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In this study, the design of a compact narrowband monopole antenna for bone crack detection is presented. The proposed antenna
consists of a modified hexagon-shaped radiator with six triangular slits integrated on its bottom periphery, a rectangular-shaped
ground plane, and a microstrip feed line of 50 Q). The antenna is fabricated on the FR-4 substrate with a thickness of 1.6 mm, an
overall size of 32 mm x 30 mm, and electrical dimensions of 0.131 x 0.1221,, where A, is the free space wavelength at 2.45 GHz. The
resonant frequency of the designed antenna is 2.45 GHz. The antenna offers a gain of 1.68 dB and an efficiency of 85.3%. The
presence of a crack in the bone is detected by observing the shift in the peak resonating frequency of the antenna. This method can
detect bone fractures in a noninvasive manner. The human arm model is constructed, and the effect of bone cracks of different
lengths on the resonating frequency is investigated. The pig bone and tissues are used to validate the simulated results. The simulated
results are in agreement with the measured outcomes. Also, the specific absorption rate (SAR) of the antenna is calculated and found
to be less than 0.57 W/kg. The designed monopole antenna has several advantages, including a small footprint, straightforward
design, low cost, and easy integration with other devices. The proposed method is suitable for primary-level bone crack diagnosis.

1. Introduction

The importance of bones in the human body is well un-
derstood. They perform important functions such as
mineral storage and providing mechanical strength to soft
tissues and organs. A bone fracture can occur for a variety
of reasons. Osteoporosis, caused by a lack of vitamin D,
causes bone brittleness, which can lead to bone cracks. An
accident also can cause fractures or defects in human bones.
The tibia, also known as the shinbone, is the longest bone in
the human body and is located in the lower part of the leg.
There is a higher possibility for the occurrence of a tibia
fracture. Tibia fractures are common in children, athletes,
and the elderly, and they are difficult to detect at the outset
[1]. The uncontrolled movement of a fractured part may
aggravate the injury. Therefore, detecting bone fractures at

an early stage is expected as the restricted activity of the
affected region can aid in the rapid healing of the fractured
part. Techniques such as X-ray, ultrasound, computed
tomography, and magnetic resonance imaging can be used
to detect fracture. X-ray is the most commonly used
method for detecting bone cracks. However, frequent ex-
posure of the human body to X-rays may increase the risk of
cancer. An ultrasound uses nonionized radiations to detect
fractures, but the presence of speckles reduces image res-
olution, which affects diagnosis accuracy, and ultrasonic
waves are highly attenuated by multiple layers of the human
body. Computer tomography uses ionized radiation for
diagnosis, which has the potential to cause cancer in pe-
diatric patients. The magnetic resonance technique requires
a complicated system, skilled technicians, and a high op-
erating cost. However, due to high radiation levels, these
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techniques are not suitable for children and pregnant
women. Therefore, a more efficient, noninvasive, safe, and
nonionized radiation method is required for detecting bone
fractures [2].

Microwaves, unlike ultrasonic waves, can easily penetrate
and are not attenuated by multiple layers of the human body
having different dielectric constant values. This feature of
microwaves attracts planar antennas for medical diagnosis. The
International Telecommunication Union (ITU) has recom-
mended that the frequency bands 401-406 MHz,
433.1-434.8 MHz, 608-614 MHz, 868-868.6 MHz,
902.8-928 MHz, 1.395-14GHz, 1.427-1.432GHz, and
2.45-2.5GHz, popularly known as industrial, scientific, and
medical (ISM) bands, can be used for medical implant com-
munication services [3, 4]. Since the human body is made up of
layers with different dielectric constants, an antenna resonating
at lower frequencies will have a greater depth of penetration.
However, antennas operating at lower frequencies may have
larger dimensions [5]. Composite left/right-handed materials
have been used in the design of sensing antennas due to their
unique properties such as uniform group velocity, zero at-
tenuation, and constant phase [6-8]. Several techniques, such
as high-permittivity substrates and reactive elements, have also
been used to design compact diagnostic/sensing antennas. In
[9], a metamaterial-based antenna array was used for detecting
tumors in breast tissues. In this method, the antennas were
placed around the breast model, with one antenna acting as a
transmitter at a time and the other antennas acting as receivers.
The receiver antennas adjacent to the transmitter antennas
receive the signal reflected from the tissue surface, while the
opposite-side antennas collect the signal that traveled through
the breast tissue. In this manner, the magnitude and phase
information of the scattered signal were captured, and this
information was then used for the dielectric characterization of
the breast tissues.

