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Abstract—An implanted antenna system consisting of two
monopoles attached on a metal plate for the monitoring of the
healing of bone fractures has been investigated. The proposed
structure has been simulated on a three layer body phantom
model and the S$,; response of the system is evaluated as the
bone fracture that is introduced in the phantom gradually heals
turning from blood to bone marrow and bone cortical in five
discrete steps.
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L INTRODUCTION

Designing antennas that are implanted inside the human
body is a challenging task for engineers but with great benefits
in the field of medicine. Such devices can add up and possibly
improve doctors’ tools for diagnosis of patients’ conditions in
terms of timing and quality of evaluation. The human body is a
lossy medium, therefore antennas operating at lower
frequencies are more effective in terms of the skin depth
penetration. This leads to bigger antenna geometries, posing a
great challenge in designing them due to the limited space
inside the human body. Over the last ten years, multiple
authors have addressed these challenges in literature, and have
proposed a variety of optimized geometries of implanted
antennas for different applications. A good trade-off between
frequency of operation, antenna efficiency and size was found
to be based on the Medical Devise Radiocommunications
Service (MedRadio) frequency band in the 401 — 406 MHz
range [1]-[3] and the Industrial, Scientific and Medical (ISM)
radio bands in the 2.44 to 2.46GHz range [4]-[6]. Most of the
proposed applications in the literature include incorporation of
the antenna under the skin, fat or muscle tissues [7]-[9]. Others
include implants beneath the skull for monitoring of brainwave
signals [10], intraocular implementation of antennas for retinal
prosthesis [11], ingestible capsule antennas for the monitoring
of human intestines [12] and antennas operating in the GPS
frequency range for the localization of people suffering from
Alzheimer’s disease [13].

The purpose of this work is to propose an implanted
antenna system able to monitor the rate of healing of bone
fractures. Robust healing of fractures in bones is a complicated
biological process requiring continuous monitoring evaluation
and mechanical assistance for the restoration of the bone to its
original state [14]. Healing in bones requires 4 to 40 weeks

depending on the number of fractures, the age and the type of
the bone. According to literature there is no standard defining
when a fracture is healed, therefore the evaluation of a healing
fracture is based on predetermined time points [15]. The
development of an implanted antenna monitoring system could
provide orthopedics with a continuous indicator of the bone’s
condition. This could be crucial for the healing process in order
to determine if further treatment is required and also greatly
reduce the number of x-rays required for a proper evaluation of
the bone’s condition.

II. THE ANTENNA SYSTEM ARCHITECTURE AND THE
THREE LAYER BONE PHANTOM

The proposed antenna system is attached to the metal plate
that is implanted by the surgeon on the fractured bone. The
purpose of the metal plate is to provide mechanical function for
the stabilization and positioning that is crucial for the healing
process of the broken bone. The antenna system consists of two
monopoles, 3 cm length and 1mm radius each (Fig.1). The
monopoles are considered to be screwed in the bone ensuring
the stability of the metal plate that also operates as a ground
plane. The dimensions of 7 x 2cm were chosen for the metal
plate and D is the distance between the two monopoles.

Figure 1: The proposed antenna system



Table 1: The dielectric properties used for the three layered
bone phantom

Relgti'vg Conductivity
Permlttlg\ilty o, (S/m)
Muscle 53.29 1.45
Bone Marrow 5.34 0.07
Bone Cortical 11.65 0.31
Blood 59 2.18

A bone phantom consisting of three layers: marrow,
cortical and muscle (Fig. 2) was used. Each of the cylinders
had 15cm length, the outer cylinder had 10cm radius, the
middle 1.5cm and the inner lcm. The dielectric properties of
muscle tissue, bone cortical and bone marrow at 2 GHz were
appointed to the cylinders, as shown in Table 1. In the middle
of the simulated phantom, a fracture was introduced, consisting
of two concentric cylinders with 2mm thickness each. The first
had the radius of the bone marrow cylinder (lcm) and the
second, the radius of bone cortical (1.5cm). Five different
states were considered, emulating the condition of the fracture
as it heals, turning from blood to bone. At the initial state, the
dielectric properties of blood were given to the fracture,
changing by a 25% step towards the properties of marrow and
cortical until the bone reached a completely healed state. At the
fifth step the bone is considered 100% healed and the fracture
no longer exists inside the phantom. The two monopoles of the
proposed antenna system, were placed on each side of the
fracture (Fig. 3) and three different distances, D, 1.5cm, Scm
and 9 cm between them were tested in order to investigate the
optimal propagation from monopole A to monopole B.
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Figure 2: The three layer bone phantom: (a) front view, (b) side
view
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Table 2: The dielectric properties of the fracture during the
healing progress

