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Abstract

Imaging of the bone is an important clinical tool in
detecting fractures, determining loss of bone density and in
improving movement and gait analysis, with visualisation
predominantly performed wusing ionising imaging.
Microwave imaging, an alternative non-ionising imaging
modality, has shown promising results in analysing bone
density variation and in determining the presence of tears
in joint tissues. In this study, we aimed to detect the
location of the bone in the leg using radar-based microwave
imaging. Confocal imaging algorithms were applied to
scattering data acquired from simulated wearable antennas
on a male human model without the use of a coupling
liquid. We successfully detected both thigh and shin bones,
with a localisation error of 2.5 cm, 0.91 cm and 1.34 cm for
the femur, tibia and fibula centres respectively. Notably,
these errors are in line with tumour detection errors. Our
methodology and results illustrate a safe, easy-to-
implement and simple pipeline using off-the-shelf antennas
and algorithms to determine bone position using wearable
sensors. We believe this technique has wide ranging
applications, particularly in improving the accuracy of
clinical movement analysis systems.

1 Introduction

Visualising the interior of the human body is an important
aspect of many clinical studies. Imaging of both healthy
and abnormal tissues is used to gain a deeper understanding
of the human anatomy and the physiology of pathologies
[1]. Applications of imaging include the detection of bone
fractures, tumours, strokes, and the visualisation of bone
angles during movement [2], [3]. Clinical skin-mounted
marker based motion capture systems use the bone’s exact
position and orientation during movement to reduce soft
tissue artefacts, a critical source of marker error caused by
the movement of underlying soft tissues [2], [4]. Soft tissue
artefacts can result in marker position errors up to 4 cm,
affecting the clinical usability of the systems [5].
Fluoroscopy, an ionising modality of imaging, is frequently
used to visualise the bones during movement. These
images are subsequently used to determine the magnitude
of soft tissue artefacts or project skin-markers onto the
bone: one potential method to reduce soft tissue
artefacts[6], [7]. However, the use of fluoroscopy is
hindered by its high cost, complexity of the system and its
ionising nature [2], [3].

Microwave imaging is a low cost, non-ionising imaging
modality alternative, whose application in detecting breast
tumours, identifying strokes and in analysing variation in
bone density has been previously researched [8]-[10].
Microwave imaging of the human body can be grouped
into two categories: tomography imaging, which provides
a map of the distribution of various tissues with their
electrical properties, and radar-based imaging, which
provides the location of a strong scatterer based on
dielectric contrast between the object of interest and
surrounding tissues [1]. Bone imaging is primarily
performed using tomography methods, where differences
in dielectric properties between healthy and pathological
bones, or between healthy and torn joint tissues, are
visualised [11]. Radar-based methods, on the other hand,
are typically applied in tumour detection, where the
dielectric contrast between the tumour and surrounding
tissues is exploited [10]. To our knowledge, only one study
has evaluated radar-based methods for bone detection [12].
Specifically, the authors in question acquired scattering
parameters from antennas immersed in a coupling liquid,
and determined the bone position of a multi-layered
phantom using a noncoherent imaging algorithm [12].

In this study we aim to evaluate the efficacy of a simple,
easy-to-implement pipeline to determine the accurate
location of the bones relative to the superficial tissue using
microwave imaging through:
1) The use of wearable antennas without the need of
coupling liquid
2) Applying a confocal imaging algorithm to
determine the location of the bone
3) Applying the imaging algorithm without the need
for a reference scan or empty scan subtraction
To the best of our knowledge, this is the first study
evaluating the use of microwave imaging to calculate bone
location using wearable antennas. We believe this pipeline
has the potential to be integrated with clinical movement
analysis systems to reduce soft tissue artefacts.

2 Methods

2.1 Simulation

In order to evaluate the feasibility of determining bone
position from microwave imaging using wearable
antennas, five broadband antennas [13] tuned at f=0.9 GHz
were modelled in Sim4Life [14]. The resonant wave half-
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dipole antenna, D900V 2, has an overall length of 147.5 mm
and was chosen due to its simple design and prior
application with body-mimicking liquids [13]. The five
antennas were placed around the thigh and shin of a virtual
population model, Duke (Figure 1). Scattering parameters
were calculated and recorded through a multiport
simulation, implemented using the finite-difference time-
domain solver in Sim4Life, with a Gaussian pulse centred
at 0.9 GHz and bandwidth of 1 GHz provided as input to
each antenna. All tissues in the Duke model (skin, muscle,
fat and bone) were assigned dielectric properties based on
the IT’IS database provided by Sim4Life [14]. Antenna
locations, bone locations, and the distance between the
antennas and the bone were calculated in Sim4Life.

a) b)

Figure 1. a) Half-wave dipole antennas placed around the
thigh of the virtual population model, Duke. b) Half-wave
dipole antennas placed around the shin of the virtual
population model, Duke.

2.2 Microwave imaging

Confocal imaging algorithms implemented in the
Microwave Radar-based Imaging Toolbox (MERIT) [15]
were applied to the scattering data. In particular the delay-
multiply-and-sum algorithm (DMAS) [16] and modified
delay-and-sum (MDAS) [17] were applied to the
transmission scattering parameters, with a 2d transversal
slice at the antenna locations computed as the imaging
domain. The bones were identified as pixels, with the
maximum intensity value in the reconstructed image
indicating a region of high scattering due to dielectric
contrast between bone and muscle. Localisation error (LE),
defined as the euclidean distance between the centroid of
the bone in the reconstructed image and centroid of the
bone position estimated using Sim4life, was calculated for
each image. Confocal imaging algorithms were
additionally applied to two breast-tumour detection
datasets provided in the toolbox, to validate the accuracy
of the algorithms [15].

