as shown in Table 2.1.48–50 Figure 2.2 shows the illustration of the 
classification in the degree of burn injuries where the same classification was 
adapted by Jaspers et al., 2016.51,61 In this thesis, the classification by Shake-
speare49 is used to examine burn injuries in laboratory experiments and the 
clinical study. There are five different stages in this classification system 
depending on the burn depth (or thickness).52 In the first stage, only the epi-
dermis is affected by the burn. In the second stage, the burn affects the der-
mis papillary layer. In the third stage, the burn reaches the subcutaneous 
layer of the dermis. In the fourth stage, the burn affects the entire skin tissue 
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whereas underlying tissues like fat, muscle, and bone are affected by the 
burn in the fifth stage. 

 
Figure 2.3 Schematic illustration of classification in degree of burn injuries.51  

2.2 Diagnosis procedure 
Diagnosis is typically done by analyzing the patient’s medical history, fol-
lowed by a physical examination and radiography. There are various moni-
toring methods available that can be used to assess fracture/defect healing in 
lower extremity trauma, craniosynostosis, and burn injuries.  

2.2.1 Lower extremity trauma  
In lower extremity trauma, radiographs are incapable of determining bone 
density which helps to govern bone healing and its structural integrity. For-
tunately, this problem was solved with the help of dual-energy X-ray absorp-
tiometry (DEXA) scans and QCT. DEXA helps to determine bone mineral 
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density and bone mineral content which can be used to diagnose osteopenia 
and osteoporosis.53   

Quantitative Computed Tomography (QCT), on the other hand, is based 
on differential absorption of ionizing radiation of calcified tissue or bone.54 
QCT is a very good indicator of the bone healing process and it eliminates 
the issue of overlapping structures. However, QCT is inconvenient for pa-
tients as they have to stay still during the scanning session for a prolonged 
duration. Moreover, QCT is high-cost, has limited availability and has a 
higher dose of radiation exposure compared to X-ray and DEXA scans.54–55 

2.2.2 Craniosynostosis 
Proper bone growth or transformation into bone, especially after cranio-
synostosis-based craniotomy, is crucial but difficult to monitor in newborn 
pediatric patients due to the risks associated with existing technology. X-ray 
examinations are more conventional, but they can only show the quantitative 
assessment of periosteal reactions.56–57 It is also not sufficient for predicting 
the progress of healing.58 It is difficult to correlate the estimation of bone 
reunion with X-ray examinations due to the formation of callus.54 Because of 
this, viewing the osseous union is less reliable with X-ray readings.   

2.2.3 Severe burn injuries 
The assessment of burn injuries is primarily conducted by clinical evalua-
tion. A clinical evaluation is based on visual and tactile inspections of burn 
wound features and it can achieve a fairly moderate precision of about 70% 
by experienced clinicians in the best situation.59–60 A combination of clinical 
evaluation with a dependable instrument at this stage could significantly 
enhance the precision and make the evaluation available to less experienced 
clinicians. The usage of a Laser Doppler Perfusion Imaging (LDPI) tool may 
be the most successful method, according to the latest systematic review 
conducted by Jaspers et al., 2016.61 An additional assessment reported by 
Jasper, 2017, uses a Forward-Looking Infrared (FLIR) tool.50 This tool could 
be useful for clinicians to assess burn injuries and enable simple and fast 
clinical burn measurements.  

2.2.4 Proposition of diagnostic tool 
In this thesis, the microwave technique is presented as a possible alternative 
modality for bone assessment compared to QCT and standard X-ray meth-
ods. At the moment, microwave techniques have gained greater momentum 
in the medical field due to the development of new measurement methods, 
proper coupling mediums, and fast computation.62 In addition to the current 
development of the microwave technique, the MMG at Uppsala University 
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has been exploring one of these approaches. They have demonstrated the 
feasibility of detecting tissue variations in femur bones for osteoporosis and 
in skull implants 63–66, and have reported progress on the optimization of 
ATE phantoms and other related technologies.67–70 

2.3 Dielectric properties of human tissues 
Dielectric properties of human tissues can be defined by the level of interac-
tion of EM waves with different mechanisms of polarization (e.g. ionic, 
atomic, and orientation).71–72 The dielectric properties of human tissues are 
the main parameters for the numerical analysis of the propagation of EM 
waves in tissues. Thus, it is important to determine the dielectric properties 
of human tissues. The well-known Debye equation and the Cole-Cole equa-
tion will be introduced in the following Subsection 2.3.1, which can be used 
to predict the permittivity of human tissues based on experimental human 
tissue data.73–74 

2.3.1 Debye equation and Cole-Cole equation 
The dielectric properties of human tissues are frequency dependent. This can 
be explained by the different polarization mechanisms caused by the E-fields 
in human tissues.75 Frequency-dependent behavior usually refers to the die-
lectric relaxation response of human tissues and can be expressed by the 
following Debye equation78: 

 

  ε∗ ε ∆
                  (2.1) 

 
where ε* is the complex permittivity of a medium as a function of the angu-
lar frequency, ω, ε∞ is the permittivity at a higher frequency limit and  
∆ε ε ε  where ε 	is the permittivity at a lower frequency limit, τ is the 
relaxation time, which is the required time for a stimulated dipole to return 
to its original state. In the Debye equation, the term of relaxation time is 
regarded only as a first order and it is not sufficient to be used to determine 
dispersion within a broad frequency range. 

This means that equations of a higher order in terms of several relaxation 
times must be considered to account for the multiple time constants of dif-
ferent mechanisms of polarization.77 To enable this, Cole and Cole have 
made a commonly used modification to the Debye equation. The Cole-Cole 
equation provides multiple dispersion terms based on numerous reported 
experimental data from different tissues.73–74, 78–80 The Cole-Cole equation 
can be defined as the equation below: 
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        ε∗ ε ∑ ∆
                   (2.2)  

 
where ∆ε ε ε  expresses the dispersion magnitude, α  is the distribu-
tion parameter, n indicates four different dispersion regions, and σi is the 
static ionic conductivity of the tissue. 

2.3.2 Permittivity profile of human tissues 
Since lower extremity fractures, craniosynostosis, and burn injuries are with-
in the scope of this thesis, relevant dielectric properties of different tissues 
are analyzed. The permittivity of various tissues can be estimated in a wide-
band frequency range based on the Cole-Cole equation (the frequency range 
in this study is between 1 and 10 GHz). Figures 2.4a–b show the relative 
permittivity and conductivity over frequency in cases of lower extremity 
fractures and burn injuries. The dielectric properties of ten types of tissues 
(skin dry, skin wet, fat, muscle, cortical, cancellous, cartilage, marrow, ten-
don, and blood) are presented. The dielectric properties of air, on the other 
hand, are included for comparison with the free space condition. 

The tissues of fat and marrow have the lowest relative permittivity of 
around 5 (Figure 2.4a) since these tissues have almost negligible water con-
tent. In addition, the dispersion of the fat and marrow tissue permittivities in 
the frequency range from 1 to 10 GHz is not noticeable. The cortical and 
cancellous permittivities are then studied. At a targeted frequency of 2.45 
GHz, the cortical and cancellous have a relative permittivity of 12 and 18, 
respectively. In contrast, blood and muscle have a higher relative permittivi-
ty of around 52 and 58, respectively, due to high water content in the tissues. 
Hence, the frequency dependence of the relative permittivity of tissues with 
high water content varies significantly from 1 to 10 GHz.     

Figure 2.5b illustrates the conductivity of different human tissues and is 
referred to as the losses of the corresponding material. Marrow, fat, cortical, 
and cancellous bone exhibit low values of conductivity, while blood, muscle, 
and tendon show high values of conductivity. Muscle and blood have con-
ductivities of 1.7 and 2.5 S/m at 2.45 GHz, respectively. Furthermore, a 
large attenuation of EM signals is predicted in muscle and blood (refer to 
Appendix A). 

Regarding craniosynostosis, Figures 2.5a–b show the relative permittivity 
and conductivity of different human tissues over frequency. The dielectric 
properties of nine types of tissues (skin dry, skin wet, muscle, cortical 
(skull), cancellous, white matter, grey matter, cerebral spinal fluid (CSF), 
and blood) are presented. Additionally, the presence of muscle will be in-
cluded in this study, since certain parts are covered by muscle tissue (e.g. 
frontalis muscle). 
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Figure 2.4 a) Relative permittivity b) Conductivity of different human tissues over 
frequency for lower extremity trauma and burn injuries (skin dry and skin wet).83 
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Figure 2.5 a) Relative permittivity b) Conductivity of different human tissues over 
frequency for craniosynostosis.83 
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From Figures 2.5a–b, it can be seen that cortical and cancellous bone have 
the lowest relative permittivity and conductivity (same results as in lower 
extremity fractures). However, CSF shows higher relative permittivity and 
conductivity of 66 and 3.5 S/m at 2.45 GHz, respectively. Thus, the resultant 
high contrast between the surrounding tissues provides the potential to detect 
the volume of CSF accumulation in the human body. It can also be observed 
that the frequency dependence on the conductivity of tissues with high water 
content increases slightly from 1 to 10 GHz. The conductivity of tissues with 
high water content increases with the frequency.  

2.4 The effects of microwave propagation in the human 
body 
The propagation characteristics will be explained in this section. Here, the 
dielectric properties of different tissues are investigated. The propagation 
characteristics of the microwave signals in human tissues are provided with 
respect to frequency dispersion, reflection, penetration depth, and attenua-
tion. 

2.4.1 Reflection coefficient 
Reflections occur at different tissue boundaries during the propagation of 
microwave signals in the human body. In this case, the main focus of the 
human body are lower limbs and the skull which have skin, fat, muscle, and 
bone. Bone is not one homogenous tissue, but it is composed of different 
parts, specifically cortical and cancellous bone, cartilage, and bone marrow.  

The magnitude of microwave signals depends on the dielectric tissue con-
trast. The normalized reflection coefficient can be defined as: 

 

  Γ √ √

√ √
                   (2.3) 

 
where ε1 and ε2 are the permittivities of the two dielectrics of different tis-
sues. As shown in Figure 2.6, microwave signals propagating through the 
multilayer human body will experience reflections on the boundaries be-
tween different tissues. The boundaries between air and skin will have a 
strong reflection and half of the energy is reflected back. As the contrasts 
between skin and fat as well as between fat and muscle are very high, these 
two boundaries will have strong reflections. 
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Figure 2.6 Multilayer tissues of human lower leg obtained from CT images. 

