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ABSTRACT This paper studies the feasibility of Microwave Imaging (MWI) for detection of fractures
in superficial bones like the tibia, using a simple and practical setup. First-responders could use it for
fast preliminary diagnosis in emergency locations, where X-Rays are not available. It may prove valuable
also for cases where X-ray are not recommended, e.g., length pregnant women or children. The method
is inspired on the synthetic aperture radar technique. A single Vivaldi antenna is used to linearly scan
the bone in the 8.3-11.1 GHz frequency range and collect the scattered fields. The system is operated in
air, without the need for impractical impedance-matching immersion liquids. The image is reconstructed
using a Kirchhoff migration algorithm. A Singular Value Decomposition (SVD) strategy is used to remove
skin and background artifacts. To test this technique, a set of full-wave simulations and experiments were
conducted on a multilayer phantom and on an ex-vivo animal bone. Results show that the system can
detect and locate bone transverse fractures as small as 1 mm width and 13 mm deep, even when the bone
is wrapped by 2 mm thick skin.

INDEX TERMS Biomedical imaging, bones, dielectric materials, image reconstruction, microwave
imaging.

I. INTRODUCTION

THEDETECTION and monitoring of fractures in bones
can be performed by using several medical imaging

techniques, such as X-rays scan, Computed Tomographic
(CT) scan and Magnetic Resonance Imaging (MRI) scan.
In general, the X-ray is the first screening test performed
when the patient arrives at the hospital. Due to the high
cost, CT and MRI are indicated only in cases where X-rays
do not provide the necessary detail [1]. MRI provides bet-
ter contrast between cortical bone, bone marrow, muscle,
and soft tissues in the body, yet it is the most expen-
sive and slower technique [2]. X-rays and CT scan are
ionizing, therefore potentially pose some degree of health
risk.

The risk of falling and suffering fractures is very com-
mon in children and elderly people. Tibia fractures are the
third most frequent long bone fractures in children with 15%
occurrence [3], [4]. Considering that fractures in superficial
bones are frequent, it would be beneficial to have an alter-
native non-ionizing and non-invasive screening method, for
first response screening in ambulances, retirement houses,
pregnant women, newborn, and infants, or in low-income
settings. A microwave system shall achieve those objectives,
being useful also for subsequent fracture healing monitoring.
The system is potentially inexpensive, compact, and portable.
The overall idea is to use a scanning microwave monostatic

radar system for detecting the bone permittivity discontinuity
at the fracture. The scattered fields from healthy and injured
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tissues can be retrieved and processed to identify the fracture
location.
Microwave imaging (MWI) has been extensively stud-

ied for detection of early breast cancer [5], for tears in
the meniscus [6], and for brain hemorrhage [7]. In [8], the
reconstruction of bone profiles is investigated using a man-
ufactured uniform phantom geometry prepared with animal
tissues (tibia, fibula, muscle, and fat). The whole system is
immersed in a coupling medium composed of a complex
mixture. Immersion of a body part is not appropriate for
a practical application, adding discomfort to the patient and
sanitation issues. Moreover, the objective in [8] is not related
to bone fracture detection.
In [9], an experimental setup without matching medium

is used inside an anechoic chamber, to study extensive lon-
gitudinal lesions (radius of 3 mm and extension of 130 mm)
implanted in a uniform artificial phantom geometry com-
posed of three plastic tubes filled with liquids mimicking the
cortical bone, bone marrow and longitudinal lesion. Muscle
and skin are not considered in the phantom. In [10], the
authors used an adapted free space setup, based on a previous
clinical prototype Mammowave, to detect longitudinal bone
fractures and lesions in a simplistic uniform phantom geome-
try without considering the skin. The solution requires a fixed
and bulky setup, which limits the portability and increases
the cost for practical applications.
In [11], the authors proposed a portable system to detect

transversal bone fractures using a planar electromagnetic
bandgap sensor with 11.4 mm X 80 mm dimension in con-
tact with the patient’s skin. A realistic phantom composed
of human tibia, muscle, fat, and porcine skin is used, with
fractures of 2 mm and 1 mm. The method relies on the
analysis of the deviation of the resonant frequency of a sen-
sor in the presence of bone fracture. The requirement of
firm contact between the non-conformal sensor and patient’s
skin during scanning may be difficult to achieve in practice.
According to the authors, a 100 µm gap between the sen-
sor and the skin causes a 5% error in frequency deviation,
therefore the measurement reliability may be affected by
non-uniformity of skin contact in successive measurement
points.
Our study addresses the feasibility of contactless MWI

detection of thin transverse bone fractures, considering
simultaneously the practicality of the setup for a real applica-
tion and trying to overcome the shortcomings of the previous
studies. This includes eliminating the need for immersion
liquids that are otherwise widely used to reduce the skin
artifact but are not practical for a field-operated system.
Contactless operation brings new challenges for fracture
detection since the skin response now largely overshadows
the fracture response. We note that unlike irrigated tissues
such as tumors, the contrast from bone tissue cracks may
be very weak. This is one of the main issues tackled in this
paper, using a singular value decomposition (SVD)-based
strategy to filter out precisely the unwanted reflections from
the skin and thee bone itself.

