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Abstract

The possibility to detect severity of skull fractures outside the hospital already in the accident location
would be a promising eHealth application. Such a point-of-care type of device would smoothen the pa-
tients’ path to the treatment after the accident. Additionally, frequent and safe monitoring of the healing
process of skull fractures in smaller healthcare centers, as a new telemedicine solution, would enable
early detection of potential problems. Microwave technique has shown significant potential for portable
monitoring devices since it enables safe, low-cost, and high accuracy detectors. This paper has three re-
search objectives: (1) to investigate the potential of microwave techniques for detecting common skull
fracture types using antennas embedded in a small, portable monitoring device, (2) to evaluate optimal
frequency ranges for skull fracture detection, and (3) to examine the impact of scalp thickness on fracture
detectability. The research is carried out using electromagnetic simulation software with human head
models resembling different scalp thicknesses and flexible antennas operating at 2.5-10 GHz. In the eval-
uations, scattering parameters are analyzed with the head models both with and without the fractures.
The evaluation results show that different types of skull fractures can be detected with microwave tech-
nique. Fractures cause differences in scattering parameters ranging from 2 dB to 12 dB, depending on the
type of fracture. The most optimal frequency ranges for detection are 3—5 GHz and 9 GHz. The thickness
of the scalp impacts the detectability of skull fractures, yet fractures remain detectable even with the
model with thicker scalp. These findings support the potential of microwave technique for developing
portable, point-of-care devices for timely and precise skull fracture pre-diagnosis and frequent monitoring
of the healing process. This approach particularly benefits young children, for whom conventional screen-
ing methods may pose more significant challenges.
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Introduction

Skull fractures typically result from substantial cra-
nial impacts, such as encountered during falls, car
accidents, or sports injuries. Timely and precise di-
agnosis of skull fractures is crucial for preventing
complications and improving treatment outcomes
[1-2]. Therefore, early assessment of fracture se-
verity, evaluation of treatment options, and deter-
mination of hospitalization needs are important. A
point-of-care skull fracture detector would be par-
ticularly beneficial to fasten the patients’ path to
the treatment after the accident [3]. Additionally, a
readily accessible and safe method for monitoring
the healing process of skull fractures would be in-
valuable for early identification of potential compli-
cations [2].

There are various types of skull fractures, which are
illustrated in Figure la. Each fracture has distinct
characteristics and implications:

A) Linear fracture: This is the most common skull
fracture type, characterized by a single fracture line
without bone displacement. Commonly thin linear
fractures do not require any operations, just moni-
toring that the healing process starts properly. [2]

B) Depressed fracture: In this type, a portion of the
skull is pushed inward toward the brain, potentially
causing additional brain injury. This fracture type
commonly requires surgery. [2]

C) Diastatic fracture: This type involves the separa-
tion of the cranial sutures, which are the joints be-
tween the bones of the skull. Usually, diastatic frac-
tures are at least 4 mm wide. Necessity for surgery
depends on the severity of the fracture. [2]

D) Basal (Basilar) fracture: This involves a break in
the bones at the base of the skull, often affecting
areas around the eyes, ears, and nose. [2]
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Skull fractures are conventionally diagnosed/moni-
tored by Digital Radiography (DR), Computed To-
mography (CT), Magnetic Resonance Imaging (MRI)
and ultrasound [1-3]. DR is available even in small
hospitals with an x-ray department, but it fails to
detect small fractures and requires skill to interpret
complicated fractures. CT scans provide quick,
highly detailed, three-dimensional images of the
skull, making it easier to locate even minor frac-
tures. However, CT scans are costly, and both DR
and CT involve exposure to ionizing radiation, which
can be harmful with repeated use. MRI scans use
magnetic fields and radio waves to provide excel-
lent details of soft tissues, which is useful for as-
sessing adjacent brain injuries. MRIs are more time-
consuming and expensive than CT scans and not al-
ways available in all facilities. Ultrasound imaging
uses sound waves, eliminating radiation exposure
and hence it is safe for frequent monitoring. Porta-
ble ultrasound devices can be used bedside, which
is especially beneficial in monitoring for children’s
skull fractures [4]. However, ultrasound is less ef-
fective in detecting skull fractures compared to CT
and MRI, and its accuracy depends on the opera-
tor's skill. [1-3]

Microwave technique has shown significant poten-
tial in detecting abnormalities in the tissues [5-7],
including bone fractures and skull fractures [8-17].
Studies by Redzwan et al. [8] and Lee et al. [9]
demonstrated the technique's potential for real-
time bone healing monitoring. The microwave tech-
nique has shown high accuracy even for minor frac-
tures [10—11]. This technique has also been applied
to monitor skull fracture healing post-surgery using
a layered head model to analyze skull healing
through time domain shifts [12]. It has been also
shown that skull healing progression could be mon-
itored by analyzing variations in reflected pulse am-
plitudes [13—-16]. A detailed investigation into the
detection of linear skull fractures using microwaves
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was presented in [17]. The findings demonstrated
the capability of microwaves to detect fractures as
narrow as 1 mm in realistic models and to monitor
the healing process of these fractures. However,
the study in [17] was limited to linear skull frac-
tures, excluding other types of skull fractures.