2.4.2 Penetration depth 
Penetration depth can be described as the ability of EM waves to penetrate a 
lossy medium (in this case, the focus is human tissues). The electric (E) and 
magnetic (H) fields inside the tissue at radio frequencies decrease exponen-
tially as the distance from the boundary of a tissue increases because energy 
dissipates after reflection occurs.82 Penetration depth is a function of fre-
quency and dielectric properties of the tissues and it can be expressed as: 

 

  δ 	                                          (2.4) 

where ω = 2πf is the angular frequency and f is the frequency. ε0 and εr are 
the permittivity of free space and the relative permittivity of a lossy medium, 
respectively. c is the speed of light which is 3×108 m/s and σ is the conduc-
tivity of the medium. 

The fields penetrate much less at higher frequencies than at lower fre-
quencies. For instance, at 2.45 GHz (microwave frequency range), the tissue 
penetration depth is about 2.0 cm, while at 10 GHz, the penetration depth is 
about 0.4 cm.83 At frequencies between 300 MHz and 3000 MHz, EM ener-
gy can deeply penetrate tissues, making it particularly suitable for therapeu-
tic applications.83 

2.4.3 Attenuation 
Attenuation can be defined as the loss of wave amplitude due to several 
mechanisms such as the impacts of scattering and absorption and mode con-
version. The loss of the incident wave on a medium is characterized by its 
attenuation coefficient which can be described as: 
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       α 1 tan δ 1                      (2.5) 

where, 
 

                          tan                                         (2.6) 

 
where α is the attenuation coefficient, ω is the angular frequency, ε' is the 
real part of the permittivity, ε'' is the imaginary part of permittivity, δ is the 
dielectric loss angle, c is the speed of light, σ is conductivity of the medium, 
and ε0 is the permittivity of free space. 

2.5 Measurement methods of dielectric properties 
Several methods can be used to measure the dielectric properties of human 
tissues such as resonators cavity perturbations, open-ended coaxial, and 
transmission line probe methods. The most commonly used among these 
methods are the open-ended and resonant probe methods.73–74, 84–85 

2.5.1 Open-ended coaxial probe method 
An open-ended coaxial probe comprises a cut-off segment of a transmission 
line. The material is measured by submerging the probe into a liquid to make 
the probe to have sufficient contact with the surface of a semi-solid material. 
The EM field propagates along the coaxial line towards the material. Reflec-
tion occurs when the EM field experiences an impedance mismatch between 
the probe and the material under test (MUT). Figures 2.7a–b show the sche-
matic illustration of an open-ended coaxial probe cross-section and an exper-
imental setup. 

The reflected signals are measured at different ranges of frequencies and 
then converted into complex permittivity, a process usually done automati-
cally by using integrated software in the Vector Network Analyzer (VNA).86 

This method is frequently used to measure tissue permittivity. It has several 
advantages as it is non-destructive, simple, and convenient and it has a broad 
frequency range that is suitable for ex-vivo and in-vivo measurements. How-
ever, this method requires sufficient contact between the probe and homoge-
neous samples. Otherwise, an irregular surface and air gaps in the samples 
will generate inaccurate measurements.87 
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Figure 2.7 Schematic illustration of a) top and cross-section view of the coaxial 
probe and b) measurement setup consisting of Vector Network Analyzer (VNA), 
coaxial cable, coaxial probe, and material under test. 

2.5.2 Resonant probe method 
There is a considerable number of microwave resonant-perturbation methods 
applied in different fields of material characterization using electromagnetic 
devices. Existing literatures offer several types of resonator probe methods 
that could be considered for material characterization: coaxial-tip, open-
coaxial, metallic waveguide, dielectric, and microstrip methods.88–92 Howev-
er, one type has recently been studied in its preliminary stages on the clinical 
study of bone defects.66 This type consists of a proximity coupled split ring 
resonator (Figure 2.8) which will be widely covered in the entire thesis from 
laboratory to clinical trial setups. Therefore, details of the other resonator 
probe methods are not discussed in detail here, but more data can be discov-
ered in. 88–92 
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Figure 2.8 Illustration of proximity coupled split ring resonator attached to the head 
phantom in the case of craniosynostosis. Here, the antenna is based on the SRR 
structure and applied directly to skin surface.66 

The proximity coupled sensor comprises a highly directive microwave split 
ring resonator (SRR) with a small form factor placed directly on the areas of 
interest (in this case, the bone defect). The resonance frequency of the probe 
is highly dependent on the effective permittivity of the surrounding area. The 
radiation properties of the probe are not analyzed. Instead, the dispersive 
effect regarding the dielectric properties of human tissues is studied. Since 
the measurements will be done in the frequency domain, the probe should 
have a good impedance matching to the body and a narrow bandwidth to 
distinguish shifts in resonance frequency when placed above the areas of 
interest. 

2.5.3 Phantoms of the human body 
Before moving on to clinical trials on humans, there is a need for an ATE 
phantom in order to verify the development of the probe. The ATE phantom 
has electrical properties that closely emulate those of human tissues across 
the frequency band of interest. Nowadays, there are numerous types of phan-
toms that have been developed, but there are three basic constructions in-
volved such as liquid, semi-solid (gel), and solid (dry). The specific material 
required to create semi-solid, and electrically and physically emulating tis-
sues is presented in Paper IV (for the case of craniosynostosis). 

In the clinical context of this thesis, there is a necessity for a systematic 
way of developing realistic and anatomical phantoms that are suitable for 
validating microwave systems. To that end, the fabrication of a range of 
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realistic phantoms that emulate the electrical properties of all types of 
healthy human tissues (specifically in lower extremity trauma, cranio-
synostosis, and burn injuries) over the frequency band of 1 to 10 GHz is 
done. This frequency band is selected because it includes bands that offer a 
reasonable compromise between the acceptable sensing resolution and the 
required penetration of low-power microwave signals.93 The dielectric prop-
erties of different tissues are measured in terms of intraoperative measure-
ments to compare with available literature data.73–74,78,80 The sizes, shapes, 
and depths of reference and defects are characterized based on pre-surgical 
and post-surgical planning, and this information is included in the phantom 
fabrication topic.  
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3 Materials and Methods 

3.1 Design aspect 
The microwave based-sensor is one method among numerous other resonant 
probe methods and is extremely attractive. It is favored for being highly 
sensitive, small in size, has low fabrication and measurement costs, and is a 
non-invasive method. Important sensor specifications that are considered 
during the design for this thesis are the following: high directivity, has a 
good impedance matching to the body, and a narrow bandwidth to distin-
guish shifts in resonance frequency when placed above the  areas of interest. 
The microwave based-sensor should be compact and very comfortable to be 
used as a proposed tool. The presented geometrical dimensions are highly 
optimized to have the peak performance in the 2.4 GHz Industrial, Scientific 
and Medical (ISM) band which is free to use. 

3.1.1 The proposition of microwave sensors  
The microwave sensor prototypes were simulated in Computer Simulation 
Technology (CST Studio, 2018, SIMULIA, Dassault Systèmes, France) and 
optimized and validated for human body tissues for different health condi-
tions. The dielectric data for various tissues such as fat, muscle, skin, brain, 
and bone were used as initial tissue properties for the training (iteration) of 
the numerical model, as documented in the literature. 73–74, 80–81 Three differ-
ent sensor types were developed to be used for several purposes to study 
various health conditions. All developed sensors are non-invasive with su-
perficial contact to the skin surface. The analysis was made in the frequency 
domain and the sensor should have the best matching for skin contact com-
pared to when observed in free space. The concept is to have a clear differ-
ence between healthy body tissues and affected tissues due to any medical 
condition. Consequently, high-frequency (HF) shift (resolution) can occur 
which helps in monitoring the healing progress.  

3.1.2 Simulation design 
Two types of feed techniques to couple the signal to the split ring resonator 
were simulated. The first uses the T-shape feedline (Figure 3.1) and another 
one the capacitive feed (Figure 3.2). Both (simulation) designs contain the 
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split ring resonator structure as a key component inspired by the metamateri-
al structure. The simulated three-layer planar structure comprises a ring res-
onator, a feeding layer, and a superstrate which acts as a contact layer (Pa-
per I and Paper IV for detailed specifications).94–95 More energy is radiated 
into the human tissue with the help of the superstrate. The superstrate also 
illuminates the target tissues and gives rise to stable and improved resonance 
characteristics. 

 
Figure 3.1  Microwave split ring resonator sensor with a T-shape feedline. 

 
Figure 3.2 Microwave split ring resonator sensor with a capacitive feed. a) Single 
split ring resonator. b) Double split ring resonator. c) Side view of the proposed 
multilayer sensor. © 2018 Sensors. Reprinted, with permission, from [Mohd Shah, 
S.R., Velander, J., Mathur, P., et al. Split-ring resonator sensor penetration depth 
assessment using in vivo microwave reflectivity and ultrasound measurements for 
lower extremity trauma rehabilitation, Sensors, Feb. 2018].94 
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3.2 Fabrication process 
In this work, the microwave split ring resonators (SRR) were fabricated on 
two types of substrates. The first type of substrate used layers of high-
frequency copper clad laminates (CCL) which is suitable for rigid structures 
and it was fabricated using standard etching process technology. The second 
type of substrate used polydimethylsiloxane (PDMS) and copper sheets. The 
description of the entire process flow to fabricate the SRRs can be found in 
Subsections 3.2.1 and 3.2.2. 

3.2.1 Rigid sensors 
The fabrication process of the microwave SRRs involves three fundamental 
stages which are ultraviolet (UV) exposure, developing process, and etching 
process. During the UV exposure stage, the image of the layout pattern was 
transferred onto the photoresist laminated board with an overhead (OH) plas-
tic film by using a UV exposure machine (Figures 3.3a–b). This process 
normally takes two minutes. Gerber Viewer software was utilized to transfer 
the geometrical shape onto a transparent plastic film. This software helps to 
ensure that the simulated sensors are easily transferred onto the OH plastic 
film according to their actual sizes.  
         

 
 
Figure 3.3 The fabrication process of a split ring resonator using the etching tech-
nique. a) Printed layers on an OH plastic film. b) UV exposure machine used to 
illuminate the pattern onto the substrate board. c) Etching process with FeCl3 to 
remove the unwanted copper area. d) Fabricated split ring resonator sensors. 
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In the developing stage, the substrate was dipped into a sodium hydroxide 
solution for about 45 seconds to a minute until the image developed. The 
developer washed away the photoresist layer that was exposed to UV light. 
As a result, the photoresist formed a protective layer over the layout pattern 
and left the rest of the copper area exposed. Then, the substrate was rinsed 
with tap water, revealing the image of the patch which was covered by a 
clear dark yellow layer of photoresist.  

The last stage in the fabrication of the microwave SRRs is the etching 
process. Ferric Chloride (FeCl3) developer was used to etch out the layout 
pattern as illustrated in Figure 3.3c. This process usually takes 10 minutes. 