FIGURE 1. Cross-sectional anatomy of the leg. Adapted from [14].

The second new contribution of this paper is to demon-
strate the concept feasibility using a very simple setup for
future practical implementation, based on a single linear scan
antenna operating in monostatic radar mode, in air.
Finally, the feasibility tests involve not only full-wave

simulations with equivalent numerical models of the tibia,
fibula, and surrounding tissues, with proper dielectric prop-
erties, but also experimental tests with ex-vivo animal bone
and skin. The dielectric properties of the used animal tissues
were measured in-house.
Based on usual image quality metrics, the proposed setup

is shown to detect transverse fractures as thin as 1 mm, and
13-mm deep. The authors reported a preliminary evaluation
of this approach, based on simulation in [12] and exper-
imentally in [13], which served as the base for the new
developments described in this paper.
Table 4 shows the comparison between our proposed

MWI system to detect bone fractures with existing ones
(see the Appendix). To the best of author’s knowledge,
no other publication has tackled concomitantly the issue of
small transversal bone fracture detection, the constrains of
a contactless air-operated system appropriate for a practical
set-up, and the demonstration of its performance using real
biological bones.

II. BONE MORPHOLOGY AND DIELECTRIC
CHARACTERISTICS
The leg is composed of a heterogeneous combination of
different tissues: bones, muscles, tendons, veins, arteries and
nervous, as shown in the Fig. 1. It is adapted from the 20th
U.S. edition of Gray’s Anatomy of the Human Body [14].
The leg bones are the tibia and fibula. We can observe
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FIGURE 2. Schematic diagram of a portion of a tibia bone.

that the medial side of the tibia is subcutaneous, without
muscle overlay. This favors microwave penetration at higher
microwave frequencies, therefore higher potential resolution
to resolve small fractures.
Before testing the proposed microwave imaging technique

on real biological models, a simplified representation of
the bone was used in a first step, both for the numerical
model and for the experimental phantom. A uniform cylin-
drical geometry was defined first, representing the tibia with
dielectric properties of cortical bone. This step was useful to
gather insight about the detection of fractures and to iden-
tify the critical factors that impair the detection, without
geometry-related confounder effects.
The phantom model was subsequently improved in the

subsequent sections, to approach the real bone shape and
structure, including the consideration of a real biologi-
cal bone in the experimental evaluation. Fig. 2 shows the
simplified material layering adopted in the numerical mod-
els of the ex-vivo samples. The cortical bone and marrow
bone are considered as a single homogeneous medium for
image reconstruction purpose, with dielectric characteris-
tics (ε, σ ) equivalent to the cortical bone since this is the
most external bone layer. The muscular tissue is not con-
sidered in the model since we are modelling the part of
the tibia where it becomes most superficial. Our phantom
includes a skin layer covering the bone tissue [15], [16].
When a fracture occurs, it ruptures several internal small
blood vessels filling the fracture with blood. This is also
properly accounted both in the numerical model and in the
phantoms. The complex permittivity of these materials is
well known [17], [18], [19].
Tissues dielectric properties change from patient to patient.

Mainly, there is an age-dependency of its dielectric proper-
ties, and this is correlated to the amount of water, which
varies with age [20], [21], [22]. As will be demonstrated
ahead, the method is quite robust to these variations.

A. MIMICKING LIQUID MIXTURES
A key requirement to produce a usable phantom is to be able
to reproduce as close as possible the dielectric properties of
the actual biological tissues. There are known recipes for liq-
uid mixtures that can mimic various biological tissues. After
preparing them, and often storing them for long periods, it
is important to verify experimentally how well the mixtures
reproduce the actual electromagnetic response of biological
tissues described in the literature [19].

TABLE 1. Recipes of liquids mixtures.

TABLE 2. Parameters corresponding to in-house measured phantom mixtures.