The main advantages of the microwave technique
over existing skull fracture monitoring methods in-
clude its safety, even with frequent use, and its
cost-effectiveness. The technique offers high-reso-
lution detection capability and can be implemented
as a small, portable point-of-care device. Addition-
ally, the possibility for both contact and non-con-
tact sensing provides a significant benefit over
other methods, as it allows for flexible application
scenarios. Furthermore, the device is user-friendly,
with accuracy that does not depend on the exper-
tise of the examiner, unlike ultrasound techniques.
This makes it particularly suitable for widespread
use also outside clinical settings where specialized
training may not be available. Table 1 presents the
various properties of existing skull fracture detec-
tion techniques and the microwave technique,
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facilitating an easy comparison between these
methods.

Research aims and research questions

This study aims to investigate the potential of mi-
crowave technology in detecting the most common
types of skull fractures using an antenna system
that could be integrated into a portable device. The
secondary aim is to study the most optimal fre-
quencies for skull fracture detection with different
skull fracture types. The third aim is to study the im-
pact of scalp thickness on detectability of fractures.

The research questions (RQ)s of this study are:

RQ1. How different skull fracture types affect
the scattering parameters (S-parameters) of an-
tennas located in the vicinity of the fracture?

RQ2: What are the most optimal frequencies to
detect different skull fractures?

RQ3: How much tissue scalp thickness affects
the detectability of the skull fractures?

Table 1. Comparison between existing skull fracture detection techniques and microwave technique.

Tech- Output  Resolution Resolution Cost Device size Contact/ Safe with
nique Temporal Spatial Non-con- frequent
tact sens- scans
ing
MRI+ vari- 3D image Low High High Large Yes No
ations
CT 3D image Low High High Large Yes No
Ultra- 3D image High Low Relatively Small No Yes
sound Low
Micro- S-parame- High for detecting High (depending on Low Small; most Both possi- Yes
waves ters, im- differences in S-pa- frequency), for detect- promising  ble
ages rameters, but rela-  ing differences in S-pa- technique
tively low forimag- rameters, but relatively for a hand-
ing low for imaging held/weara-
ble device
8.4.2025 FinJeHeW 2025;17(1) 22
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Scenarios and methods

In this section, research scenarios and methods are
described. First, the basic idea and the principle of
skull fracture detection utilizing microwave tech-
nique is introduced. Dielectric properties of head
tissue and corresponding fracture model tissues are
presented. Finally, the simulation model and anten-
nas are presented.

Basic principle of bone fracture detection with mi-
crowaves

Detecting skull bone fractures with microwaves
works by exploiting the differences in the dielectric
properties of bone, blood, and connective tissue
[18]. These differences help to distinguish between
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fresh fractures (modelled with blood) and those
that are in the healing process (connective tissue)
[19]. Table Al, presented in Appendix, details the
dielectric properties (relative permittivity and con-
ductivity) of head tissues, blood, and connective tis-
sue at various frequencies [18]. It also highlights the
differences between bone and blood at these fre-
guencies. Notably, the disparity in dielectric prop-
erties between bone and blood/connective tissue
varies with frequency. These variations clearly af-
fect signal propagation within the skull, as the
boundaries between materials with different die-
lectric properties cause additional diffractions in
the propagating signal [20]. The differences in the
radio channel characteristics can be detected with
sensitive receivers, which then analyzes the data
and estimates the presence of abnormalities [5-7].