 
Figure 3.4 Flow chart of the etching process. 
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After the layout was etched out, the sensor was washed in tap water and then 
dried (Figure 3.3d). The outer part of a SubMiniature version A (SMA) con-
nector was soldered to the ground plane layer and a feeding pin was con-
nected to the microstrip feed and measured to make sure that it did not short-
circuit. All layers were then stacked and glued together using adhesive glue. 
A complete flow chart of the etching process is shown in Figure 3.4. 

3.2.2 Flexible sensors 
The fabrication process to develop flexible SRR sensors from the PDMS 
substrate was proposed by Abbas et al., 2018, and is illustrated in Figures 
3.5a–d.96 The PDMS components Wacker Silicones Elastosil RT 601 A 
(monomer) and RT 601 B (curing agents) were used in the fabrication pro-
cess.97–98 PDMS was selected because of its mechanical stability, flexibility, 
water resistance, and inertness. The PDMS substrate was made manually by 
using the monomer and the curing agents in a ratio of 9:1. The fabricated 
PDMS substrate was used to laminate the copper sheet-SRR pattern and the 
desired substrate thickness was set using custom-made molds.  

 
Figure 3.5 The fabrication process of the PDMS microwave sensors, patterned with 
the copper sheet-SRR pattern. a) Ground plate was connected to the coaxial cable. b) 
The first dielectric PDMS layer was laminated on the ground plate using custom-
made 3D-printed molds. c) The T-shape was patterned with the same process as the 
ground plate and the dielectric PDMS layer was laminated with the same process as 
the first substrate. d) Final fabricated PDMS split ring resonator sensors. 
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Figure 3.6 Flow chart of the PDMS substrate fabrication process. 

Every PDMS layer was semi-cured at 75 °C for a certain time depending on 
the thickness of the PDMS layer. This was made to create a good bond be-
tween the layers and to ensure good wetting ability of the copper sheet-SRR 
pattern. After the fabrication of all the layers, the whole structure was fully 
cured at 75° C for 12 hours.99 The thicknesses of the PDMS layers were 
about 5 mm.  

3.3 Measurement setup  
The Microwaves in Medical Engineering Group (MMG) at Uppsala Univer-
sity intensively runs both laboratory and clinical measurements in Sweden 
and the Netherlands. At the time of this study, in-vivo measurements are 
performed both invasive and non-invasive for different research purposes 
and are still being carried out to this day. Invasive measurements are mainly 
performed to have a better understanding of each body tissue in a living hu-
man. Invasive dielectric characterization measurements are done during cra-
niotomy and hip replacement surgeries. Non-invasive measurements are 
done on healthy volunteers and patients undergoing rehabilitation for crani-
otomy and hip fracture surgeries.  This thesis includes the study protocol for 
lower extremity injuries in proximal femur fracture treatments in elderly 
patients. Ethical approval is granted for craniotomy measurements on 
younger children suffering from craniosynostosis. This facilitates clinical 
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follow-up measurements for the development of the sensors as new data 
obtained from intraoperative measurements used for dielectric characteriza-
tion measurements can be compared with available data from existing litera-
ture. Intraoperative measurements are done during hip replacement surgeries 
on patients suffering from osteoporosis. In this case, skin, fat, muscle, ten-
don, and bone such as cartilage, cortical and marrow tissues are examined.  

3.3.1 Laboratory measurement 
In this study, the tissue properties were measured by using a Keysight dielec-
tric probe connected to a Keysight FieldFox Network Analyzer N9918A in 
combination with a Keysight (Agilent) 85070E Dielectric Probe Kit.100–101, 86 
The Keysight dielectric probe was constructed from a semi-rigid coaxial 
cable (RG-405) with a standard diameter of 2.4 mm having a center conduc-
tor and an insulator of 0.62 mm and 1.78 mm in diameters, respectively.  
The insulator material was assumed to be teflon (εr = 2.1, σ = 1×10-23 S/m) 
while the conductor material was assumed to be nickel (εr = 1, σ =1.43×107 

S/m) in this study.  
In this setup, the probe was held in place by attaching it to a grip-stand 

while the other components were not, to minimize both cable movement and 
repeatable errors. The probe was calibrated using a three-load standard cali-
bration: in open air, connected to a shorting block, and immersed in deion-
ized water at 22 ºC. After each individual calibration, the system perfor-
mance was validated by measuring the dielectric properties of a standard 
reference liquid which was deionized water. The temperatures of the calibra-
tion and validation liquids were noted during each dielectric measurement. 
The relative permittivity and conductivity were calculated over a microwave 
frequency range of 0.5 to 10 GHz for each tissue/liquid measurement. 

Following the laboratory setup, this work has also been previously done 
using Anthropomorphic Tissue Emulating (ATE) phantoms. Data on the 
composition of individual tissues and their thicknesses acquired from ultra-
sound and CT scan images can be seen in Paper I and Paper IV. The die-
lectric properties of various tissues were taken from an online source on the 
dielectric properties of body tissues, Nello Carrara-Florence (Italy).83 The 
real part of relative permittivity, εr, and conductivity, σ, expressed in S/m 
were taken into consideration for the dielectric properties of the individual 
tissues. 

The first step was to find the right materials to build semi-solid ATE 
phantoms that electrically and physically emulate human soft tissues. Differ-
ent materials were used in the fabrication process of craniotomy phantoms 
such as agar, polyethylene powder (PEP) with a particle size of 25 mm, cal-
cium sulfate, TX-151, sodium chloride, gypsum, deionized (DI) water, and 
gelatin.102 Agar is used to maintain the desired shape of the phantom and to 
ensure that it does not influence the relative permittivity. PEP is also used to 
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ensure that the permittivity is within control as its addition decreases the real 
part of the relative permittivity. Calcium sulfate is used as it has similar 
physical properties to the human skull such as hardness and it can be used to 
create and imitate defects in the skull. TX-151 is used to increase the vis-
cosity of the phantom. To ensure that the conductivity of all phantoms is 
similar to the realistic tissue of the skull, sodium chloride is used. These 
materials are easy to use, non-toxic, and low cost. We obtained exceptional 
results for the relative permittivity, εr, and loss tangent (tan δ) similar to that 
of real human tissues by selecting the correct amount and proportion of each 
material. 

3.3.2 In-vivo and ex-vivo measurements 
For the characterization of the dielectric properties of the tissues, the dielec-
tric probe in the aforementioned subsection was used for in-vivo and ex-vivo 
measurements. The probe has a diameter of 2.4 mm and a length of 200 mm 
and it can be autoclaved until 125 ºC.  

 
Figure 3.7 Photographs of the intraoperative and ex-vivo measurements to charac-
terize human tissue dielectric properties. a) Dielectric probe used during surgery in 
the operation room. b) Ex-vivo measurement on the femoral head of a hip fracture. 
c) Ultrasound images of the dielectric probe inside the femur bone. d) Ex-vivo 
measurement on the skull bone with craniosynostosis. 

A medical autoclave is a device used in hospitals for the sterilization of sur-
gical tools. The sterilization process is a standard requirement and has to be 
performed during intraoperative measurements. The in-vivo and ex-vivo 
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measurements involved skin (wet and dry), fat, muscle, tendon, blood, carti-
lage bone, cortical bone, trabecular bone, bone marrow, skull, and scalp. The 
dielectric properties of the tissues and their compositions were obtained from 
patients with lower extremity injuries and craniosynostosis and are shown in 
Figure 3.7. The measurements were taken at Maastricht Medical University 
Center (MMUC), the Netherlands, involving elderly patients with lower 
extremity injuries and at Akademiska Sjukhuset Uppsala, Sweden, involving 
infants who were treated for craniosynostosis through craniotomy surgery.95 

3.3.3 Clinical measurement 
A complete microwave sensor Bone Density Analyzer (BDA) system, as 
shown in Figure 3.8, was adapted for the monitoring of medical conditions 
such as lower extremity injuries and craniosynostosis. The microwave sensor 
system consists of a range of sensors (as described in Subsection 3.1.2) op-
timized for different medical conditions, a mini-VNA* to send and receive 
microwave/RF signals, and a personal computer (PC)/smartphone-based user 
interface to compute the bone mineral density based on the differences be-
tween the transmitted and received signals.  

The resonance frequencies of the microwave sensors are highly dependent 
on the effective dielectric constant of the encompassing regions. If the mi-
crowave sensor is highly capable of detecting the dielectric variation around  
it, then it has high potential to be used as a non-invasive microwave healing 
diagnosis device. 

 
Figure 3.8 The complete setup of a microwave sensor Bone Density Analyzer sys-
tem diagnostic tool prototype. © 2019 Sensors. Reprinted, with permission, from 
[Mohd Shah, S. R., et al. Microwave-sensor-based clinical measurements for moni-
toring post-craniotomy bone development in pediatric craniosynostosis patients, 
Sensors, 2019].95 
________________________ 
 The microwave sensors were connected to the Mini Vector Network Analyzer, mini-VNA 

(mini Radio Solutions, 2014, WiMo Antennen und Elektronik GmbH, Herxheim, Germa-
ny) which operates at a frequency range of 0.001 to 3 GHz.103 
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3.4 Clinical studies 
Clinical data was gathered according to ethical approval which was already 
sanctioned to be used for clinical trials. The ethical approval are attached to 
this study in Appendices B‒D for the cases of lower extremity injuries, cra-
niosynostosis, and burn injuries.  

3.4.1 Proximal femur fracture  
As this study focuses on human subjects, a standard study protocol is neces-
sary. The first aim of this study protocol trial is to study the typical gait pat-
terns of the elderly after experiencing proximal femur fractures. This study 
protocol is an international and multicenter trial carried out in the Nether-
lands and Sweden between March 2017 and August 2018 and is guided by 
the SPIRIT (Standard Protocol Items: Recommendations for Interventional 
Trials) Statement (refer to supplementary file in Paper II).113 The study 
rehabilitation centers focusing on geriatric rehabilitation were asked to par-
ticipate in this study. A minimum of 20 patients as prospective subjects are 
required every year to ensure the quality and expertise of the participating 
centers. Qualified patients are also screened at each center before they par-
ticipated in the study. Ethical approval was obtained prior to start of the 
study (Appendix B). 

Trained physical therapists who took measurements were required to have 
experience in geriatric trauma care. Before conducting the study, all physical 
therapists agreed on the study treatment regime after numerous consensus 
meetings and were trained to execute the study treatment regime in a uni-
form manner. This study protocol will contribute to existing knowledge in 
the rehabilitation of hip fracture patients, specifically the elderly. It is also 
hoped that the study will play a part in providing an improved outcome for 
those who are affected. 