One of those liquid mixtures consists of Triton X-100 (TX-
100) and distilled water [17]. A recipe is presented in [23]
that mimics cortical bone and blood, in the 1-6 GHz band.
It was verified that the same recipe can be used to mimic
the dielectrics properties of bone tissue in the 8.3-11.1 GHz
band [19], as shown in Table 1.
Measurements of the complex permittivity were conducted

after the fabrication of the liquid mixtures, using two dif-
ferent methods for cross-validation: the open–ended coaxial
probe and a coaxial cavity [24], [25]. The first method is
a golden standard that lends to the dielectric property val-
ues versus frequency using closed form expressions [26].
The coaxial cavity method, used in [27], uses an indirect
approach that involves comparison of measurement results
with those obtained by full-wave simulations for the same
test mixture. The simulation requires the assumption of
a dispersion model for the sample under analysis. For that
purpose, the multi-term Cole-Cole model was adopted as
in [22]:

ε∗ = ε∞ +
∑

n

� εn

1+(jωτn)
1−αn

+ σ

jωε0
(1)

where ω is the angular frequency, σ is the conductivity, n
sets the number of terms, τn is the relaxation time, αn is
a measure of the broadening of the dispersion of the nth

terms, � εn = εs,n − ε∞, where εs,n and ε∞ are the static
and infinite frequency dielectric constants, respectively. In
the present study, the dielectric properties of the mixtures
were modeled using n = 2 order. The corresponding best-fit
parameters were determined through the method described
in [28], and are shown in Table 2.
Fig. 3 shows the dielectric properties results of the fabri-

cated phantom, calculated using both methods. The results
are compared with the reference properties for biological
tissues defined in [19]. The agreement is good.

III. IMAGING ALGORITHM
Consider the geometry shown in Fig. 4 that represents a bone
with its length aligned with the x-axis, and with a transverse
fracture. The antenna performs a linear scan parallel to the
x-axis, in the xz-plane. PBone designates the bone boundary
at coordinates (xBone, yBone, zBone), while (x, y, z) defines the
test point P inside the bone.
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FIGURE 3. Dielectric properties of the fabricated mixtures mimicking cortical bone
(blue lines) and blood (red lines) human tissues. Crosses represent the expected
values corresponding to biological tissues [19].

FIGURE 4. Representation of the microwave imaging setup with an
antenna operated in radar mode, linear scan on the x-axis and depth on the z-axis.

The antenna produces linear polarization along the x-axis,
and operates in the very near region of the bone.
The antenna acquires s11(xi, fl) at i = 1 · · ·Na uniformly

distributed antenna positions Pa(xi, y, z), and at each
of these positions, scans l = 1 · · ·Nf frequencies in the
[8.3 − 11.1] GHz range. Uniform spacing is not required by
the method if the coordinates are known. The image is recon-
structed in the same plane that contains the antenna travel
path and the z-axis; therefore, the imaging algorithm is
treated as a 2D problem.
The measured s11(xi, fl) signal contains two main con-

tributions: the antenna internal reflections and the external
scattered signals picked-up by the antenna. Therefore, fur-
ther pre-processing of the signal is applied to remove the
unwanted contributions. In a first step, a simple filtering is
applied to s11(xi, fl), by subtracting the average of all Na
antenna positions:

scal11 (xi, fl) = s11(xi, fl) − s11(xi, fl) (2)

where scal11 (xi, fl) is the signal with reduced artifacts.
In situations where the bone/phantom is covered with skin,

one more pre-processing step is required. The scal11 (xi, fl)
function contains the bone fracture signature, but it is
severely masked by dominant reflections from the very close
air-skin interface and, to a lesser extent, by the contribu-
tion of other scatterers present in the measurement scenario.
These unwanted signals that persist after (2) create artifacts

in the reconstructed image. Different strategies exist for the
skin artifact removal [7], [28], [29], [30], [31].
We used the Singular Value Decomposition (SVD) to

separate the signal scattered from the target into different
contributions, the ones from the skin, fracture, and back-
ground. SVD is used to reduce clutter in landmine [32], and
in through-the-wall imaging [33]. It is also used to separate
signals from the tumor and background in [30] and [34] for
breast cancer detection.
The scal11 (xi, fl) matrix is decomposed using the SVD, such

as presented in (3), in which U is the unitary matrix of left
singular values, VH is the Hermitian of the unitary matrix
of right singular values. The variable � represents a square
diagonal matrix composed of the single values σk of scal11
ordered in descending sequence. The maximum value of k
is the rank of the matrix scal11 .

scal11 (xi, fl) = U�VH =
N∑

k=1

σkukv
H
k (3)