Figure 1. a) The illustration of the most typical skull fractures: linear, diastatic, depressed and basilar
fractures, b) the human head model used in the simulations, c) linear fracture model, d) diastatic frac-
ture model, e) depressed fracture model, f) antenna model used in the simulations.
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Research methods

Simulations: human model and fracture modeling

Microwave propagation can be approximated with
electromagnetic simulations software. In our study,
we utilized the Dassault Simulia CST Studio Suite
[21] and its homogeneous human model, as de-
picted in Figure 1b. The homogeneous head model
was modified to create two multilayer head models
by incorporating separate head tissue layers with
realistic dimensions for the skin, fat, bone, dura,
and brain. The first human head model (Model 1)
corresponds to the head with thinner scalp thick-
ness: with skin layer 1.5 mm and fat layer 1.5 mm.
The second head model (Model 2) corresponds to
the thicker scalp: skin layer 2 mm and fat layer 3 m.
In both cases the thickness of the skull layer is 6 mm
and dura 1 mm. The models’ tissue thicknesses are
summarized in Table 2.

The primary motivation for developing these lay-
ered head models stemmed from the observations
in [17] that CST's Hugo head model featured an ex-
cessively thick fat layer in the upper part of the
head. Such a thick fat layer above the skull leads to
overly pessimistic simulation results in skull frac-
ture detection studies.

The most common fracture models: linear, diastatic
and depressed fracture models were created for
the head models as shown in Figures 1c—e. Two dif-
ferent fracture sizes were evaluated in all cases. For
linear fracture modeling, fracture widths 1 mm and
3 mm widths were tested. For diastatic fractures,

SCIENTIFIC PAPERS
;‘J KOLLEGIALT GRANSKAD

' PEER-REVIEWED

www.tsv.fi/tunnus

fracture widths 4 mm and 6 mm were evaluated.
For depressed fractures, fracture diameters 20 mm
and 40 mm were simulated. These simulation sce-
narios consider skull fractures without skin injury
since such fractures are more challenging to detect.

In the evaluations, scattering parameter S21, i.e.
the channel transfer functions, i.e., were evaluated
between the antennas positioned near the head
model, simulating their placement in a portable de-
vice. S21 parameters were evaluated in both the
reference case (a model without skull fractures)
and various fracture cases. This sub study provides
research output addressing RQ1. The simulations
were carried out for the frequency range 2.5-10
GHz to observe the impact of the different fracture
types at different frequencies, addressing RQ2. The
impact of skull fractures was evaluated and com-
pared using two head layer models with different
scalp thicknesses. This comparison aimed to under-
stand how scalp thickness affects the detectability
of skull fractures, providing research output for
RQ3.

Antenna model

In this study, a flexible monopole antenna is use
which is intended for in-body sensing within the 2 —
10 GHz frequency range, encompassing both the
ISM band at 2.5 GHz and UWB from 3.1 to 10.6 GHz.
This antenna was also employed in prior research
on the detection of linear skull fractures [17]. It is
constructed on a thin, flexible Rogers5880 sub-
strate and is designed to be attached to the skin
surface. Figure 1f illustrates the simulation model

Table 2. Head tissue thickness in head simulation models.

Head tissue thickness [mm]

2 e 2l skin Fat Skull Dura
Model 1 1.5 1.5 6 1
Model 2 2 3 6 1
8.4.2025 FinJeHeW 2025;17(1) 24
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of the antenna. The dimensions of the antenna are
x=40 mm,y =40 mm, z=0.125 mm, hl = 11mm,
h2 =10 mm, h3 =9.1 mm, wl =5.7 mm, w2 = 3.8
mm. The antennas were positioned in the simula-
tion model above the head, representing the con-
figuration of a portable or wearable monitoring de-
vice with embedded antennas.

Results

In this section, the potential of microwave tech-
nique in detecting the most common skull fracture
types is evaluated with two different head models
having different skin and fat layer thicknesses.
Firstly, the impact of the linear fractures is evalu-
ated as the continuation of the studies in [17].

First, the impact of linear fracture having widths 1
mm (Frac.1) and 3 mm (Frac.2) are evaluated. Fig-
ures 2a—b illustrates S21 results in the reference
case (green line) and in the presence of linear frac-
tures obtained using the Model 1, having thinner
scalp (2a), and Model 2, having thicker scalp (2b).
The fractures are clearly visible with both models at
most of the frequencies within simulated frequency
range. Obviously, the differences are clearly visible
with the Model 1 having thinner scalp: maximum 5
dB difference at frequencies 3 GHz and 9.5 GHz. As
discussed in [17], the impact of the fracture may de-
crease or increase S-parameters depending on the
frequency and also the location of the fracture re-
spect to the antenna. In several cases, the changes
are logical: the larger the fracture, the larger the im-
pact is on the results. The difference between S21’s
obtained with Frac.1 and Frac.2 is small, though still
visible.