Multiple microwave sensors for BDA system were selected to be used to 
validate measurement at the distal, the thigh region, and at the height of the 
greatere trochanter (the proximal femur). The same microwave sensor sys-
tem described in Subsection 3.3.3 has been used for lower extremity injuries 
at rehabilitation centers in the Netherlands and Sweden (Figure 3.9a). The 
positioning of sensors in each area of measurement was carried out in such a 
way that no air gap or disturbances should affect the area. This was per-
formed with the help of a strap or band which was wrapped around the area 
along with the sensor (Figure 3.9b).  



 45

 
 

Figure 3.9 a) Clinical trial of a microwave sensor system in an operation room at 
Maastricht University Medical Center. b) The measurements were obtained from the 
thigh position on a lower extremity trauma patient. Microwave sensors were fitted to 
the leg using elastic bands on the c) distal d) thigh and e) trochanter. © 2018 Sen-
sors. Reprinted, with permission, from [Mohd Shah, S.R., Velander, J., Mathur, P., 
et al. Split-ring resonator sensor penetration depth assessment using in vivo micro-
wave reflectivity and ultrasound measurements for lower extremity trauma rehabili-
tation, Sensors, Feb. 2018].94 

Three different sensors were made; each sensor was optimized for the physi-
ological conditions of the intended location of use on the femur (Figures 
3.9c–e). The implementation of this sensor is useful for the continuous diag-
nosis of lower extremities. The BDA and ultrasound were used in this clini-
cal trial campaign. Both analyses were conducted in the Telge Rehab Center, 
Sweden. Apart from that, the position of the femur was fixed for each BDA 
measurement and at the same time, ultrasound images were obtained. The 
ultrasound measurement was performed to validate the tissue thickness for 
each layer (skin, fat, muscle, and bone) and to compare with the BDA meas-
urement. 

3.4.2 Craniosynostosis clinical trial 
In craniosynostosis (Paper IV), 20 children with craniosynostosis treated at 
Craniofacial Center, Uppsala University Hospital were subjected to a series 
of clinical studies.  

Measurements were performed postoperatively at a number of occasions 
on the operating table with the anesthetized patient (Figures 3.10a–c), on the 
discharge day which is 1 week after surgery (Figure 3.10d), the healing con-
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trol during the 1-month post-surgery reception, (Figure 3.10e) in the 3rd and 
6th month after surgery in conjunction with home visits, and 12 months after 
surgery by visiting the clinic. Figure 3.11 shows various time points when 
the clinical measurements were administered, starting with baseline meas-
urements carried out pre-operatively on the operating table with the anesthe-
tized patient.  

 
Figure 3.10 a) Proposed diagnostic tool prototype in a clinical test in the operating 
theatre of Craniofacial Center, Uppsala University Hospital. b) Superior view of the 
fetal skull of a patient undergoing sagittal craniosynostosis surgery. c) Location of 
measurement points (reference and possible defect locations) on a newborn’s head. 
Follow-up clinical measurements were carried out with the help of a craniofacial 
nurse. d) 1-week follow-up measurement after surgery. e) 1-month follow-up meas-
urement after surgery. © 2019 Sensors. Reprinted, with permission, from [Mohd 
Shah, S. R., et al. Microwave-sensor-based clinical measurements for monitoring 
post-craniotomy bone development in pediatric craniosynostosis patients, Sensors, 
2019].95 
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Measurement data are related to the images made by the patient’s skull CT 
scan before surgery and 1 year after surgery according to the clinical routine. 
Data generated by the sensors were further processed to extract mineraliza-
tion data.95, 104‒107 The measurements are normally taken on various parts of 
the head which includes one or a few measurements on the defects and a 
reference measurement on the area of the forehead. 

 
Figure 3.11 Clinical trial timeline for craniosynostosis. 

3.4.3 Assessment of the depth of burn injuries 
Burns are common among children and adults. The Burn Center at Uppsala 
University Hospital is one of Sweden’s two national centers for severe 
burns. The bases of treating all burns are to estimate the burned body area 
(% of total body surface area burned, TBSA%) and to ascertain the burn 
depth. These two parameters determine the severity of the injury and subse-
quently the level of care the patient requires. It also constitutes an “outcomeˮ 
predictor, i.e. the patient’s functional level after treatment. 

The depth of burns was previously referred to as first-degree, second-
degree and third-degree burns, but modern terminology now refers to burns 
as superficial, superficial dermal, deep dermal (more severe scalds or 
flame/contact burns), and full-thickness (severe flame burns). The assess-
ment of the extent and depth of burns is primarily done by performing a clin-
ical assessment.  

Consecutive patients admitted to the Department of Plastic and Maxillo-
facial Surgery at Uppsala University Hospital are approached for informed 
consent if they fulfill all inclusion criteria. Patients undergoing routine (plas-
tic) surgery involving the removal of healthy skin are asked for permission 
for their skin samples to be transported to the laboratory, instead of having it 
discarded in the operating room. The skin samples are used as control tissues 
and are measured with a probe and a sensor after which the skin is discarded. 

Patients undergoing burn surgery involving the removal of burned tis-
sue/skin are also asked for permission for their tissue samples to be trans-
ported to the Ångström Laboratory to be measured with a probe, instead of 
having it discarded in the operating room. Tissue samples are then sent for 
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histological processing, staining, and assessment, followed by the discarding 
of the samples. All tissue samples are sent to the laboratory unidentified. 

Probe measurements are performed according to the local protocol, i.e. 
the tissue is put on a bench and a probe is inserted into the tissue and read-
ings are recorded. Normal skin is discarded. For burned tissues, the area 
measured with the probe is cut, labeled, and put in formaldehyde for fixation 
after which the samples are sent to histology. For histological assessments, 
the samples are handled according to the routine protocol for processing and 
staining of the histological samples. After proper staining, the histological 
sections are assessed with a light microscope and the depth of the burn is 
categorized as a superficial, superficial dermal, deep dermal or full-thickness 
burn. 

3.4.4 Ex-vivo human (burnt) skin samples 
The H2020 Eureka Eurostars SenseBurn consortium conducts a clinical trial 
campaign in Uppsala University Hospital’s Burn Center (Sweden) to collect 
human tissue samples (surgical waste) of different burn depths, from full-
thickness to superficial burns. After obtaining informed consent, samples are 
collected in the hospital’s operation room during necrosectomy of acute 
burns and placed in sterile jars and refrigerated while waiting to be trans-
ported to the Ångström Laboratory, Uppsala University, for microwave die-
lectric permittivity together with the clinical assessment of the burn depth.  

In this clinical study, normal skin was measured to obtain reference val-
ues for human skin and burned tissue was measured to calibrate it to measure 
the correct burn depth. Both sample tissues were measured using the dielec-
tric probe, as shown in Figures 3.12a‒b. Samples were divided into homoge-
neous sectors and the dielectric profiles at microwave frequencies were 
measured at these sectors (Figure 3.12c). The sectors consist of different 
measurement points (repetitions) for a better homogenization of reported 
values. The measured dielectric profiles were compared to those reported in 
existing literatures which are the standard deviation to consider the accuracy 
of the measurements. 73–74,78,80 

After the probe measurement, the tissue was sent for histological analysis 
to ascertain the burn depth, after which the tissue was discarded. Tissues 
from 40 patients were estimated to be needed. For all patients (from pa-
tient/journal) the following was noted: age, gender, and body area that the 
skin comes from. For burns, the following was noted: damage date, injury 
time, type of burn (flame scalding, contact burn, etc., as shown in Figure 
3.12d), tissue thickness (Figure 3.12e), and the physician's assessment of the 
burn depth. 
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Figure 3.12 a) A photograph of the dielectric measurement setup of the ex-vivo 
burned tissue. b) Sample was measured using a dielectric probe. c) Samples were 
divided into homogeneous grid-sectors. d) Type of burn, damage date, and injury 
time were recorded for each sample. e) Metadata for the sample was recorded for 
further study. 
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4 Results and Discussion 

In this section, the main results of Paper I to Paper VI are summarized. The 
use of a microwave sensor-based monitoring system during this thesis for 
laboratory and clinical examples to study its influence on microwave signals 
is presented. The described microwave sensors were fabricated through the 
process as described in Subsections 3.2.1 and 3.2.2, demonstrating the feasi-
bility of the microwave sensor-based monitoring system in medical applica-
tions. In Subsection 3.4.4, dielectric permittivity characterization at micro-
wave frequencies of ex-vivo human samples was carried out. This work is 
also currently being conducted as part of research and development. 

4.1 New approach to microwave reflectivity and 
ultrasound measurements (Paper I) 
In this study, a new approach was introduced to investigate the penetration 
depth evaluation of microwave sensors based on the split ring resonator in 
the in-vivo context of lower extremity areas. This approach is based on the 
optimization of a 3-D simulation model that used the CST Microwave Studio 
platform. The 3-D simulation model also consists of the sensor type men-
tioned in Subsection 3.1.2 and a multi-layered tissue representing the lower 
extremity, specifically in the femoral area. The geometry of the layered tis-
sue is based on information acquired from ultrasound images (see Figures 
4.1a–b) and primarily involved the thicknesses of muscle, skin, and fat. The 
different characteristics of the tissue layers and their appearances were doc-
umented with the help of a radiologist.  
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Figure 4.1 Measurement of tissue thickness of a volunteer performed using an ultra-
sound tool. a) Anterior of the distal femur 3 cm above the patella. b) Anterior of the 
thigh (10 cm above the patella) midlength. © 2018 Sensors. Reprinted, with permis-
sion, from [Mohd Shah, S.R., Velander, J., Mathur, P., et al. Split-ring resonator 
sensor penetration depth assessment using in vivo microwave reflectivity and ultra-
sound measurements for lower extremity trauma rehabilitation, Sensors, Feb. 
2018].94 

At Telge Rehabilitation Center, Södertälje, Sweden, data was collected dur-
ing the Complex Fracture Orthopedic Rehabilitation (COMFORT) clinical 
assessment campaign from four volunteers who had given prior consent. The 
collection of information was executed under Swedish ethical approval (Ap-
pendix B). In the case of lower extremity injuries, the area around the femur 
bone is of particular interest.  
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Figure 4.2 The proposed microwave sensor connected to the two positions of the 
distal femur and the thigh with a coaxial cable. . © 2018 Sensors. Reprinted, with 
permission, from [Mohd Shah, S.R., Velander, J., Mathur, P., et al. Split-ring reso-
nator sensor penetration depth assessment using in vivo microwave reflectivity and 
ultrasound measurements for lower extremity trauma rehabilitation, Sensors, Feb. 
2018].94 

Figure 4.2 shows four different positions of the femoral area which were 
utilized for data collection: 

Position 1: The distal femur anterior 3 cm above the patella. 
Position 2: The distal femur lateral. 
Position 3: The midlength of the anterior thigh 10 cm above the patella. 
Position 4: The midlength of the lateral thigh. 