The decreasing sequence of the single values means that
the first elements are related with the higher levels of signal
reflection. Our setup is based on the measurement of the
reflected signal. Thus, it is necessary to separate the desired
reflections (fracture) from the undesired (skin, bone non-
uniform profile).
Because of the non-uniform geometry of the bone, reflec-

tions from its boundary and skin may change significantly
over the scanned area. The fracture scattered signal may be
overshadowed by these non-uniformities if SVD is applied
on the full scan vector at once, in [34] this method is used
to reconstruct a uniform shape. Considering non-uniform
shapes, an interesting strategy is to divide the scanned
area into smaller subregions, in which the backscattered
signal can be considered locally similar [35].

scal11 (xi, fl)

=
[
scal11 (xR1, fl) · · · scal11

(
xRq, fl

) · · · scal11

(
xRQ, fl

)]
(4)

Equation (3) is then applied to each subregion scal11 (xR, fl).
All the subregion vectors are non-overlapping and contain
the same number of antenna positions. In (4) the num-
ber of subregions is Q, each one with Na/Q elements.
To exemplify, the first subregion is composed by the sub-
set scal11 (xR1, fl) = {scal11 (x1, fl), scal11 (x2, fl), . . . scal11 (xNa/Q, fl)}.
The results presented in this paper considers Q=3, this value
was chosen based on empirical tests.
Based on experimental analysis, the most relevant unde-

sired reflections are represented by the first and/or second
singular values, depending on the scenario. In all subregions,
the same number of singular values are removed. Therefore,
the SVD filtered response is expressed by (5), where g = 2
for scenarios with skin, and g = 1 for scenarios without
skin:

ss11(xR, fl) =
N∑

k=g
σkukv

H
k (5)
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After this step, the ss11 matrix of the complete scan is
rearranged by concatenating the subregion results ss11(xR, fl).

Consider the R′ matrix, which represents the back-
scattered response from each pixel under analysis in the
xz-plane, for each of the Nf frequencies:

R′ =
⎡

⎢⎣
r′

11 · · · r′
m1

...
. . .

...

r′
1n · · · r′

mn

⎤

⎥⎦ (6)

where m = 1 · · ·Npx, n = 1 · · ·Npz represent pixel indexes
along x and z coordinates. The matrix elements are calculated
using the range migration algorithm [36]

r
′
mn(fl) = 1

Na

Na∑

i=1

ss11(xi, fl) e
j 2 k0 Di(m,n)

=
{
r

′
mn(f1), r

′
mn(f2), . . . , r

′
mn(fNf )

}
(6a)

where k0 represents the set of free-space wave-numbers cal-
culated for each of the Nf frequencies. It is free from spurious
scattering and denotes the complete set of values for all Nf
frequencies. Di(m,n) represents the total electrical distance
from each antenna position Pa(xi) to each (m, n) test pixel
in the image reconstruction xz-plane:

Di(m,n)= d0 + √
εr1d1+ √

εr2d2+ · · · √
εrqdq (6b)

where d0 is the path length between the Pa antenna position
and the entry point PBone at the first layer boundary, and d1,
d2 · · · dq are the lengths travelled in each tissue according
to Snell’s laws.
The image can be reconstructed from:

I′ =
⎡

⎢⎣
I′11 · · · I′m1
...

. . .
...

I′1n · · · I′mn

⎤

⎥⎦ (7)

where

I′mn =
∣∣∣∣∣∣

Nf∑

l=1

r
′
mn(fl)

∣∣∣∣∣∣

2

/
(
Nf

)2 (7a)

At each test pixel where a target (fracture) exists, the sums
in (6a) and (7a) add up coherently increasing its value with
Na and Nf . Otherwise, the signals add-up incoherently, and
the sum tends to zero.
Note that r′mn(fl), with dimension [Nf ], already adds

up the Na antenna contributions. In I′mn the frequencies
are also summed, considering the contributions of all
antenna positions and frequencies to the (m, n) pixel.

However, the unknown actual thickness of fat and muscle
layers, and of the curvature of the bone in real applica-
tions, may cause additional image artifacts. These occur near
the skin for shallow z-values, while the response from the
fracture extends to deep z-values. Therefore, by averaging
the response over z, it is possible to decrease the influence
of these artifacts, without affecting the fracture response.
The high resolution along cross range (the x-coordinate) is

ensured by the used synthetic aperture type of algorithm,
and by the near-field effect of the antenna. For this purpose,
we mind that the R′ matrix columns are slices in z direction
composed of the summation of all antenna contributions.
A weight factor is introduced to increase the relevance, in
amplitude, of the deeper signal.

