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Abstract — In this paper, results of the simulated
interaction of microwaves in the near-field region of a
waveguide with a fractured Tibia are presented. The Tibia
bone fracture is one of the most difficult fractures to treat
because of the slow healing process which may take up to 5
months. The human body is modeled as a three layer
medium: skin, fasciae with fat, muscle and bone. Each of
these layers is characterized by its dielectric properties.
These properties influence the incident, transmitted and
reflected waves. In this paper, simulation results of Tibia
bone healing monitoring using an X-band open ended
rectangular waveguide operating in the near-field region at
microwave frequencies are presented. An extensive
optimization process was performed to arrive at optimal
measurement parameters. Frequency of operation and the
material that fills the waveguide were investigated to
improve the sensitivity of detection and to monitor five
different stages of the healing process. Both phase images
and radiation patterns show that using rectangular
waveguides has great potential in monitoring the healing
process of the Tibia bone.

Index Terms — Bone Healing monitoring, Microwave
NDT, Waveguide, Microwave Imaging.

1. INTRODUCTION

When a bone is fractured, partial or complete break in the
continuity of the bone occurs. This happens under
mechanical stress that exceeds the limits of the bone’s
strength and stiffness [1]. A Bone fracture causes a sudden
loss of bone continuity, stability and integrity. A fracture
usually interrupts or cuts the blood vessels which causes a
reduction of blood supply. One to two mm of bone dies on
either side of the fracture due to the lack of blood supply.
Treatment usually involves reduction or realignment of the
bone, immobilization and restoring function through
rehabilitation. The healing process starts when new bone
(callus layer) forms and fills in the fractured area to restore
the original continuity and solidity. It generally goes
through the same series of stages for all fractures:
inflammation, soft tissue formation, hard tissue formation,
new bone and remodeling [2]. As healing progresses, the
callus layer begins to disappear. Consequently, by
monitoring the decay of the callus layer thickness, bone
healing stage may be quantitatively estimated. Healing is
considered to be complete when the bone is almost
identical to its original shape before injury and has
regained its normal stiffness and strength.

A bone fracture may be diagnosed by many diagnostic
imaging tests such as X — Rays, Computed Tomography
(CT), Magnetic Resonance Imaging (MRI) or Vibratory
devices [3-5]. Since the bone healing process may take
several months in certain pathological cases, repetitive tests
are required. X — Ray radiation is hazardous and is unsafe
for such repetitive tests. Moreover, fractures are typically
visible on primary radiographs. However, the healing
process’ Soft Tissue stage is difficult to visualize on
radiographs. In other words, the fracture site is seen on an
X-ray like a cloudy area. It becomes visible after three to
six weeks after injury. Furthermore, X-rays can not be used
for pregnant women or patients who had a barium contrast
media or any medication containing bismuth.

MRI tests are long and of high cost and can not be
repetitive. The MRI machine itself is prohibitively
expensive for small hospitals and therefore, it is not
available everywhere. Additionally, people who are
claustrophobic, nervous, or disturbed by the loud noise
caused by MRI machines must be given some anti-anxiety
medication before the examination.

Vibratory devices are mechanical sine wave vibrators
that are applied to the fracture site [5]. An
electromagnetic shaker is pushed against the skin near
the distal end of the bone. A miniature accelerometer
captures the response of the bone-prosthesis system to
the applied vibrations. If there is no fracture, the bone
system behaves linearly and only the excitation
frequency will be detected. However, if there is fracture,
the system will behave in a non-linear mode and
harmonics will be detected by the accelerometer.
Experiments have shown that an excitation frequency
between 100 Hz to 200 Hz is well suited to detect
fractures. Unfortunately however, vibratory devices
suffer from the increased signal damping and locating
the resonance frequency especially with obese subjects.
Recently, the potential of utilizing Ultrasound was
demonstrated as a tool to monitor the healing process of
the Tibia [6].

Microwave near field non-destructive testing utilizing
open ended rectangular waveguide has not been used,
thus far, in detecting bone fracture rather than
monitoring of the bone healing process.

In microwave NDT systems, the testing is accomplished
by illuminating the inspected material with
electromagnetic waves. Both magnitude and phase of



the reflected/transmitted waves carry information about
the properties of the defect. By monitoring these waves
information about the integrity of the specimen under
inspection may be obtained. This work is devoted to
study the feasibility of wusing this technique in
monitoring the bone healing process through theoretical
simulations and then the results will be compared with
those obtained using ultrasound.

II. THEORETICAL BACKGROUND

In this paper, two mathematical models are proposed
to model and simulate the interaction between an open-
ended rectangular waveguide operating in the near-field
at microwave frequencies with biological tissue during
the bone healing process. The first model calculates the
reflection coefficient at the aperture of a waveguide
operating at any frequency and illuminates an N-layer
structure. Consider the dominant TE,, mode incident on
the waveguide aperture, the terminating admittance of
the waveguide can be written as [7]:
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Where E(x, y, 0) and H(x, y, 0) are the electric and
magnetic aperture field distributions, respectively. The
admittance expression is constructed using transverse
vector mode functions and their orthogonal properties.
The n™ vector mode functions are ey, and h,, and Y, is
the characteristic admittance of the waveguide for the n™
mode. The broad and narrow dimensions of the
waveguide are a and b, respectively. Hence, the TE,
mode aperture field distribution is given by
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The complex reflection coefficient at the aperture of the
waveguide is related to the terminating admittance of
the waveguide, Y, by
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Which is a complex quantity whose phase and

magnitude variations can be calculated and measured for
testing and assessment.
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The second model calculates the radiation pattern
inside N-layered structure. To find the power at every
point inside the N-layered structure, both the electric
field and magnetic field must be calculated first. The
electric and magnetic fields are calculated
using:
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The details of this model can be found in [8].