3 Results

The femur, fibula and tibia were successfully detected
(Figures 2 and 3). Centroid of the femur in the
reconstructed image was located at (11.62 cm, 0.82 cm)
with the centroids of fibula and tibia detected at (7.29 cm,
-0.17 cm) and (9.29 cm, 1.57 cm), respectively.

Localisation error for the femur, tibia, fibula and two
breast-tumour datasets are shown in Table 1.
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Figure 2. Reconstructed image showing the femur located
at (11.62 cm, 0.82 cm). Imaged femur is identified as pixels
with high intensity values. The black circles indicate the
surface of the femur as calculated in Sim4Life. Red circles
show the centres of the dipole antennas.
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Figure 3. Reconstructed image of the tibia and fibula
located at (9.29 cm, 1.57 cm) and (7.29 cm, -0.17 cm),
respectively. The imaged tibia and fibula are identified as
pixels with high intensity values. The black and white
circles indicate the surface of the tibia and fibula
respectively, as calculated by Sim4Life. The red circles
show the centres of the dipole antennas.

Table 1. Localisation error for femur, tibia, fibula and the
two breast-tumour datasets.
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Data Location in Actual Error
image (cm) location (cm) | (cm)

Femur (11.6, 0.8) 9.1, 1.1) 25

Tibia (9.3, 1.6) (10.2,1.5) 0.9

Fibula (7.3,-0.2) (8.4,-0.9) 1.3

Breast 1- (0.5,0.2) (1.5,0.0) 1.0

BO_P3 [15]

Breast2- | (0.5,0.2) (1.5,0.0) 1.0

BO_P5 [15]

4 Discussion and Conclusion

Mapping the accurate position and orientation of the bone
during movement and gait analysis is crucial for clinical
diagnosis of pathologies and rehabilitation. Data acquired
from clinical skin-mounted marker based systems are
affected by soft tissue artefacts, with errors up to 4cm,
which may invalidate their clinical useability [4], [5]. To
reduce these artefacts, complementary methods of
determining bone position using ionising imaging have
been increasingly implemented [2], [3]. Despite the
accuracy of these methods, the subjects were exposed to
ionisation equivalent to four years of natural background
radiation [2].

In this study we have illustrated a novel, non-ionising
method of determining bone position. Our results indicate
that bone position can be successfully determined using
wearable antennas and microwave imaging. The femur,
tibia and fibula were located with errors of 2.5, 0.9 and 1.3
cm respectively. The variation in errors may be caused due
to the distance of the bone from the skin, with the femur
having the maximum error and located furthest away from
the skin, with the inverse true for the tibia. Furthermore,
our results indicate that radar-based imaging is feasible,
even without the use of a coupling liquid. Microwave
imaging predominantly uses antennas immersed in a
coupling liquid with dielectric properties similar to the
object being imaged to reduce the scattering at the air-skin
interface. Whilst the use of coupling liquid may reduce
localisation error, imaging setups with coupling liquids are
less viable in dynamic applications such as movement
analysis.

We achieved a low localisation error, less than or similar to
results obtained in breast tumour detection[18], however
the error could be reduced by changing the imaging
algorithm and altering the antenna design. Whilst the
confocal imaging algorithms we used in this study, DMAS
and MDAS (versions of the classic delay-and-sum
beamformer), have been applied extensively in the
detection of breast-tumours — due to their superior clutter
suppression compared to other confocal imaging

algorithms — they still suffer from false positives and
relatively low signal-to-mean ratio [10], [16], [19].
Confocal imaging algorithms are also negatively affected
by the frequency dispersion of tissues and the influence of
tissues at close proximity to the antennas, which affects
their frequency response. These are further exacerbated
when imaging the bone due to the heterogeneity of the
background tissues [20]. The application of imaging
algorithms, such as interferometric multiple signal
classification, wideband multiple signal classification and
noncoherent migration may improve the accuracy of bone
detection. Care must be taken when applying imaging
techniques, as they were primarily designed to detect point
scatterers, which is the case in breast-tumour detection.

The design of antennas strongly influences the accuracy of
bone detection. Whilst the resonant wave half-dipole
antenna used in this study has provided sufficient
penetration for bone detection, the penetration and
coupling of power into the body could be improved through
antenna  design.  Antenna  designs  incorporating
metamaterials [9], a coupling-structure [21] or novel-
power split devices [8] have been proposed, which could
provide both enhanced penetration and form-factor for
wearable applications.

Through this study we have demonstrated a safe, simple,
and easy-to-implement pipeline for determining bone
location relative to the skin using wearable sensors. Whilst
the localisation error can be further improved using novel
imaging techniques and enhanced antenna design, our
results indicate the feasibility of bone detection using off-
the-shelf antennas and imaging algorithms. We believe this
technique, with compact and lightweight wearable
antennas, has the potential to improve the precision of
clinical movement analysis without the need for ionising
bone imaging. The antennas would enable a non-ionising
method of determining bone position with the absolute
position of antennas provided by marker based systems.
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