φm(fl) =
{〈
r′mn(f1)

〉
z,

〈
r′mn(f2)

〉
z, . . .

}

= {
r′m(f1), r′m(f2), . . . , r′m(fNf )

}
(8)

where 〈·〉z represents the mean over the pixels along z.
This calculation eliminates the dimension n of the matrix.
Function φm(fl) represents the desired mean along z. We
normalize it dividing φm(fl) by its mean value in frequency:

ϕm(fl) = 1〈
r′
m(fl)

〉
f

{
r

′
m(f1), r

′
m(f2) · · ·

}
(9)

To understand better how the weight function is used, it is
useful to use (6a) and expand the sum in (7a), which gives
the magnitude of the image pixel:

I′mn =
∣∣∣ss11(x1, f1)e

j 4
π f1

c Di(m,n)

+ ss11(x2, f1)e
j 4

π f1
c Di(m,n) + · · ·

+ ss11
(
xNa , fNf

)
ej 4

π f Nf
c Di(m,n)

∣∣∣∣
2

/
(
NaNf

)2 (10)

With the proposed method, the image is reconstructed
instead by using an alternative modified version of (10) for
each pixel, obtained through the following dot product:

Imn =
∣∣∣r

′
mn(fl) . ϕm(fl)

∣∣∣
2
/N2

f (11)

The dot product in (11) reproduces the sum in (10) but
becomes a weighted sum. We call this proposed method the
“weighting procedure”. The total image is obtained from the
modified matrix:

I =
⎡

⎢⎣
I11 · · · Im1
...

. . .
...

I1n · · · Imn

⎤

⎥⎦ (12)

We use two performance indicators to quantify the qual-
ity of the image reconstruction algorithm: signal-to-clutter
ratio (SCR) and signal-to-mean ratio (SMR) [28], [29]. SCR
is defined as the ratio between the maximum intensity cor-
responding to response in the fracture region, S, and the
maximum intensity of the background clutter response, C,
within the scanned region.

SCR [dB] = 10log10(max(S)/max(C)) (13)

SMR is defined as the ratio between the maximum inten-
sity corresponding to response in the fracture region, S,
and the mean intensity of the background medium clutter
response, C, in the scanned region.

SMR [dB] = 10log10(max(S)/mean(C)) (14)
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FIGURE 5. Vivaldi Antenna designed for this application, (a) front; (b) back.

It is important to emphasize that in a realistic clinical
scenario, it is not possible to know in advance the exact
geometry of the bone, the skin thickness, or the position of
the fracture. For that reason, the presented formulation does
not require, nor use that information. Knowledge of the bone
fracture location is used only for metric calculations. The
reconstruction procedure being otherwise obtained without
using this information.Kesia C. Santos: Feasibility of Bone
Fracture Detection using Microwave Imaging

IV. THE ANTENNA
The detection of small targets requires high-resolution
images, which are obtained with the smallest possible wave-
length and widest possible signal bandwidth. However, there
is a tradeoff between achievable resolution and penetration
depth in biological tissues. The latter decreases with increas-
ing frequency. In this application, the tibia is a subcutaneous
bone, which favors the use of higher frequencies than is usual
in MWI.
Antennas in medical applications usually operate in

the near field. It is desirable to use an antenna with
small dimensions, wide bandwidth, and directional radiation
pattern [37], [38]. These characteristics are not necessarily
mutually compatible. This work uses a Vivaldi antenna as
a compromise, operating in the frequency bandwidth 8.3-
11.1 GHz. It is fabricated with ROGERS 5880 substrate,
with εr = 2.2 and tanδ = 0.0009. It has an overall dimen-
sion L × W = 28.01 x 29.1 mm, Fig. 5. Slots were added to
reduce the side lobe level, and to improve the radiation char-
acteristics in the front-direction of the antenna. The feeding
microstrip line was bent at 90 degrees to minimize unwanted
reflections from the feeding cable [12].
The antenna design and all full-wave simulations in this

study were performed in CST Microwave Studio�. The
reflection coefficient (s11) measured in free space is less
than −10 dB over the frequency range of interest Fig. 6(b).
The figure shows a frequency shift between measured and
simulated curves, due to fabrication inaccuracies, however,
we stress that this shift does not affect the detection results:
in fact, our calibration process and SVD filtering removes
mostly all antenna response within the frequency band of
interest, which is preserved in the fabricated prototype. This
will be confirmed ahead by the simple fact that the signal
scattered by the fracture is clearly detected, despite its level

FIGURE 6. (a) Vivaldi antenna prototype and (b) Simulated and measured reflection
coefficient of the antenna in free-space.