Bone Marrow cylinder Bone Cortical cylinder
Bone Relative Cond. Relative Cond.
Damage Perm;ttivity o, (S/m) Permgittivity 5, (S/m)
T T
100% 59 2.18 59 2.18
75% 45.57 1.64 47.05 1.7
50% 32.16 1.12 35.25 1.24
25% 18.75 0.59 23.45 0.08
0% 5.34 0.07 11.65 0.31

. Bone marrow
Cortical

Fracture

Figure 3: The position of the fracture with the muscle layer
hidden

III.  SIMULATION RESULTS OF THE PROPOSED STRUCTURE

For the simulation of the proposed structure, the EMPIRE
XPU EM solver was used. The fracture was placed at the
center of the phantom and the properties of blood tissue were
assigned to it. Table 2 describes the change of the dielectric
properties of the introduced fracture in five steps. The results of
the simulation (Fig. 4) show that the S,; response of antenna
system is greatly affected as the length between the monopoles
increased. The distances of 5cm and 9cm were considered to be
inadequate for proper measurement of the S,; due to the low
dB values (S,; < —60dB), therefore the optimal distance
selected for the rest of the simulations was 1.4cm.
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Figure 4: The S, response of the antenna system for three
different distances between monopoles

According to the results shown in Figure 5, as the fracture
changes from blood to bone, the S,; magnitude at 1.8GHz
improves by 2.1dB from Step 1 to Step 2 and more than 3dB
for each the next steps, see Table 3. This trend shows that it is
possible to monitor changes in the state of a fractured bone as it
heals. The simulation results of the electric fields (Fig. 6) show
that the near field of the monopoles are larger in magnitude and
have a different distribution when the dielectric properties of
the fracture are closer to the dielectric properties of blood.
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Figure 5: The S,; response of the monopoles separated by
1.4cm. The dielectric properties of the fracture change from
blood to bone in five steps

Table 3: The S,;response at 1.8GHz for each step of the
bone fracture

S21
Step 1 (100% Bone Damage) -34.43
Step 2 (75% Bone Damage) -36.54
Step 3 (50% Bone Damage) -39.80
Step 4 (25% Bone Damage) -44.79
Step 5 (0% Bone Damage) -48.65

4.394 ky/m ( +0.00 dB)
1.964 kv/m ( -7.00 dB)
876.800 V/m ( -14.00 dB)
391,600 V/m ( -21.00 dB)
175.000 V/m ( -28.00 dB)
78.160 V/m ( -35.00 dB)
34.900 V/m ( -42.00 dB)
15.600 v/m ( -49.00 dB)
6.966 V/m ( -56.00 dB)
3.112 /m ( -63.00 dB)
1.390 U/m ( -70.00 dB)
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5.604 ky/m ( +0.00 dB)
2.504 k¥/m ( -7.00 dB)
1.118 k¥/m ( -14.00 dB)
499.600 /m ( -21.00 dB)
223.200 W/m ( -26.00 dB)
99.660 ¥/m ( -35.00 dB)
44.520 w/m ( -42.00 dB)
19.880 ¥/m ( -49.00 dB)
8.882 ¥/m ( -56.00 dB)
3.968 ¥/m ( -63.00 dB)
1772 ¥/m ( -70.00 dB)

G

(b)

6.124 KU/m ( +0.00 dB)
2736 kV/m ( -1.00 dB)
1,222 k¥/m ( -14.00 dB)
545.800 /m ( -21.00 dB)
243.800 V/m ( -28.00 dB)
109.000 W/ ( -35.00 dB)
48.640 V/m ( -42.00 dB)
21,740 ¥/m ( -49.00 dB)
9.706 ¥/m ( -56.00 dB)
4.336 ¥/ ( -63.00 dB)
1.936 9/m ( -10.00 dB)
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Figure 6: The electric field distribution at 1.8GHz for: a) 0%
damage, b) 50% damage, c) 100% damage

IV. CONCLUSION

An implanted antenna system consisting of two monopoles
vertically attached to a metal plate for bone fracture monitoring
applications has been proposed. The S,; magnitude for the
selected distance has been shown to improve as the fracture
between the monopoles healed gradually by turning from blood
to bone marrow and bone cortical. Future work includes an
investigation of the near field phenomena of the two
monopoles in the human body and the S,; response for
different geometries. The work will then be extended in an
anatomical phantom model.
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