Both models were used to find the optimum operating
frequency and optimum dielectric constant of the
waveguide filling material. This is in addition to
obtaining the radiation pattern with and without the
callus layer and to generate theoretical images for
different stages in the healing process.

II1. SIMULATIONS AND RESULTS

In this section, we present the results of the two
models described earlier. the optimization procedure.
Figure 1 shows an X-band rectangular waveguide
radiating into a 4-layered stratified structure. The



dielectric properties of each layer depend non-linearly
on the frequency of operation. A curve fitting formula
was used to calculate the complex dielectric constant of
each layer (g;) at different frequencies [9]. To find the
optimum frequency of operation and the optimum
material to fill the waveguide, an extensive investigation
was conducted using an X-band rectangular waveguide
with dimensions of a = 2.286 cm and b = 1.016 cm
operating in the dominant mode TE;,. The target was to
find the maximum difference in either magnitude or
phase of the reflection coefficient between the case of
no callus (bone is healed) and the case of maximum
callus (0.2 mm at the beginning of healing). As shown
in figure 2, the difference in the calculated magnitude of
the reflection coefficient improves with loading the
waveguide and has a maximum value of 0.0098 when &,
of the filling material is 32-j0 at a frequency of 1.28
GHz. However, practically, the minimum difference in
the magnitude of the reflection coefficient that can be
measured is 0.01. Consequently, measurements of the
magnitude are not adequate for this application. Figure 3
shows the difference in the phase of the reflection
coefficient as it improves with loading the waveguide.
The figure shows that 4.5 degrees of phase difference
may be measured when ¢, of the filling material is 20-j0
at a frequency of 1.6 GHz. The minimum phase
difference that can be measured practically is 0.5
degrees, which implies that measuring the phase at this
frequency will lead to a reliable detection of the healing
stage. We remark that changing the material that fills the
waveguide will lead to a change in the frequency range
of the dominant mode. This allowed us to operate at
lower frequency and hence minimum attenuation in such
a lossy structure. Moreover, loading the waveguide
improved the coupling of the microwave signal to the
body.
The inspected structure was modeled as described
below:

Layer 1: Skin, g, = 41.7 -12.6j, thickness: 1.2 mm.

Layer 2: Fasciae & Fat, g, = 5.4 - 0.8], thickness:
1.0 mm.

Layer 3: this layer is a fat layer with a thickness of
0.2 mm except for a small circular area (I cm?) where
the fat is replaced by callus (with properties like bone).
The callus thickness is estimated to be 0.2 mm at the
beginning and decays to 0.0 mm when the healing is

complete. The thickness of the callus depends on the
healing stage. Consequently, monitoring this callus
layer reveals information about the healing stage.

Layer 4: bone, & = 11.9 - 2.7j, thickness: infinite
half-space (usually 3 mm thick).
Figure 4 shows the real power radiation pattern for the
case when the bone is totally healed (No callus layer)
and for the case of beginning of healing (thickness of
callus layer is 0.2 mm). It is clear that the presence of
the callus layer altered the power distribution. This
shows that the reflected signals obtained from the two
cases are different. This suggests that measuring the
reflection coefficient, or a signal proportional to it, will
lead to the detection of the bone healing stage.
As mentioned before, our objective is to monitor the
bone healing process through measurement of the
thickness of the callus layer. Figure 5 shows the phase
as a function of the callus layer thickness. The phase
changes linearly with the thickness of the callus layer,
this is extremely important from the practical point of
view. It means that quantifying the healing stage is
possible due to the linear behavior. Since the minimum
change in phase that can be detected practically is 0.5
degrees, and we have a total dynamic range of 4.5
degrees, we can relatively easily distinguish among five
different healing stages. Figures 6.a to 6.¢ show the
theoretical phase images for different thicknesses of the
callus layer and hence different stages of the healing
process. All images have the same color scale. It is
apparent from the theoretical images that we can, with
the proposed system, distinguish clearly five different
stages.
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Figure 1: The cross-section of an open-ended
rectangular waveguide radiating into a 4-layer structure.
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Figure 2: The difference of the magnitude of the
fracture as a function of the operating frequency
waveguide.
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Figure 3: The difference of the phase of the reflection coefficient between the two cases of fracture and no fracture as a

function of the operating frequency for different € of the material that fills an X-band rectangular waveguide.
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Figure 4: Real power pattern (dB) in the xz plane at
y=b/2 a) No callus and b) Maximum callus.

different thicknesses of the callus layer.



IV. CONCLUSIONS

The simulation results of the power patterns
accompanied with the theoretical images, demonstrated
the potential of near field microwave non destructive
testing utilizing open ended loaded rectangular
waveguide in monitoring the bone healing process of
the Tibia. Through optimization, an X-band rectangular
waveguide loaded with a mixture that has g, of 20-0j
operating at a frequency of 1.6 GHz, can distinguish
five different stages of the healing process. Future work
will include using standoff distance as well as the
dielectric material to be inserted between the waveguide
and the inspected structure as other optimization
parameters to improve the dynamic range and to be able
to distinguish more than five different stages.
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