FIGURE 7. Simulation E-field distributions from Vivaldi antenna at 9 GHz on the
xz-plane, the distance between the antenna and the bone is 6 mm, and the fracture is
filled with blood. a) Bone (Tibia) and b) Bone (Tibia plus fibula).

being near 2 orders of magnitude lower than the antenna free
space s11.

It is very important to observe the near-field distribu-
tion of the antenna in the presence of the target (fracture
filled with blood), to see how it penetrates the bone. This
is shown in Fig. 7(a) for a tibia with a 1-mm thick fracture
and Fig. 7(b) for the same fractured tibia in the presence
of the fibula. In all cases, the fields penetrate the tibia well.
It is also seen that the presence of the fibula does not sig-
nificantly change the field distribution in the tibia region.
In a real case, the fibula is deep seated inside the muscle;
therefore, its actual influence will be even weaker.
By comparing the healthy bone with the fractured one,

it is possible to quantify the amount of energy that pene-
trates the fracture. One possible way to quantify that, it is
to calculate the Euclidian norm of the difference between
the electric field in the fractured and healthy bones. The
result is divided by the Euclidian norm of the electric
field intensity of the healthy case. This normalized response
(||Ehealth − −Efracture||/||Ehealth||) presented in Fig. 8. In
Fig. 8(a) the healthy reference corresponds to the tibia only,
while in Fig. 8(b) the reference is the tibia plus fibula. The
result is shown in dB scale since it represents a relative value.
It is possible to observe that the field penetration in the frac-
ture is intense, and that its value is the same independently
of considering the fibula or not.
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FIGURE 8. E-field penetration relative to the health bone scenario. a) Bone (Tibia)
and b) Bone (Tibia plus fibula).

FIGURE 9. CST model representing an idealized tibia plus fibula. The distance
between the antenna and bone is fixed at 6 mm.

V. FRACTURE DETECTION AND IMAGING
PERFORMANCE
To validate the proposed strategy for fracture detection, the
signals corresponding to the forward problem are obtained
both from full wave simulations and from measurements.
Different phantoms of the tibia with 1-mm thickness fracture
are used, with increasing complexity, starting from mostly
straight cylindrical phantoms to anatomical shape, with and
without wrapping tissues, with or without the fibula, as
well as biological bones with and without skin. The inverse
problem, both for numerical and experimental data, is solved
according to the formulation presented in Section III.

A. SIMULATION RESULTS
The general geometry of the reference scenario is presented
in Fig. 9. The main bone is represented by a uniform 80 mm
long cylindrical phantom with 19 mm diameter, terminated
by enlarged sections. The adjacent bone is a uniform 100 mm
cylinder with 7.6 mm diameter, and the distance between
the cylinders’ borders is 7.6 mm. We used mid-section tib-
ial/fibular diameter ratio based on [39] and distance between
their borders based on [14]. For both structures, we used
cortical bone dielectric properties. A 1-mm thick, and 13-
mm deep half-disc filled with blood phantom represents the
fracture.
Following the nomenclature presented in Fig. 4, the

antenna scans the tube for Na = 45 equally spaced positions

TABLE 3. Average permittivity used for the biological tissues.

FIGURE 10. Reconstructed image of cylindrical phantom representing the fractured
tibia (zBone = 6 mm), and fracture located at 22 mm ≤ xBone ≤ 23 mm filled with
blood (1 mm), in a planar section. The black dotted contour identifies the fracture
region. The antenna scans at 0 mm ≤ xi ≤ 44 mm, z = 0.

between Pa(x1 = 0 mm, 0, 0) and Pa(x44 = 44 mm, 0, 0)

at z = 0. The fracture is located at 22 mm ≤ xBone ≤ 23
mm. The distance from the tip of the antenna to the bone
is fixed at zBone= 6 mm. A range 6 mm ≤ zBone ≤ 10
offers a compromise between near-field resolution to escape
the diffraction limit, and the perturbation caused by close
interaction between the antenna and the tissue boundary. It
is important to highlight, however, that for image recon-
struction, the reference distance is the location of the
antenna equivalent near-field phase center [30]. In each
antenna position, the complex s11(xi, fl) is obtained by full-
wave simulation over Nf = 1001 frequency points. The used
the materials characteristics are shown in Table 3.
We show separately the reconstructed image of the

tibia fracture without and with the influence of the fibula.
The case without fibula is shown in Fig. 10. The energy map
of the bone fracture in the xz-plane is calculated from (11).
The scale is linear, normalized to the maximum intensity. The
fracture is detected, and it is in the correct position marked
with the dotted black lines. In this case SCR = 3.4 dB and
SMR = 18.5 dB.
The result considering the influence of the fibula is shown

in Fig. 11. Corresponding metrics are SCR = 3.8 dB and
SMR = 18.28 dB, very close to the previous case. The
reconstructed images are undistinguishable. This is in line
with the almost unaffected near-field distribution discussed
in the previous section, therefore, we will onwards disre-
gard the fibula.Kesia C. Santos: Feasibility of Bone Fracture
Detection using Microwave Imaging