Once a bone crack has occurred, it is necessary to monitor
the affected area on a regular basis to ensure quick restoration
and healing. Fracture healing can be monitored by passing
current through the implanted pins and recording the var-
iation in impedance to determine the level of recovery. The
impedance decreases when the bone fracture is restored after
three to four weeks [10]. However, the disadvantage of this
method is that the variation in impedance level is small, and
making differentiation is a difficult task. In another technique
[11], some of the electromagnetic properties of the bone, such
as dielectric constant, inductance, and conductance, were
used to monitor fracture healing. In this method, two
monopoles were placed across the fractured part, and the
amount of power received was measured. When the bone
crack was large in size, the power received was initially low,
but it gradually increases as the crack healed. Microwave
imaging allows the noninvasive diagnosis of biological tissues
while also being low in cost and risk of manipulation. The
microwave tomographic system identifies variations in di-
electric constants between tissue and bones, and the rapid
localization of the dielectric frontier allows image construc-
tion of the bone structure [12]. The authors of [13] designed a
microwave ring resonator for bone fracture detection,
wherein the affected region was scanned and variations in

International Journal of Antennas and Propagation

transmission characteristics were used to characterize the
fracture. When the antenna/resonator is placed closer to the
human body, some of its performance characteristics, such as
resonant frequency, gain, and efficiency, slightly deviate from
their actual values [14-16]. However, the absorption of
electromagnetic radiation by the human body is a major
concern, and if it exceeds certain limits, it may cause health
issues [17]. In biomedical applications, an antenna can be
used as an implantable or on-body device to detect disease or
abnormalities in organs. An implantable antenna should be
biocompatible and small in size [18]. Several decades ago,
implanted devices were powered, controlled, and monitored
by external stations linked by wired connections, which could
result in unavoidable surgical complications. Modern an-
tenna technology significantly reduces the issue of surgical
risk to human life [19]. A monopole antenna is an excellent
candidate for detecting disease/abnormalities in the human
body due to its straightforward design, simple fabrication on
the dielectric substrate, small size, low cost, easy integration
with other devices, and improved performance in multipath
environments [20-23]. Also, the various performance metrics
of the monopole antenna, such as impedance bandwidth,
gain, and efficiency, can be easily controlled by altering the
ground shape and adjusting the gap between the radiator and
ground plane [24-26].

This study presents the design of a narrowband
monopole antenna for bone fracture detection. The antenna
prototype is tested on the pig bone, and the effect of different
length bone cracks on the resonating frequency is investi-
gated. This manuscript is divided into five sections. Section 1
discusses various causes of bone cracks, different methods of
fracture detection, and their benefits and drawbacks. Section
2 describes the antenna design procedure and parametric
specifications. Section 3 describes the structure of the human
arm model, specific absorption rate (SAR), and antenna
characteristics in different environments. Section 4 discusses
the bone fracture detection process and the results obtained,
and Section 5 provides the conclusion.

2. Antenna Design

The proposed monopole antenna is shown in Figure 1. The
radiator and ground plane are printed on the front and back
sides of the FR-4 material with a thickness of 1.6 mm, dielectric
constant of 4.4, and loss tangent of 0.02. The antenna consists
of a modified hexagon-shaped radiator with six triangular slits
integrated on its bottom periphery, a rectangular-shaped
ground plane, and a microstrip feed line of the width of
3.1 mm to match the 50 ) impedance. The final structure of
the antenna is obtained after four stages of evolution. The
fabricated antenna prototype is shown in Figure 2. The
physical size of the antenna is 32 mm x 30 mm, and its elec-
trical dimensions are 0.131x 0.1221,, where A, is the free
space wavelength at 2.45GHz. The 3D EM simulator CST
Microwave Studio” is used for simulating the antenna design.

The evolution of the proposed antenna is shown in
Figure 3. A rectangle and a hexagon are combined to form a
radiator in the first stage, as shown in Figure 3(a). The
antenna is excited by a microstrip line, and a rectangular-
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F1ure 1: Proposed monopole antenna. (a) Front plane. (b) Back plane (/=32 mm, w=30mm, /;; =9.4 mm,
w,, =14mm).

2= 5.6 mm, wy, = 8 mm, and

FIGURE 2: Fabricated antenna prototype. (a) Front view. (b) Rear view.