Next, the impact is evaluated with diastatic frac-
tures having widths 4 mm and 6 mm. The results are
presented in Figures 2c—d obtained using Model 1
and Model 2, respectively. With diastatic fractures,
reference and

the differences between the
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fractured responses are naturally larger since the
fractures are wider than linear fractures. Differ-
ences are visible throughout the whole frequency
band; the largest differences can be seen at 9.5
GHz. However, with the thicker scalp model, the dif-
ferences are minor which is expected due to the
augmented power attenuation associated with in-
creased tissue thickness.

Subsequently, the impact of the depressed skull
fractures was evaluated on the scattering parame-
ters. Figures 2e—f illustrate S21 results in the refer-
ence case (green line) and in the presence of de-
pressed fractures with widths 20 mm and 40 mm
obtained with the Model 1 (2e) and Model 2 (2f). As
can be seen, the depressed fracture is clearly visible
with both models: the difference between the frac-
ture and the reference case is over 10 dB at 2.5 GHz
and 9.5 GHz. With the thinner scalp model, the dif-
ferences are visible along the whole simulated
bandwidth whereas with the thicker scalp model,
the differences are the mostly visible only at 2.5
GHz and 9.5 GHz.

Finally, Table 3 summarizes the impact of the differ-
ent skull fracture types on the S21-parameter re-
sults, highlighting the frequency ranges where dif-
ferences in S21 results due to fractures are most
noticeable. It also indicates whether this impact is
increasing or decreasing for the S21 response levels
and what is the maximum difference to the refer-
ence case. With all studied cases, skull fractures are
most detectable around 2.5 - 5 GHz and 9.2 — 10
GHz.

The results presented in this paper complement the
previously presented findings on the detection of
linear skull fractures using microwave technology in
[17]. Although detection of linear skull fractures is
most challenging due to their small size, it is essen-
tial to understand how also other skull fracture
types would affect the channel responses.

FinJeHeW 2025;17(1) 25
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Figure 3. S21 channel parameter evaluations with the head model having thinner scalp (figures on the
left) and thicker scalp (figures on the right) in the reference and fractured in the cases: a-b) linear skull
fractures, c-d) diastatic skull fractures, and e-f) depressed skull fractures.
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Table 3. Impact of skull fractures at different frequency ranges.

Fracture type Linear Diastatic Depressed
Head model Freg. ran- Max. diffe- Freq. ran- Max. diffe-  Freq. ranges Max. diffe-
ges [GHz] rence [dB] ges [GHz] rence [dB] [GHz] rence [dB]
2.5-3.75 -4 4-6 -4
2-5.5 -5
Model 1 8-9.4 -3 7-9 -3
9.2-10 +7
9.5-10 +5 9.2-10 +7
2.5-4 -2 3-6 -2 2-4.2 -12
Model 2 7-9.2 -3 7-9 -3 7-9 -2
9.2-10 +6 9-10 +7 9.2-10 +7
. . This study introduces several novel aspects com-
Discussion

Recent studies have shown that microwave tech-
nique has great potential for detecting tissue ab-
normalities in various applications, including the
detection of linear skull fractures. This paper pre-
sented simulation-based evaluations of microwave-
based detection for three most common skull frac-
ture types: linear, diastatic, and depressed, using
two head models with varying scalp thicknesses.
The results are promising: the microwave tech-
nique effectively detected all fracture types in both
models, with the most significant impacts observed
within consistent frequency ranges. Due to brevity,
this paper focused on presenting only the simulated
S21-parameter results. However, the detectability
can be further improved with more sophisticated
analysis methods in different domains [22-25] as
well as minimizing antenna coupling e.g. through
the Multistatic Data Matrix (MDM) approach [26].
Additionally, the microwave technique can employ
antenna reflection coefficients (511 and S22) to de-
tect tissue abnormalities. However, as demon-
strated in [17], skull fractures have a more pro-
nounced impact on S21 parameters. Therefore, due
to brevity, the analysis of antenna reflection coeffi-
cients is omitted from this paper.

8.4.2025

pared to previous research on microwave-based
skull fracture detection. Unlike earlier studies that
focused solely on linear fractures, this paper exam-
ines the impact of various skull fracture types on
scattering parameters using realistically shaped
models. Additionally, it provides new assessments
of the most promising frequency ranges for skull
fracture detection within the ISM and UWB spec-
trum using a flexible UWB antenna covering these
frequency bands. Furthermore, this study uniquely
evaluates how scalp thickness affects the detecta-
bility of fractures, an aspect not considered in prior
research.