B. EXPERIMENTAL RESULTS
Fig. 12 shows one of the measurement setups used in our
lab. It consists of a Styrofoam platform that holds the
phantom or biological bones. This platform attaches to an
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FIGURE 11. Reconstructed image of fractured tibia in the presence of the fibula
(zBone = 6 mm), the fracture located at 22 mm ≤ xBone ≤ 23 mm filled with blood
(1 mm), in a planar section. The antenna scans at 0 mm ≤ xi ≤ 44 mm, z = 0. The
black dotted contour identifies the fracture region.

FIGURE 12. Details of the configuration of one of the microwave imaging systems.

automated linear translation stage, while the antenna is kept
at a fixed position. This scanning configuration avoids the
RF cable bending that might introduce undesirable phase
and amplitude fluctuations. In a second setup, the phantom
or bone lay stationary while the antenna scans its length.
This configuration is closer to what is required in a prac-
tical application. In both setups, the system allows precise
setting of the z-distance between the antennas and the bone
phantom. An in-house automation code controls the linear
stage movement and synchronous acquisition s11(xi, fl) using
an Agilent E5071C Vector Network Analyzer (VNA).

1) TESTS WITH PHANTOMS

The model phantom is composed of a 3D-printed poly-
lactic acid (PLA) cylinder, with 20-mm diameter, 154-mm
length and permittivity εr = 2.75. The outer wall thick-
ness is 1.25-mm. The hollow cylinder is divided in two
parts by a 1-mm thick disk-shaped cross-section cavity, with
0.75 mm thick walls. The dimensions and model details
are shown in Fig. 13. Although a more elaborate anthropo-
morphic phantom could be easily built, these simpler ones

FIGURE 13. Details of the 3D-PLA tube in mm.

FIGURE 14. (a) Fabricated bone phantom. (b) Bone phantom wrapped by an animal
skin with thickness about of 2 mm and extension of 160 mm. The fracture is located
about 46.5 mm ≤ x_Bone ≤ 47.5 mm.

enable preliminary conclusions about fracture detection fea-
sibility without confounding factors arising from specific
geometries. Anyway, results obtained from ex-vivo biologic
bones shown ahead are similar to the ones obtained with
these phantoms, proving these models to be enough for that
matter.
The complex-valued s11(xi, fl) was measured at equally

spaced positions along the x-axis, z = 0, y = 0 over
Nf= 1001 frequency points in the 8.3-11.1 GHz range. The
scan comprised Na = 91 points in the 0 mm ≤ xi ≤ 90 mm
interval, with zi = 0, yi = 0.
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FIGURE 15. Reconstructed image on linear scale of cortical bone phantom,
obtained from measurements, in a planar section. (a) simple phantom and
(b) complete phantom wrapped with animal skin, the fracture is filled with blood
(1 mm), in this case g = 2. The white contour identifies the bone limit. The black dotted
contour identifies the fracture region. The red line identifies the skin limit. The
antenna scan at 0 mm ≤ x i ≤ 90 mm and z = 0 The fracture is located about
46.5 mm ≤ xBone ≤ 47.5 mm.

The phantom tube was filled with the fabricated mix-
tures that mimic cortical bone, while the cross-section disk
was filled with a blood mimicking liquid (Fig. 14(a)).
Fig. 14(b) shows the same fabricated bone phantom wrapped
with ex-vivo animal skin (porcine skin) [14], with thickness
of the order of 2 mm. The tip of the antenna was positioned
zBone = 6 mm away from the phantom tube surface at its
mid length. The reconstruction results for the phantom in
the absence and in the presence of the animal skin layer are
respectively shown in Fig. 15(a) and Fig. 15(b).
A positive fracture detection was found in both cases with

and without skin. Although there is a good detection of
the fracture, the image shows some artifacts that were not
present in the bare phantom. They can only be attributed to
skin imperfections or to air trapped between the skin and
the phantom surface.
The metrics are SCR = 7.29 dB and SMR = 18.23 dB for

the bare phantom, and SCR = 5.06 dB and SMR = 13.11 dB
for the phantom covered with ex-vivo animal skin. These
results confirm a quite good image quality and fracture
detection.