The process of developing the 3-D simulation model until the stage of 
analyzing the penetration depth is shown in Figure 4.3. In this process, the 
optimization target for the sensor is the measured S11 parameters whereas the 
fitting parameters are the permittivity of each tissue layer. For this purpose, 
the values of effective permittivity of the tissues have to be studied by exam-
ining each position of the tissues with a simulated numerical model. The 
dielectric properties, in particular, consist of the relative permittivity and 
conductivity for which the numerical model has been trained. The S11 pa-
rameter measurements at various volunteer femoral positions were used as 
target data to train the proposed model in order to acquire effective permit-
tivity for various volunteer tissues (muscle, fat, and skin).  Compelling re-
sults were found in the muscle tissue layer, in which the layer possessed the 
highest dielectric properties and has the ability to detune the sensor reso-
nance more than other tissue layers. It can be seen that for the variation of 
the effective permittivity, ∆εr, the accuracy was within 0.38%, whereas the 
variation of the conductivity, ∆σ, had an accuracy within 3.5%, compared to 
the literature data. 
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Figure 4.3 Process of extracting the dielectric profile of different tissues and the 
signal penetration depth using S11 data and ultrasound images. © 2018 Sensors. 
Reprinted, with permission, from [Mohd Shah, S.R., Velander, J., Mathur, P., et al. 
Split-ring resonator sensor penetration depth assessment using in vivo microwave 
reflectivity and ultrasound measurements for lower extremity trauma rehabilitation, 
Sensors, Feb. 2018].94 

In order to study the dependence of the resonance frequency on the position 
of the femoral area, the S11 results from the clinical data measurements and 
their analyses are presented. Figures 4.4a–d illustrate the individual meas-
urements for positions 1 to 4. A general trend showed that the tissue thick-
ness and the position points influenced the sensor resonance frequency. The 
highest frequency shift was obtained at position 1 as shown in Figure 4.4a 
for volunteer 3 with a frequency shift of 30.1 MHz for calculations based on 
the shifted resonance frequency. The lowest calculated frequency shift was 
obtained at position 4 for volunteer 4 with a frequency shift of 17.1 MHz. It 
is evident from these results that the variation in tissue thickness at each 
position has a significant effect on the shift in the resonance frequency. With 
reference to the resonance frequency, fr, the impact of the tissue’s dielectric 
characteristics can also be noted for different measurement setups. The re-
sults demonstrate that when a thicker muscle tissue layer is present at the 
position involved, the resonance frequency may shift downwards from the 
sensor’s free space resonance. When the muscle tissue layer is thinner, the 
resonance frequency may move upwards the sensor’s free space resonance. 
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Figure 4.4 Measured S11 data versus frequency response for volunteers from differ-
ent position measurements. a) Position 1: anterior of the distal femur. b) Position 2:  
lateral (outside) of the distal femur. c) Position 3: anterior of the thigh. d) Position 4: 
lateral of the thigh. © 2018 Sensors. Reprinted, with permission, from [Mohd Shah, 
S.R., Velander, J., Mathur, P., et al. Split-ring resonator sensor penetration depth 
assessment using in vivo microwave reflectivity and ultrasound measurements for 
lower extremity trauma rehabilitation, Sensors, Feb. 2018].94 

The penetration depth was further analyzed by examining the E-field distri-
bution in 3-D simulations of the optimized model for each of the considered 
positions. Figures 4.5a–d show the results of the E-field distribution with 
reference to the tissue thickness. The maximum value of the E-field distribu-
tion was considered as an indication point when the sensor was closely at-
tached to the volunteer’s body, i.e. when the distance was 0 mm. Thus, as the 
distance (with reference to the total thickness of the tissue) increased, the E-
field penetration decreased gradually. In this case, the penetration depth at-
tained was from 11.5 mm to 18 mm. According to the data on the tissue 
thickness acquired from the ultrasound measurements, the total E-field dis-
tribution from the skin to the muscle boundary covered a minimum of 
46.3%. 

Taking into account the tissue thickness data, when a thicker fat layer was 
present, the penetration depth was found to be larger. The thickness of the fat 
layer was thus observed to have a substantial effect on the E-field 
distribution. The penetration depth reduced gradually once the E-field distri-
bution reached a mean fat thickness of 9.2 mm. This is because, due to its  
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Figure 4.5 a)–d) Plot of the E-field penetration for different positions of tissue 
thicknesses. © 2018 Sensors. Reprinted, with permission, from [Mohd Shah, S.R., 
Velander, J., Mathur, P., et al. Split-ring resonator sensor penetration depth assess-
ment using in vivo microwave reflectivity and ultrasound measurements for lower 
extremity trauma rehabilitation, Sensors, Feb. 2018].94 
 
lower conductivity, the E-field penetrated more into the fat tissues. On the 
other hand, given that the tissue properties were a loss medium, the E-fields 
penetrated in the human body when the human body was exposed to the RF 
electromagnetic field.108–110 As a result, the signal penetration depth for this 
measurement scenario depends on the tissue thickness which has lower con-
ductivity such as the fat layer. 

In addition, the correlation between the E-field and the distance can be 
clarified by using the energy propagation relationship and fat layer absorp-
tion. When the fat thickness increased, due to its lower loss compared to 
other tissue layers, the energy will be more easily transferred into fat. All of 
these conditions could be clarified by Asan et al., 2017, which is linked to 
the effect of the fat layer as a channel medium for intra-body communica-
tion.111–112 Based on these findings, the signal transmission can be enhanced 
with the thickness of fat and muscle tissues. The signal transmission was 
evaluated in relation to the tissue channel's length and thickness. 
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Summary 
A clinical measurement campaign was conducted with the involvement of 4 
volunteers who had given prior consent, S11 measurements were performed, 
and tissue thickness information was acquired for the femoral area from 
ultrasound images. Numerical models were developed and individual tissue 
permittivity was acquired. The numerical model was utilized to simulate the 
E-field distribution after calculating the penetration depth. Resonance fre-
quency was noted to be significantly influenced by a particular position of 
the measurement on the femoral area. The penetration depth at any specified 
place also depends on the tissue thickness which has lower conductivity such 
as the fat layer. This study showed that the proposed method can be used to 
estimate penetration depth by using information from the S11 sensor meas-
urements and tissue thicknesses from ultrasound images. Therefore, prelimi-
nary results are encouraging and highlighted the effectiveness of using non-
invasive methods to monitor tissue variations, especially during the rehabili-
tation of lower extremity fractures. 

4.2 Study protocol of Complex Fracture Orthopedic 
Rehabilitation, COMFORT (Paper II) 
Proximal femur fractures are a common injury ensuing low-energy trauma 
among the elderly. Most rehabilitation programs are based on restoring mo-
bility and weight bearing recovery. However, compliance with therapy is 
quite low for patients with lower extremity fractures. Furthermore, the sig-
nificance of gait parameters and how to manage rehabilitation after proximal 
femur fractures among the elderly are not firmly established. Therefore, the 
aim of this study protocol plays a major role in evaluating whether therapy 
compliance can be further improved with real-time visual biofeedback after 
proximal femur fractures among the elderly.  

The study protocol can be fulfilled by selecting participants at random in 
either the control group receiving the usual treatment/care or the intervention 
group receiving real-time visual biofeedback on the weight bearing during 
the gait as well as the usual treatment/care. In addition to the normal institu-
tional protocol, participants in the intervention group received real-time vis-
ual biofeedback on the weight bearing during a 30-meter walk using the 
SensiStep ambulatory biofeedback system (Evalan BV, Amsterdam, The 
Netherlands).  

Consequently, this randomized controlled trial (RCT) will, therefore, pro-
vide real-time visual biofeedback to the patient and healthcare professionals 
within the clinical setting. The healthcare professionals are an international 
and multicenter trial that took place in the Netherlands and Sweden between 
March 2017 and August 2018 (Table 4.1).  
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Table 4.2. Healthcare professional clinics in the Netherlands (NL) and Sweden (SE). 

Allocation (Group) Rehabilitation clinics Place 

Control Beweging 3.0 
Meander Medical Center 
Maatweg 3 
3813 TZ Amersfoort 

Amersfoort (NL) 

Control Beweging 3.0 
Woonzorgcentrum De Pol 
Vetkamp 85 
3862 JN Nijkerk 

Nijkerk (NL) 

Control Cordaan 
In het Zomerpark 
Remmersteinpark 3–5 
2151 KE Nieuw-Vennep 

Nieuw-Vennep (NL) 

Control azM Herstelzorg 
Sint Pieterstraat 23 
6211 JM Maastricht 

Maastricht (NL) 

Control Careyn 
Nieuw Tamarinde 
Neckardreef 6 
3562 CN Utrecht 

Utrecht (NL) 

Control Telge Rehab 
Östra Kanalgatan 2 
152 71 Södertälje 

Södertälje (SE) 

Intervention Zorgspectrum Geinsche Hof 
Vuurscheschans 75 
3432 TX Nieuwegein 

Nieuwegein (NL) 

Intervention Warande 
Bovenwegen 
Heideweg 2 
3708 AT Zeist 

Zeist (NL) 

Intervention Warande 
Diakonessenhuis 
Professor Lorentzlaan 76 
3707 HL Zeist 

Zeist (NL) 

Intervention Evean 
Schoenerstraat 11 
1034 XZ Amsterdam 

Amsterdam (NL) 

Intervention  
Zorggroep Groningen 
Schaaksport 100–102 
9728 PG Groningen 

Groningen (NL) 
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Before conducting the study, strict inclusion criteria were used to establish 
group homogeneity. The criteria for the inclusion of participants are that the 
participants are not older than 60 years, had a proximal femur fracture fol-
lowing low-energy trauma, had unrestricted weight bearing, had an expected 
clinical rehabilitation duration time of up to 2 weeks, and had a bodyweight 
below 120 kg. The criteria for the exclusion of participants include cognitive 
impairment and limited mobility before the trauma. 