() (d)

F1GURE 3: Evolution stages of the antenna. (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4.
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FIGURE 4: Reflection coefficient characteristics of the antenna stages.

shaped partial ground plane is designed on the backside of
the substrate. In the first stage of evolution, the antenna
shows a resonance at 3.24 GHz, but the impedance matching
is poor at this frequency. The rectangular patch is then
tapered in order to concentrate the charge carriers in a
specific portion of the radiator, resulting in a resonant
frequency shift to 2.74 GHz, as shown in Figure 3(b). In the
third stage, six triangular slits are introduced in the bottom
periphery of the radiator (shown in Figure 3(c)) to increase
the length of the current path. In the next stage, rectangular
slits are cut into the ground plane, reducing capacitive re-
actance, and allowing the antenna to resonate at 2.458 GHz
with a reflection coeflicient of —16.28dB, as shown in
Figure 3(d). Figure 4 depicts the reflection coefficient
characteristics at various stages of evolution.

To understand the theoretical aspects of the antenna, the
equivalent circuit model and surface current distribution are
studied. Figure 5(a) depicts the electrical equivalent circuit
of the designed antenna, and Figure 5(b) shows the real and
imaginary impedance characteristics of the antenna. Both
the real and imaginary curves move from high to low at
2.45GHz resonant frequency resulting in a parallel com-
bination of R, L, and C components in the circuit model.

The surface current distribution is depicted in Figure 6. It
shows that the current density of 2.45GHz is highly con-
centrated in the triangular slit region.

The E-plane and H-plane radiation patterns of the
designed antenna are shown in Figures 7(a) and 7(b), re-
spectively. The figure clearly shows that the antenna pro-
duces an omnidirectional radiation pattern at 2.45 GHz. The
measured gain and radiation efficiency of the antenna are
shown in Figure 8. The gain of the antenna is 1.68 dB, and its
efficiency is 85.3%.

3. System Description

3.1. Human Arm Model. The human arm consists of four
layers as shown in Figure 9. The bone is the innermost layer,

and the skin is the outermost layer. Muscle and fat are found
between these two layers. Each layer has different relative
permittivity, conductivity, and loss tangent values, which are
listed in Table 1 [27].

3.2. SAR. Since the human body is made up of many layers
with different conductive and dielectric properties, and
when the antenna is operated closer to the human body,
some of the radiated power is absorbed by the body, which
may result in higher SAR [28-30].

The SAR is an important parameter that quantifies the
amount of electromagnetic energy absorbed by body tissues.
The standard unit for measuring SAR is W/kg.

E2
sar = 71!

W/kg, (1)

where E is the root mean square of the electric field (V/m), o
is the conductivity (S/m), and p is the mass density of the
tissue (kg/m3 ).

According to the FCC guidelines, the SAR should be less
than 1.6 W/Kg, and the simulated SAR value for the
designed antenna is <0.812 W/Kg. The SAR of the proposed
monopole antenna is depicted in Figure 10.

In order to measure the SAR, microwave signals with
1 mW power are applied to the antenna, and the thermo-
gram readings are taken before and after (20 minutes)
excitation.

AT
SAR = A—tct W/kg, (2)

where AT is the rise in the temperature (°C), At is the time
duration for which microwave signals are applied (second),
and C, is the heat capacity (J/kg/°C) of different parts, such as
skin, fat, muscle, and bone.

The temperature rose from 34.1°C to 34.3°C after 1,200
seconds of excitation, and the increase in temperature by
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FIGURE 5: Equivalent circuit study. (a) Circuit model. (b) Real and imaginary characteristics.
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F1GURE 6: Surface current distribution of the antenna at 2.45 GHz.

0.2°C remained the same for a long duration of time. Then,
the SAR of the antenna is calculated, using expression (2), as
0.57 W/kg.

3.3. Antenna Characteristics along with the Arm Model.
When the antenna is simulated in free space, the peak
resonance is noticed at 2.458 GHz. If the same antenna is
placed on the arm model that does not have a crack, the

resonant frequency shifts to the lower side at 2.124 GHz [31],
as shown in Figure 11.

4. Bone Fracture Detection

The antenna is placed on the arm model to detect bone
cracks. Cracks of varying lengths are induced in the bone
model, and the changes in the reflection coefficient char-
acteristics of the antenna are noted. The length of the bone
crack is determined by the amount of shift of the resonating
band.