2) TESTS WITH EX-VIVO BONES AND SKIN

A more realistic evaluation was performed using an animal
tibia with 16-mm minimum diameter, and 80-mm length.
A transverse cut was opened in the mid region of the bone,
about 1-mm thick and 8-mm deep. In one of the tests,

FIGURE 16. Representation of the measurement setup: (a) Animal bone. (b) Animal
bone wrapped with an animal skin with thickness about of 2 mm and extension of
80 mm. The fracture is located about 24.5 mm ≤ xBone ≤ 25.5 mm.

FIGURE 17. Reconstructed image on linear scale of ex-vivo animal bone obtained
from measurements in a planar section. The fracture is about 1 mm. The white contour
identifies the bone limit. The antenna scan at 0 mm ≤ xi ≤ 50 mm and, z = 0, in this
case g =1.

the bone was wrapped with 2-mm thick porcine skin. Both
tissues were kept refrigerated and hydrated until the measure-
ment (Fig. 16). To increase the skin adhesion, we ensured
that it was fresh skin at ambient temperature (around 25 ◦C),
because at this temperature the viscosity and flexibility of
the skin helps filling any air gap.
The tibia, with and without skin, was properly aligned with

the scanning x-axis. The tip of the antenna was positioned
at zBone = 6 mm away from the bone at its mid length.
The scan comprised Na = 51 points in the 0 mm ≤ xi ≤
50 mm interval, with zi = 0, yi = 0. The result is shown in
(Fig. 17). The fracture is well identified, as well as its right
location despite the bone curved boundary, which changes
the distance between the antenna and the bone. The metrics
are SCR = 6.11 dB and SMR = 16.7 dB.

To highlight the achieved improvement with our proposed
weighting strategy, we show the reconstructed image with-
out and with the weighting procedure applied. The former
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TABLE 4. Comparison of the state of the art on bone microwave imaging with our work.

FIGURE 18. Reconstructed image on linear scale of ex-vivo animal bone wrapped
with animal skin with thickness about of 2 mm, obtained from measurements, in
a planar section (a) weighting procedure is not applied and (b) weighting procedure is
applied. The fracture is about 1 mm thick. The white line identifies the bone limit. The
red line identifies the skin limit. The antenna scan at 0 mm ≤ xi ≤ 50 mm and, z = 0,
with g = 2.

corresponds to Fig. 18(a), with metrics SCR = 2.1 dB and
SMR = 10.24 dB. The latter corresponds to Fig. 18(b), with
metrics SCR = 3.48 dB and SMR = 11.5 dB. The weighting
procedure mitigates the effect of boundary irregularities.
The presence of artifacts in the image can be attributed

to animal skin imperfections and non-uniformities, which

are expected in natural animal skin. However, it is impor-
tant to highlight that the fracture response is dominant. This
scenario is a good approximation of a practical case, and
therefore shows the relevance of the proposed MWI sys-
temKesia C. Santos: Feasibility of Bone Fracture Detection
using Microwave Imaging
It is worth recalling that the image inversion algorithm

assumes uniform permittivity inside the bone. Also note that
the actual permittivity of the animal bone may differ from the
values used in the inversion algorithm. Despite these facts,
the fracture detection and location in the case of a biological
bone with skin were good, showing good robustness of the
method to uncertainties that are expected in a real appli-
cation. Experimental tests were performed also with bovine
tibia bones (not shown), with equally positive results. The
presented results show the relevance of the proposed MWI
system.

VI. CONCLUSION
This study presented a method for detection and localization
of transverse fractures in superficial bones using microwave
imaging with a very simple setup that does not require
immersion liquids and involves a single linear scanning
antenna. The absence of the contact liquid poses new chal-
lenges, regarding skin artifact removal, which are tackled
with proposed dedicated algorithms. The proposed algo-
rithms also tackle non-uniformities of the bone and skin.
The process was successfully tested by simulations and
experiments on bone phantoms, and ex-vivo animal bone
and skin.
The results showed that it is possible to detect and locate

fractures as thin as 1 mm, even in the presence of non-
uniformities of the bone boundary and its extra layers inside.
The fracture detection and localization are not compromised
by possible differences between the dielectric properties
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assumed in the inversion algorithm and the actual ones of
the phantom or the animal bone.
The proposed configuration is compatible with direct

translation into a practical device for use in clinical applica-
tions. The results encourage the development of a portable
setup for use with even more complete biological limb
samples.

APPENDIX
See Table 4.
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