 
Figure 4.6  Form of enrollment, documentation, assessments, and interventions. 
Elderly Mobility Scale (EMS), Functional Ambulation Categories (FAC), Mini-
Mental State Examination (MMSE), Visual Analogue Scale (VAS). © 2018 Trials. 
Reprinted, with permission, from [Raaben, M., Mohd Shah, S.R., Augustine, R., 
Blokhuis, T. J. COMplex Fracture Orthopedic Rehabilitation (COMFORT) - Real-
time visual biofeedback on weight bearing versus standard training methods in the 
treatment of proximal femur fractures in the elderly: study protocol for a multicenter 
randomized controlled trial, Trials, Apr. 2018].113 
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The clinical data was collected under the strict protocol, as shown in Figure 
4.6. The site investigator asked participants who fulfilled the inclusion crite-
ria to participate in the research and provided them with a letter of infor-
mation with the study protocol and study purposes. Informed consent was 
signed and the cognitive score was assessed using Mini-Mental State Exam-
ination (MMSE).  

Data was collected from the participants in accordance with the following 
trial protocol after informed consent and MMSE. Additional clinical trials 
were performed to gain further insight into each participant's rehabilitation 
progress; (i) Visual Analogue Scale (VAS) which was conducted daily, (ii) 
Functional Ambulation Categories (FAC) which was conducted once a 
week, and (iii) Elderly Mobility Scale (EMS) which was conducted twice a 
week. Finally, additional data for each participant was recorded such as age, 
gender, height, weight, date of surgery, type of surgery, walking aid, and 
length of admission to the rehabilitation center. 

Summary 
The study protocol for the multicenter randomized controlled trial was ob-
tained by assessing whether real-time visual biofeedback on weight bearing 
versus conventional training techniques can enhance therapy compliance for 
the treatment of proximal femur fractures among the elderly. Consequently, 
the hypothesis that real-time biofeedback in weight bearing among the elder-
ly after proximal femur fractures significantly improved. This improvement 
included the step duration and gait parameters maximum peak load, com-
pared to the conventional training method. Second, improvements in gait 
parameters were hypothesized to have led to improvements in clinical 
scores, such as EMS, FAC, and VAS. This may result in enhanced rehabili-
tation (e.g. enhanced functional outcome), earlier rehabilitation, and reduced 
medical expenses. 

4.3 Dielectric profiles at microwave frequencies of burn 
injuries  
This works aims to find the functional relationship between the dielectric 
profiles and the burn depth of human burnt skin. We made two evaluation 
methods to analyze burnt skin. The first method is by measuring the permit-
tivity characteristics and the second method is studying color variation using 
quantitative evaluation of 2-D dielectric image profiles. 
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4.3.1 Flexible microwave split ring resonator sensor (Paper III) 
In order to examine different burn injuries by using a dielectric profile meth-
od, the development of the microwave SRR sensor onto flexible polydime-
thylsiloxane (PDMS) substrates is necessary.99 As mentioned in the previous 
Subsection 3.2.2, PDMS is a promising flexible substrate material due to its 
water resistance, mechanical stability, inertness, and biocompatible charac-
teristics.  

In this study, a flexible sensor approach is presented to develop a porta-
ble, low cost, safe, and non-invasive microwave sensor-based diagnostic tool 
for the analysis of burns. The tool will facilitate an early diagnosis, and mon-
itor and treat burn patients by providing reliable and accurate diagnosis data 
concerning burn area and burn depth. The tool can diagnose the actual burn 
area and burn depth accurately and successfully and enable early medical 
intervention of the burn injuries.  

 

Figure 4.7 The proposed sensor position with different conditions of burn injuries. 
a) Normal condition. b) Stage 1. c) Stage 2 by implementing blistering condition. d) 
Stage 3. e) Stage 4 in which skin is dry and leathery. f) Stage 5 full-thickness burn. 
© 2019 IEEE. Reprinted, with permission, from [Mohd Shah, S.R., Velander, J., 
Perez, M.D., et al. Improved sensor for non-invasive assessment of burn injury 
depth using microwave reflectometry, 13th European Conference on Antennas and 
Propagation (EuCAP), Krakow, Poland, Mar. 2019].99 
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The non-invasive diagnostic tool and the fabrication process of the sensor 
are the main developments regarding its precedent microwave sensor based 
on the PDMS and copper materials. In order to validate the conceptual func-
tionality of the proposed sensor, human tissue emulating phantoms were 
designed, fabricated, verified, and employed to emulate different burn depths 
as shown in Figures 4.7a–f.  

The following was performed on different parts of the phantoms to imi-
tate the different stages of burn depth: 

i. An adjustable refillable blowtorch flame was used to burn the phan-
tom on the surfaces of the various phantom components to decrease 
their water content and generate combustion (Figures 4.7b–f) 

ii. Water pockets were included to emulate inflammation using gels with 
high water content (Figure 4.7c) 

 
The various phantom stages representing the different burning stages 

were thus modeled and described as follows: 
1. Normal condition: Figure 4.7a shows that the three homogeneous 

layers of skin, fat and muscle tissue are intact. 
2. Stage 1: The superficial burn is represented by a minor burn on the 

skin surface as shown in Figure 4.7b. 
3. Stage 2: The superficial partial-thickness burn is represented by add-

ing the blistering condition with an accumulation of water pockets be-
tween the skin and the fat layers as shown in Figure 4.7c. 

4. Stage 3: The deep dermal partial-thickness burn is represented by the 
skin on both sides which are burned and partially burned on the top 
side of the fat layer as shown in Figure 4.7d. 

5. Stage 4: The full-thickness burn is represented by the skin which was 
treated much more on both sides which are dry and leathery as shown 
in Figure 4.7e. 

6. Stage 5: The full-thickness burn is represented by subcutaneous fatty 
tissue, sometimes bones, muscles, joints, and tendons are damaged 
(Figure 4.7f). 

 
The differences in resonance frequency for various dielectric constants 

with regard to phantom layers are shown in Figure 4.8. By measuring the 
reflection coefficient, an inverse linear correlation was found between the 
measured resonance frequency and dielectric permittivity of each phantom 
layer.  
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Figure 4.8 The resonance frequency measurement of the sensor with respect to 
changes in the dielectric properties of each phantom layer. © 2019 IEEE. Reprinted, 
with permission, from [Mohd Shah, S.R., Velander, J., Perez, M.D., et al. Improved 
sensor for non-invasive assessment of burn injury depth using microwave reflectom-
etry, 13th European Conference on Antennas and Propagation (EuCAP), Krakow, 
Poland, Mar. 2019].99 

 
Figure 4.9 Measured S11 at different resonance frequencies and different burning 
stages with regard to the normal condition. © 2019 IEEE. Reprinted, with permis-
sion, from [Mohd Shah, S.R., Velander, J., Perez, M.D., et al. Improved sensor for 
non-invasive assessment of burn injury depth using microwave reflectometry, 13th 
European Conference on Antennas and Propagation (EuCAP), Krakow, Poland, 
Mar. 2019].99 
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Figure 4.9 shows the results of the magnitude of the reflection coefficient, 
S11 with respect to the different phantoms' burn stages. As shown in Figure 
4.9, there are discrepancies between the normal condition and Stages 1 and 
2, and between Stage 3 and Stages 4 and 5.  

The sensor performed sensibly well for all the burn injuries.  Results indi-
cated that the sensor could accurately sense the accumulation of water pock-
ets on the Stage 2 burn injury with a magnitude difference of about 10 dB 
and a shift frequency difference of 170 MHz between normal conditions. 
This shows that this Stage 2 burn contributed to the highest magnitude com-
pared to the normal skin, which is evident from inflammation/edema under 
the skin layer due to higher water proportion. 

In addition, the accuracy of the sensor was observed in Stage 5 with a 
magnitude difference of approximately 8 dB and a frequency shift of 345 
MHz obtained for leathery skin. The results indicated that the decrease in the 
tissue water content and the decrease in the phantom's water holding capaci-
ty over the dehydration period led to an increase in the drip-loss and thus 
influenced the measurement of shifted resonance. 

Summary 
The ability of the flexible microwave sensor to assess burn injury depth was 
presented in Paper III. These preliminary results suggested proof-of-
concept: it is possible to distinguish different burn depths by their respective 
dielectric profiles. To support this work, a database with a dielectric constant 
list of different burn injury conditions is needed. By looking at the respective 
dielectric profile, this will eventually provide a comprehensive understand-
ing of different burn depths. From this analysis, measuring ex-vivo burned 
skin removed from burn patients during routine surgery will evaluate the 
performance of this flexible microwave sensor. 

4.3.2 Assessment of burn depth on burnt skin samples 
In order to understand the stage of burn injuries related to the dielectric pro-
file at microwave frequencies of different burning depths, preliminary data 
from ex-vivo human (burnt) skin samples are presented. In the SenseBurn 
project, the MMG received different burn samples from the Burn Center at 
Uppsala University Hospital. The tissue was placed in a sterile jar and placed 
in a refrigerator while waiting for it to be transported to the Ångström La-
boratory, Uppsala University. Currently, as part of research and develop-
ment, dielectric spectroscopic characterization at microwave frequencies of 
ex-vivo human samples is being carried out. First, a picture of the sample 
was taken and saved as shown in Figure 4.10a. The collected data was then 
encrypted and stored on a secure server and is accessible by the doctor to 
evaluate the burn depth.  



 64 

Hence, every received burn-injured sample was sectorized (divided into 
sectors) as shown in Figure 4.10b. Every sector represents a unit, a sample in 
which every sector/unit has four estimates: normalized dielectric permittivity 
at 2.45 GHz (Figure 4.10c), normalized loss tangent, normalized color, and 
predominant clinical opinions agreement. The normalized dielectric permit-
tivity and loss tangent estimates need to be the best estimates for every sec-
tor. 

 
Figure 4.10 Photograph of ex-vivo measurement on burn injury sample. a) Photo-
graph of burnt skin sample from a patient who had undergone a surgical operation of 
an acute burn. b) Sample sectorized into different sectors. c) Normalized dielectric 
permittivity at frequency 2.45 GHz. d) 2-D image shows the permittivity (for each 
sector) as colors on top of the sample image. 

A 2-D image (Figure 4.10d) based on the permittivity characteristic of the 
sample is presented. The concept is similar to microwave imaging and in 
correlation with dielectric properties whereby distinguishing between 
healthy and burned skin can be achieved. In order to classify the degree of 
the burnt sample, it was necessary to define a threshold for each degree of 
the burn. The most reliable definition of the degree of the burn can be pro-
vided by the burn surgical experts. In the ensuing lines, the protocol for the 
measurement was provided, which was described in detail in Subsection 
3.5.2. 
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Summary 
These preliminary results show a positive suggestion to proof-of-concept by 
which it is possible to distinguish different burn depths by their respective 
dielectric profiles. However, more information needs to be gathered to im-
prove the accuracy of these results statistically. The proof-of-concept will 
make it possible to conduct an early diagnosis, and monitor and treat burn 
patients by providing reliable and precise diagnosis data concerning burn 
area and burn depth. The tool will help in diagnosing the actual burn area 
and burn depth accurately and successfully and enable early medical inter-
vention of the burn injuries. 