The dielectric properties, such as permittivity (e,) and
permeability (u,), play an important role in the material
characterization. The dielectric properties of a material can
be influenced by factors such as density, structure defor-
mation, water content, and porosity. The speed of propa-
gation of an electromagnetic wave is determined by the
permittivity of the medium through which it travels and
interacts with the material in three ways: absorption, re-
flection, and transmission. The amount of reflection depends
on the permittivity of the material and the frequency of the
propagating microwave signal.

In the presented work, the electromagnetic radiations are
used to characterize the dielectric properties of the bone
structure without causing any destruction. The obtained



300 .

270

240 -

180

—— Simulated E Plane Pattern

- == Measured E Plane Pattern

(a)

International Journal of Antennas and Propagation

—— Simulated H Plane Pattern

- -~ Measured H Plane Pattern

(b)

FiGure 7: Radiation patterns at 2.45 GHz. (a) E-plane. (b) H-plane.
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FIGURE 9: Human arm model.

reflection coefficients are analyzed to detect changes in the
bone profile. There is a difference in the peak value of the
reflection coefficients between the bone with and without a
crack. The amount of frequency deviation is proportional to
the crack’s dimension. This is due to the fact that if a crack

exists, the permittivity of the bone changes, affecting the
reflection coeflicient characteristics.

_ZL_ZO_ \(Aur/er)_l

[ = = , (3)
Zp+Z, \/—(Ter) +1
where
2, = exp( o (e,) ). (4)

When the antenna is placed over the arm model without
a bone crack, the reflections of the radiations are only due to
bone having relative permittivity of 12.66. If a crack is
present in the bone (i.e., air is the medium in the crack), the
S11 characteristics are determined by the effective dielectric
constant of the bone and the air gap.
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TaBLE 1: Characteristics of various layers of human arm.

Layer Thickness (mm)

Relative permittivity (mm)

Loss tangent Density (kg/m’)

Skin 0.4 41.4
Fat 30 5.46
Muscle 69.6 55

Bone 13 18.49

0.418
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FIGURE 10: SAR analysis.
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FiGURE 11: Reflection coefficients when the antenna is placed closer to the human arm.

For a crack length of 2mm, the antenna shows a res-
onant peak at 2.132 GHz. The resonant frequency moves to
the higher side as the bone crack length increases, and for a
crack length of 10 mm, the resonance shifts to 2.16 GHz, as
shown in Figure 12. This is due to the fact that when a crack
is present, the radiation from the antenna is reflected by two
mediums with different dielectric constants (12.66 and 1).
The resonant frequencies for different fracture lengths are
presented in Table 2.

The antenna is fabricated, and its reflection coefficients
are measured using VNA. When used in free space, the
antenna shows the peak resonance at 2.45 GHz, and when
positioned closer to the human arm, as shown in Figures 13
and 14, the resonance is achieved at 2.122 GHz.

Also, a portion of pig bone and tissue was used to
validate the simulated results. Fractures of varying lengths
were induced, the fabricated antenna was placed over the
pig bone (Figure 15), and the corresponding changes in the

reflection coefficients are shown in Figure 16. The mea-
surements show that the experimental values are consis-
tent with the simulated values for different fracture
lengths.

Pig bone and tissues were chosen for the bone crack
detection process due to their similarities to human bone and
tissues. The antenna ground plane is placed on the skin, and
the resonance frequency is measured using the VNA.
Without a bone crack, the antenna produces resonance at
2.122 GHz, which is nearly identical to the simulated reso-
nance at 2.124 GHz. Then, in the pig bone, fractures of various
lengths such as 10 mm, 20 mm, and 30 mm were induced, and
the change in the reflection coefficient characteristics was
examined, as shown in Figure 17. The difference between the
obtained frequency (f,,) and no crack frequency (f.) is cal-
culated, as shown in Table 3, and plotted on the x-axis
(frequency difference (dy), GHz) and crack/fracture length
(mm) on the y-axis, as shown in Figure 18. The obtained
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TaBLE 2: Resonant frequencies for different fracture lengths.
Void size Freq. (GHz) Shift (in MHz) Void size (in mm) Freq. (GHz) Shift (in MHz)
0 2.124 — — — —
2 2132 8 10 2.16 36
4 2.144 20 12 2.168 44
6 2.152 28 14 2.176 52
8 2.156 32 16 2.184 60

FIGURE 13: Measurement setup using a VNA.

frequency deviation is 0.03 GHz or 30 MHz, which is good
enough to differentiate crack lengths. Also, a linear rela-
tionship is established between fracture length (mm) and
frequency deviation (GHz), as shown in equation (5).