Our approach was testing the initial potential of mi-
crowaves to detect different types of skull fractures
in a simulated environment. It is important to note
that a skull fracture is not directly related to the pa-
tient’s injuries. A patient can have significant intra-
cranial bleeding without a fracture, so ruling out a
fracture does not provide a sense of security. Nev-
ertheless, the presence of a fracture indicates a
higher energy impact in the injury formation and
thus emphasizes the importance of further investi-
gations (primarily CT, also MRI). Similarly, the
method is valuable if it can distinguish high energy,
e.g. depressed fractures from others. Additionally,
microwave technique has also demonstrated
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potential in detecting brain hemorrhages using a
helmet type of device in several studies [5-6, 27].
However, before assessing possible brain hemor-
rhages using this technique reliably, it is essential to
understand how skull fractures affect the measured
scattering parameters. Our next study will focus on
investigating the simultaneous presence of skull
fractures and brain hemorrhages using realistic sim-
ulation and emulation platforms [28]. This research
aims to understand the combined impact of these
conditions on scattering parameters, which is cru-
cial for improving the accuracy of microwave-based
diagnostic techniques.

The previous studies on the detection of linear frac-
tures, as reported in [17], indicate that the micro-
wave technique can detect fractures as narrow as 1
mm. This capability applies to both fresh fractures
and those in the healing process. For future devel-
opment, one direction is to include more detailed
study on spatial recognition as well as imaging of
the fractures [5, 6, 11]. This would improve the ca-
pabilities to monitor the healing process and com-
pare the results with current diagnostic methods
based on imaging. Additionally, future work could
involve a more comprehensive examination of
broader factors, such as inconsistencies in antenna
placement and the impact of hair and sweat, to fur-
ther enhance the practical applicability of the find-
ings.

A portable skull fracture monitoring device which
could carry out skull fracture screening as a point-
of-care diagnostics type of device e.g., in ambu-
lance or in smaller healthcare centers, could signif-
icantly streamline the patient's journey to treat-
ment as a novel telemedicine’s application. The
device could also facilitate remote consultations re-
garding a patient, for instance, enabling communi-
cation between a health center and the neurosur-
gery department of a university hospital. Moreover,
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a device that enables frequent and safe monitoring
of skull fracture healing, even in smaller healthcare
centers, would be instrumental in identifying po-
tential issues at an early stage. Devices utilizing mi-
crowave technology could easily integrate antenna
sensors into portable or wearable formats, making
them user-friendly. In this study scenario, the an-
tennas are located side by side as in a small hand-
held portable device which could be moved around
the head to detect possible skull fractures or to
monitor the healing process of the fractures. Alter-
natively, a wearable helmet-type device could be
advantageous for providing comprehensive analy-
sis to detect fractures throughout the entire skull.
Furthermore, this technique supports non-contact
sensing, which is particularly beneficial for monitor-
ing fractures in small children [29].

Conclusions

This paper presented simulation-based evaluations
of microwave-based skull fracture detection with
the most common skull fracture types: linear, dia-
static, and depressed fractures. In the simulations,
two different head models resembling different
scalp thicknesses were utilized. The evaluated scat-
tering parameter results are encouraging: The mi-
crowave technique effectively detects various frac-
ture types in both head models, with the impact of
the fractures being most pronounced within the
same frequency ranges. Based on the objectives
and research questions of this study, the following
conclusions can be drawn:

1. Different skull fracture types affect the scat-
tering parameters clearly: the larger the frac-
ture, the larger is the impact in channel re-
sponse.

2. Based on this study, the most optimal fre-
qguencies for skull fracture detection are 3 -5
GHz and 9 GHz.
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3. Human scalp thickness affects the detecta-
bility of skull fractures slightly. However, even
with thicker head tissue model, the fractures

are detectable.
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This appendix presents the dielectric properties (relative permittivity and conductivity) of head tissues.

These values are at various evaluated frequencies are presented in Table Al [18]. Additionally, the die-

lectric properties of blood, and connective tissue, which are used to model fresh fracture (blood) and

fracture in healing process (connective tissue) are presented. Table Al also highlights the differences

between bone and blood at these frequencies.

Table Al. Dielectric properties of head tissues, blood (modelling fresh fracture) and connective tissue

(modelling fracture in healing process) [18].

Tissue Frequency
2 GHz 4GHz 6GH:z 8 GHz

Skin 38.6 36.6 34.9 33.2
Fat 5.33 5.12 4.84 4.46
Bone 11.6 10.5 9.6 8.8
Blood 59.0 55.6 52.2 48.6
Connective tissues 43.9 40.2 36.4 32.7
Difference between blood and bone 47.4 45.1 42.6 39.8
Difference between connective tissue and bone  32.2 29.7 26.8 23.7
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