4.4 Clinical measurement of pediatric craniosynostosis 
patients (Paper IV) 
In order to get proper monitoring of the bone healing progress in newborn 
children treated for craniosynostosis, it is very important to ensure good 
recovery of the cranial vault and assist to reduce trauma in the patient.  Cra-
niosynostosis is a medical condition defined as the premature fusion of one 
or more of the cranial sutures (skull plates) of a child’s cranium.114 In the 
cranial vault of newborns, lack of information on how bone mineralization 
progresses over time makes it challenging to quantitatively evaluate recovery 
after surgery. In order to decrease this gap, available techniques are signifi-
cantly risky (e.g. X-ray and CT scan) for children and new solutions are 
being studied. 

Microwave sensors operating at low microwave frequencies have been in-
troduced in this thesis and could be used after surgical interventions to read 
some modifications in the structure of the superficial layers of the skull. This 
proposed solution as a diagnostic tool is being intensively studied in a pilot 
clinical campaign carried out in the BDAS project at the Ångström Labora-
tory and Akademiska Medical University Hospital, Uppsala, Sweden.95, 104–

107, 115 The project consortium comprises academic and industrial partners 
that are complementary in their expertise and contributions to the project.  

The ability of an embedded system for the BDA tool was determined by 
numerical simulation, phantom mimicking, and clinical trials from a patient 
who had undergone craniosynostosis. The simulation analysis was per-
formed using Computer Simulation Technology (CST Studio, 2018, SIM-
ULIA, Dassault Systèmes, France). Resonance variability was first studied 
using a bone healing progression 3-D model that accounted for three layers 
(skin, skull, and brain) and where the thickness of the bone layer varied. 
Furthermore, it was also studied how sensor movements could affect output 
such as the condition of rotation, lift, shift, and tilt as shown in Figures 
4.11a–e.  
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Figure 4.11 Simulation of microwave sensor on 3-D models. a) Reference position. 
b) 10 mm transition. c) 30º rotation. d) 1 mm lift above head phantom. e) 3º tilt. 

To achieve the functionality of the sensor, laboratory trials were performed 
using Anthropomorphic Tissue Emulating (ATE) phantoms after the numer-
ical analysis. The phantom section consisted of skin, skull, and brain tissues 
and was designed from the point of view of electromagnetic response. Dif-
ferent materials were used in the craniotomy phantoms fabrication process 
such as sodium chloride, gelatin, agar, calcium sulfate, polyethylene powder 
(PEP) of 25 μm particle size, deionized (DI) water, TX-151, and gypsum.102 
These materials are cost-effective, non-toxic, and easy to use. Phantom fab-
rication showed excellent outcomes for relative permittivity, εr, and loss tan-
gent (δ) similar to real human tissues by choosing the right proportion of 
each material (see supplementary file in Paper IV).  

The next step was performing the clinical trial using the microwave sen-
sor and embedded system for BDA. This measurement campaign included 
23 patients who had undergone surgery for non-syndromic craniosynostosis 
at Akademiska Medical University Hospital, Uppsala, Sweden. The patients 
were measured with the BDA sensor on a chosen reference position and 1–3 
defect positions as shown in Figure 4.12.  

Patients were measured at seven occasions: M1, preoperative; M2, post-
operative; M3, 1 week after surgery; M4, 1 month after surgery; M5, 3 
months after surgery; M6, 6 months after surgery; and M7, 1 year after sur-
gery. Every measurement was analyzed by obtaining each parameter on the 
resonance frequency, fres (GHz), the amplitude at the resonance frequency, 
Ares (dB), and the Q-factor at 3 dB, Q3.

95, 104  
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Figure 4.12 Location of measurement points on a chosen reference and possible 
defect locations on a newborn head post-surgery.  

The analysis consisted of calculating the mean and standard deviation for all 
the points belonging to the same timepoint after extracting all the parameters 
for each dataset. Figures 4.13a–b show the analysis of the reference and de-
fect points across the timepoints, where every timepoint has a different color. 
The results of the reference point indicated that all timepoints were con-
sistent with Q3 ≤ 10 as shown in Figure 4.13a. This was expected because the 
reference measurements were performed at the same spot on the forehead.  

Reference measurements were always performed on solid bone in contrast 
to the defect points that undergo different stages of the ossification process. 
In addition, the presence of muscle and thicker bone in the reference place 
influenced the outcome of the decreased Q-factor. These findings led us to 
suspect that the thicker muscle and skull bone lowered the resonance fre-
quency and Q-factor (for all timepoints M1 to M7). 

The clinical data was further analyzed on the skull defect to see the ef-
fects of the Q-factor on the healing progression. In Figure 4.13b, it can be 
observed that there is a significant difference in Q-factor between M1 and 
M2. This result made it evident that M1 was before the surgery when there 
was solid bone and M2 was after the surgery where there was a bone defect. 
The presence of blood and thinner skull on the defect point influenced the 
higher Q-factor and detuned the frequency shift due to the impact of in-
flammation or edema immediately after surgery. This edema may have af-
fected the measurement as excess fluid can affect the resonance frequency at 
a lower level because of its water-based properties. 
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Figure 4.13 Mean and confidence interval for a) reference point. b) defect point. © 
2019 Sensors. Reprinted, with permission, from [Mohd Shah, S. R., et al. Micro-
wave-sensor-based clinical measurements for monitoring post-craniotomy bone 
development in pediatric craniosynostosis patients, Sensors, Sept. 2019].95 

Summary 
The embedded system for the BDA tool was demonstrated in this study to-
gether with the clinical campaign to analyze the variation of healing progres-
sion on craniosynostosis. In summary, we can conclude that the proposed 
BDA tool made it an easy tool to handle instruments that could offer direct 
visualization of changes associated with different bone healing stages with-
out risking the health of the child with ionizing radiation. The study indicat-
ed, for the current configuration, that the system is more likely to identify 
tissue variations at an earlier stage (postoperative) than at later phases (1 
year after surgery). In the data analysis, two hypotheses were developed and 
tested concerning the place of the measuring points with regard to the posi-
tioning and healing over time. By deriving a set of parameters for each gath-
ered data set in the clinical studies, a distinctive pattern was discovered 
showing noticeable improvements with this method during the healing 
phase. 
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4.5 Two-port non-invasive microwave sensor (Paper V) 
The goal of this work is to use a two-port non-invasive microwave sensor as 
an additional design parameter that in turn can be optimized to analyze the 
variations in biological tissue thickness.116 The variations also take into ac-
count the effects of physiological and biological properties on microwave 
signals. From a clinical point of view, the variations in biological tissue 
thickness somehow can be referred to several medical conditions such as 
muscular atrophy, sarcopenia, etc. In secondary care such as geriatric and 
home care, the quality of life of the elderly is hampered by a decrease in 
muscle mass, an increased risk of falling, enhanced disease morbidity, and 
lower life expectancy. 

DEXA, ultrasound scans, bioimpedance and measures of skeletal muscle 
mass are all used in terms of diagnsotic createria for sacropenia. Neverthe-
less, none of these methods show high precision or reproducibility, resulting 
in sarcopenia or muscular atrophy being underdiagnosed and there are still 
many challenges that need to be addressed. If diagnosed correctly, sarcope-
nia can be mitigated by exercise regimes and proper dietary supplements. 
While these interventions are cost-effective, the condition must be diagnosed 
before any treatment can be initiated and optimized continuously based on 
the composition and medical history of the patient. 

In this study, the two-port method from the developed microwave sensor 
in Subsection 3.2.1 is presented to gain an understanding of how to solve 
these challenges. This method for tissue analysis is non-invasive, non-
ionizing, and more practical compared to other state-of-the-art modalities. 
To validate the approach, the variability between different tissue thicknesses 
was used as a precursor to estimate the attenuation level of the signal, which 
in turn, is an indication of underlying tissue distribution. Finally, validation 
was performed between the electrical field (E-field) and the penetration 
depth and their related impacts on signal loss. 

For the experiment setup, fresh porcine belly was used to emulate human 
tissue properties. These characteristics of the EM tissue are similar to those 
of human tissues.82–83 Therefore, this tissue material provides an optimal 
environment for emulating human tissue. The three-layered tissue structure 
containing skin, fat, and muscle (top to bottom) was placed and arranged in a 
custom-made 3-D printed plastic case supported by a 5 mm thick plate be-
low the muscle layer. A photograph of this experimental configuration is 
shown in Figures 4.14a–b. From this setup, the thickness of the skin layer 
(2.5 mm) stayed fixed to validate the impact of variation in fat and muscle 
layer. Meanwhile, the variation of fat thickness was adjusted from 5 mm to 
35 mm in 10 mm steps and the muscle thickness was adjusted from 10 mm 
to 50 mm in 20 mm steps. 
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Figure 4.14 Photograph of the ex-vivo experimental setup. a) Multilayer homogene-
ous model of porcine tissue. b) Two-port microwave sensors connected to the Field-
fox Microwave Analyzer (N9918A). © 2019 IEEE. Reprinted, with permission, 
from [Mohd Shah, S.R., Asan, N.B., Velander, J., et al. Analysis of thickness varia-
tion in biological tissues using microwave sensors for health monitoring applica-
tions, IEEE Access, Sept. 2019].116 

During the measurement, the distance between microwave sensors varied 
from 0 mm to 250 mm in 50 mm steps. An interesting result was observed 
where the fat thickness variations showed a very distinctive curve/pattern 
that can be used to differentiate the underlying tissue thickness as shown in 
Figures 4.15a–d. The results of this investigation provide a better under-
standing of the signal loss and can be used to estimate tissue thickness using 
a fixed position of the sensor. In order to inspect the E-field distribution and 
penetration depth between the microwave sensors, three experimental sce-
narios were considered: 
 Scenario 1: Minimum thickness of the fat layer of 5 mm represents a 

thinner condition. 
 Scenario 2: An average thickness of the fat layer of 25 mm represents a 

normal condition. 
 Scenario 3: Maximum thickness of fat the layer of 35 mm represents a 

high-fat condition. 
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Figure 4.15 Simulated (– – line) and measured (– line) results with the distance 
variation of microwave sensors from 0 to 250 mm. © 2019 IEEE. Reprinted, with 
permission, from [Mohd Shah, S.R., Asan, N.B., Velander, J., et al. Analysis of 
thickness variation in biological tissues using microwave sensors for health monitor-
ing applications, IEEE Access, Sept. 2019].116 