Fracture length = 278.2 x (df) —0.64, (5)

where dy is the difference in frequency.

The presented work is compared to recently published
work in Table 4, and the highlights and advantages of the
proposed antenna system are as follows:

(i) The conventional fracture diagnosis methods, such as
X-ray, ultrasound, computed tomography, and mag-
netic resonance imaging, use ionized radiations, which
may pose health risks to humans. In this work, an
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FIGURE 16: Reflection coefficient of the antenna on pig bone.

efficient, noninvasive, safe, and nonionized radiation
method is proposed for detecting bone fractures.

(ii) A planar monopole antenna operating at the ISM band

is designed for bone crack detection. Microwaves,
unlike ultrasonic waves, can easily penetrate and are
not attenuated by the multiple layers of the human
body with different dielectric constant values. This
method noninvasively detects bone fractures and does
not require any additional circuitry to process the data.

The antenna prototype is tested on the pig bone, and
the effect of different length bone cracks on the res-
onating frequency is investigated. A linear relationship
is found between crack length (mm) and frequency
deviation (GHz).

(iii) When designing the antenna, care has been taken to
keep the SAR below 1.6 W/kg, as the antenna is
operating in close proximity to the human body.
Microwaves may be absorbed by human tissues,
and microwave absorption above a certain

threshold may pose health risks.

(iv) A compact planar monopole antenna, with a size of
32 mm x 30 mm, is designed to radiate at 2.45 GHz
for bone crack detection.

(v) The proposed bone crack detection method does
not require any additional processing units.

(vi) Fresh pig bone (rather than the human bone) was
used to validate the simulated results, whereas in
other works, the authors did not validate the
simulated results or use artificial bone models or
old human bones for measurements.

(vii) Since the antenna is operating in close proximity to
the human body, microwaves may be absorbed by
human tissues, and microwave absorption above a
certain threshold may pose health risks. When
designing the antenna, care has been taken to keep
the SAR below 0.57 W/kg.
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TaBLE 3: Details of the frequency difference/shift.
Crack length (mm) Peak resonance (GHz) (f,, where n=1, 2, 3, 4) Frequency difference (GHz) (df=f, - f)
No crack 2122=f. —
10 2.18 0.058
20 2.21 0.088
30 2.238 0.166
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TaBLE 4: Comparison of the reported antenna designs with the proposed antenna.
Parameters [8] [9] [10] [11] Proposed
Antenna type Implantable Antipodal vivaldi Microwave ring Microstrip patch Planar monopole
monopole resonator
Operating frequency (GHz) 1to4 0.5to 4 245 2.45 2.45
. . 100 x 50, 80 x114, 48.7 x 55.9, 32 %30,
Dimensions (mm>mm), (doxAo) - 60x55, 02x018 )7 g3 0.25%0.45 0.2x0.22 0.128 x0.12
Sensitivity Moderate Moderate High Low Moderate
SAR (W/kg) — — <1.6 — <0.812
Experimental validation done Yes Yes Yes No Yes
Requirement of an additional No Yes Yes No No

processing unit
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The proposed monopole antenna can be an excellent
candidate for detecting bone cracks due to its straightfor-
ward fabrication on the dielectric substrate, small size, low
cost, ease of integration with other devices, improved per-
formance in multipath environments, and ease of operation
as special skills are not required to use such device.

5. Conclusions

A planar monopole antenna is designed and developed for
bone crack detection applications. The proposed antenna
produces an omnidirectional radiation pattern with a gain of
1.68 dB and an efficiency of 85.3%. The EM simulator CST
Microwave Studio” is used to simulate the human arm
model, with fractures of varying lengths introduced. The
designed antenna is scanned over the arm model, and the
changes in the reflection coefficient characteristics are ex-
amined. The pig bone is used for the measurement, with
cracks of varying lengths introduced and variations in the
reflection coefficients investigated. The measured values
agree well with the simulated results. It is observed that the
resonant frequency of the antenna shifts to the higher side as
the crack length increases. As the crack length increases from
10mm to 30 mm, the corresponding resonance frequency
shifts from 2.18 GHz to 2.38 GHz. Therefore, the frequency
deviation is used to quantify the length of the fracture. Also,
a linear expression is obtained for measuring the crack
length as a function of frequency deviation. The SAR value of
the proposed antenna is less than 0.57 kg/W. The presented
method could be a low-cost RF solution for bone fracture
detection.
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