Figure 4.16a describes the E-field distribution of the thinner condition in fat 
tissues, resulting in greater surface coupling and signal leakage. The E-field 
leaked from the fat layer to the surrounding free space outside of the skin 
layer. In this case, multiple reflections can be taken into account between the 
surface layer and the boundaries of the fat tissue. Figures 4.16b–c show that 
the increase of the fat layer allowed the E-field to further propagate through 
the muscle tissues. The signal for thicker fat was constantly attenuated as the 
outcomes are very comparable for scenarios 2 and 3. It is important to note 
that two important factors have been observed; i) absorption loss due to the 
dielectric properties of the material and ii) fewer reflection signals as it 
propagated across multiple layers of tissue. 
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Figure 4.16 The E-field distribution on the tissue thickness of a) Fat = 5 mm. b) Fat 
= 25 mm. c) Fat = 35 mm. The distance between the SRR sensors was 100 mm for 
all the cases. © 2019 IEEE. Reprinted, with permission, from [Mohd Shah, S.R., 
Asan, N.B., Velander, J., et al. Analysis of thickness variation in biological tissues 
using microwave sensors for health monitoring applications, IEEE Access, Sept. 
2019].116 
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Summary 
New methods of investigating variations in tissue thickness while taking into 
account the physiological and biological effects on the microwave signals 
are presented. This approach is based on the two-port non-invasive micro-
wave sensors and the experiment was performed by using a three-layer ex-
vivo model. The attenuation of the EM signal was analyzed according to the 
tissue thickness and distance variations. Some mechanisms were addressed 
that influenced the signal paths through the ex-vivo tissues in terms of the E-
field distribution and penetration depth.  
1. The observation demonstrated that the attenuation of the EM signal 

through thicker fat has a higher signal loss on the ex-vivo model since it 
has lower conductivity.  

2. There were significant differences in terms of the distance between the 
microwave sensors and the distribution of the E-field.  

 
In addition, the impact of highly contrasting dielectric properties between the 
muscle and the fat layers strongly increased the depth of the penetration. 
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5. Conclusion and Recommendations  

New concepts of medical diagnosis using the microwave technique were 
developed in this thesis, where the designs of the sensors are primarily used 
for microwave sensing and the dielectric imaging profile. The techniques 
pave way for the potential of new microwave medical diagnosis to be envi-
sioned for a telemedicine healthcare system, where patients can be moni-
tored in real time for medical advice. It is, therefore, possible to improve 
their mobility as well as their quality of care.  

In this thesis, the concepts of resonator probe methods were evaluated in 
terms of both numerical analysis and experiments. In addition, the experi-
ments were conducted in the laboratory at Uppsala University including the 
academic university hospital and the rehabilitation center in Sweden and in 
the Netherlands for data collection in clinical campaigns.  

In this experimental work, the first part of the thesis analyzed different 
permittivity and thicknesses of human tissues. The propagation behavior of 
electromagnetic waves in human tissues was analyzed from the system point 
of view via quantitative investigation of human tissues with regard to their 
dielectric properties. Tissues with high water content such as blood and 
muscles exhibited low penetration depth, high relative permittivity, and high 
signal attenuation. On the other hand, tissues with low water content (e.g. 
skull and fat) showed low signal attenuation of electromagnetic waves. Fur-
thermore, the results demonstrated that strong reflections occurred at the 
boundary between higher and lower water content tissues due to the presence 
of high dielectric contrast.  

The second part of the thesis covered the clinical study from the perspec-
tives of various medical conditions. Extensive works have been done to ana-
lyze the importance of a mechanism associated with bone healing. Such 
changes in the healing patterns were exhibited in both targeted areas (lower 
extremity trauma and craniosynostosis) and can typically detect changes 
over time. The results also showed that the microwave technique offers di-
rect visualization of changes associated with different bone healing stages 
without risking the health of children or elderly people (both of which are 
the main groups of subjects in this thesis) by exposing them to ionizing radi-
ation. 

The final part of this thesis highlighted the possibility of examining dif-
ferent permittivity changes in skin burn tissue samples using the microwave 
sensing technique. The analysis of the tissue samples is combined with that 
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of the artificial emulating phantoms via the open-ended and resonant probe 
methods. The aim is to improve our understanding of the samples and to 
further evolve the probes for other applications. As a result, microwave im-
aging which correlates with dielectric properties can make it possible to dis-
tinguish between healthy and affected samples. In general, the applicability 
of the microwave system with microwave-based sensors has been proven to 
be useful and can be utilized to diagnose medical conditions in the near fu-
ture. Furthermore, the microwave technique is beneficial as it uses non-
ionizing radiation which consequently enables in-vivo imaging to be done in 
a safe manner. 

Future recommendations 
In order to achieve the aforementioned goal, fundamental steps need to be 
taken, as outlined below: 

1. Currently, the main part of the microwave medical system has been 
developed with the microwave sensor and control system, and tested 
it numerically and experimentally (in labs and hospitals). However, 
the results from the clinical study need to be compared with preopera-
tive CT scans and an additional two-year or three-year follow-up is 
necessary. 

2. More subjects (patients) need to be included to provide more material 
to compare the clinical measurements with the CT scans. This can be 
conducted effectively by using a newly developed program in the 
clinic that calculates a patient’s healing progression from the infor-
mation provided by CT scans. 

3. In our future studies, additional parameters, such as phase, polariza-
tion, and impedance, can be added. 

4. An enhanced multilayer model for effective permittivity would be 
beneficial for calculating and analyzing the data step-by-step from 
different perspectives. In addition, by minimizing the frequency spec-
trum, data will also be easier to process and make the time from 
measurement to analysis shorter.   

5. The final interface of microwave sensing and imaging can be further 
integrated with the machine learning process to improve its clinical 
measurements and eventually be used for medical diagnosis. 
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6. Sammanfattning och perspektiv på svenska 

Nya koncept där mikrovågsteknik för medicinär diagnos utvecklas i denna 
avhandling. Med denna teknik har sensor designats avsedda att mäta i 
mikrovågsbandet och för dielektrisk avbildning för biomedicinska tillämp-
ningar. Denna teknik öppnar möjligheten för nya medicinska instrument som 
grundar sig i mikrovågsteknik som kan användas i en mer portabel vård. Så 
med denna teknik kan vården bli bättre och även mer portabel. 

Också i denna avhandling så undersöks resonator metoder både genom 
numerisk analys men även genom experiment. Experimenten utfördes i labb 
på Uppsala Universitet. På Uppsala Akademiska sjukhus och kliniker i Sve-
rige och Nederländerna har insamling av data skett genom mätkampanjer. 

I det experimentella arbetet, den första delen av avhandlingen så analyse-
ras permittiviteten och tjockleken för olika mänskliga vävnader. Propage-
ringen av elektromagnetiska vågor i mänskliga vävnader analyserades från 
ett kvantitativt perspektiv. Vävnader med en hög andel vatten såsom muskler 
och blod påvisade låg penetrationsdjup av signalen, hög permittivitet och 
hög försvagnining av signalen. Å andra sidan så visade vävnader med låg 
andel vatten (till exempel ben och fett) på låg försvagning av den elektro-
magnetiska signalen. Utöver det så visade resultaten även på starka reflekt-
ioner skedde vid gränsen mellan vävnader med hög och låg vattenhalt på 
grund av den starka dielektriska kontrasten. 

Andra delen av avhandlingen berör de kliniska studierna som utförts på 
olika medicinska tillstånd. Mycket arbete har lagts på att hitta en metod för 
att undersöka och diagnostisera läkningen av skelett vid frakturer. För ske-
lettdefekter så påvisades ett mönster i läkningsprocessen för båda typen av 
defekter som undersöktes, kraniosynostos och benbrott. Resultatet av detta är 
att vi med hjälp av mikrovågstekniken kan erbjuda en visualisering av läk-
ningsprocessen utan att riskera hälsan hos barn och äldre personer, som var 
målgrupperna för dessa projekt, genom att utsätta de för röntgenstrålning. 

I sista delen av denna avhandling så undersöks möjligheten av att mäta 
skillnaden i permittivitet på brännskadad hud jämfört med icke-brännskadad 
hud genom att använda samma mikrovågssensorer. Analysen av proven på 
brännskadad hud kombineras med artificiella material som tillverkas för att 
efterlikna mänsklig hud så de delar hudens dielektriska egenskaper. Dessa 
prov undersöks både med koaxial prob med öppna ändar och resonator prob. 
Anledningen till detta är att öka vår förståelse av proven och även förståel-
sen av proberna för andra applikationer. Resultatet av detta visar att vi med 
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hjälp av sensorerna kan upptäcka en skillnad mellan skadadade och friska 
prov. 

För att summera kan det sägas att microvågssystem med sensorer base-
rade på mikrovågsteknik har visat sig användbara och kan användas för att 
diagnostisera medicinska tillstånd i en nära framtid. Dessutom har 
mikrovågsteknik förde jämfört med andra metoder då patienten inte behöver 
utsättas för röntgenstrålning och in-vivo avbildining kan göras på ett säkrare 
sätt. 

Framtida rekommendationer 
För att kunna nå det nämnda målet behöver, nedan listade steg tas: 
1. Hittills har det utvecklade medicinska mikrovågssystemet, bestående 

av sensor och kontrollenhet, testas numeriskt och experimentellt (i la-
boratorier och på sjukhus).  Men dessa mätresultat behöver jämföras 
med datortomografi-undersökningar som gjorts före operationen och 
uppföljningar mäste göras upp till två eller tre år efter operationen. 

2. Flera patienter mäste delta i undersökningarna så att jämföreksen mel-
lan de kliniska mikrovågsmätningrana och datortomografiundersök-
ningarna blir mer pålitliga. Detta kan enkelt göras genom ett nyut-
vecklat program som finns tillgängligt på klinikerna som beräknar pa-
tientens läkningsframsteg från information från datortomografi. 

3. Analysen kan utöka genom att inkludera flera parametrar såsom fas, 
polarisering och impedans. 

4. En förbättrad multi-lager modell för att beräkna effektiv permittivitet 
i material bestående av flera olika lager behövs för att beräkna och 
analysera datan steg för steg från olika perspektiv. Dessutom skulle 
en minskning av frekvensområdet göra datat enklare att processa och 
kunna korta ner tiden mellan mätning och analys. 

5. Gränssnitt för mikrovågsmätningar och avbildningarkan integreas yt-
terligare med maskininlärningsalgoritmer så att de klinkska mätning-
arna förbåttras så att det kan användas för att diagnostisera medi-
cinska tillstånd. 
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Appendix A 

 

Figure A1. a) Attenuation b) Penetration depth of different human tissues over fre-
quency for lower extremity trauma and burn injuries.83 
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Figure A2. a) Attenuation b) Penetration depth of different human tissues over fre-
quency for craniosynostosis.83 
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