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ABSTRACT

In this paper the dielectric properties of an implanted
bioresorbable scaffold that is being used for the acceleration of
the healing process of a fractured bone have been investigated.
An implanted antenna system is presented for the monitoring of
the resorption rate of the scaffold, which gives an indication on
the healing process of the bone fracture. A simulation model of a
three layer body phantom was used for the evaluation of the S,
response of the system as the introduced fracture gradually
healed, turning from blood to bone marrow and bone cortical in
five steps.
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1. INTRODUCTION

Fracture healing in bones is a complex biological process that
requires constant monitoring from doctors for the first 4 weeks.
Healing depends, amongst others, on the number of discrete
fractures, the type of bone and the patient’s age and gender.
Fracture healing is not a standard process and it is based on
predetermined time points often varying from 4 to 40 weeks
passing through two different phases [1]: (i) The soft callus
phase, where the stem cells in the fracture change into
chondrocytes, forming cartilages to bridge the gap into the
fracture, and (ii) the hard callus phase where endochondral
ossification occurs and the cartilages are being replaced by bone
[2]-[4]. Some researchers propose a slightly different
perspective regarding bone growth, grouping the healing process
into (i) an anabolic phase, where the cartilage is formed, and (ii)
a catabolic phase where the cartilage is replaced by bone [5].
Each of these phases present complex biological and chemical
processes. Work in the area of tissue engineering has yielded
polymeric biomaterials that can act as temporary substitutes for
bone, skin, arteries, etc [6][7]. These 3-dimensonal scaffolds
play a crucial role as substrates for the cells to attach, proliferate
and form a matrix which can derive to healed regenerated tissue.
Any monitoring that could help decrease complications during
the early stages of healing is generally desired so clinicians can
provide support via intervention. For the assistance in the
monitoring of the soft and hard calli phases, an implanted
antenna system on the 3-dimentsional scaffold has been
proposed.

Implanted antennas inside the human body often pose many
obstacles for designers. Such obstacles occur due to the lossy
nature of the medium that greatly decreases the efficiency of the
radiator [8]-[10]. For proper transmission, it is favorable to use
lower frequencies that penetrate the tissue easily but lead to
bigger antenna designs. Yet, these kinds of geometries are
difficult to embed due to the limited space inside the human
body. In the recent years many authors have addressed this
obstacle and numerous trade - offs between frequency of
operation and antenna.

2. PERMITTIVITY AND LOSS TANGENT

MEASUREMENTS OF THESCAFFOLD
Preparation of the scaffold: 0.8g of PCL 15%w/w solution, from
Fluka, and 0.2g of 10%w/w PLLA, from Scientific Polymer
Products, were mixed in 4ml chloroform and vigorously
vortexed with 4g of NaCl grains. The mixture was poured in a
silicon mould and placed in an oven at 40 °C for 4 days. The
scaffolds were then washed with copious amounts of deionized
water and left to dry in the oven at 40 °C for 4 days. The
resultant product was a fine strip of white and flexible polymer
(figure 1a).

In order to measure the permittivity and loss tangent of the
scaffold, a microwave frequency Q meter attached to a Split
Post Dielectric Resonator (SPDR) was used operating at 2.4
GHz (Fig.1a). The thickness of the biopolymer strips was
1.6mm, the relative permittivity was measured at 1.367, the loss
tangent at 0.0256 and the conductivity at 0.004 S/m.

@ (b)
Figure 1: (a) The PCL/PLLA scaffold strips, (b) The Q —
meter and the SPDR

3. THE PROPOSED ANTENNA SYSTEM

The antenna system consisted of two monopoles with individual
metal ground planes, identified as Monopole A and B. The
length of each monopole was 65cm and the radius 1mm, the
dimensions of each ground plane were 4.9 x 6 cm and were
separated by a 0.2cm gap. The distance between the monopoles
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was set at 2cm (Fig. 2). A biocompatible coating encased the
monopoles in order to insulate them from each layer of the body
phantom. The material used was PEEK having a relative
permittivity of 3.2 and a tand of 0.01 at 2.4 GHz [21].

Figure 2: The antenna system

For the simulation of the fractured bone, a phantom consisting
of three layers (marrow, cortical and muscle) was used (Fig.3a).
Each cylinder had 15cm length. The inner cylinder representing
bone marrow had a radius of 1.2cm, the middle representing
bone cortical had 1.5cm radius and the outer cylinder
representing muscle had 10cm radius. Table 1 shows the
dielectric properties of bone marrow, bone cortical and muscle
at 2.4GHz that were appointed to the cylinders. A fracture was
introduced in the middle of the phantom that consisted of two
concentric cylinders of 2mm thickness each. The first cylinder
had the radius of bone marrow (1.2cm) and the second the radius
of bone cortical (1.5cm). In order to simulate the condition of
the fracture five different states were considered that
corresponded to the healing process of the fracture from blood to
bone. At the initial state, the scaffold was considered to occupy
the area of the cylinder that represents bone cortical by 50%,
along with blood. The relative permittivity and conductivity of
the scaffold were added to the relative permittivity and
conductivity of blood and the resulting values were divided by
2. The inner cylinder was assigned with the properties of blood.
Both cylinders changed with a 25% step towards the properties
of bone marrow and bone cortical until the bone was considered
fully healed and the scaffold completely degraded (Table 2). The
two monopoles of the proposed system were placed on either
side of the fracture (Fig.3b) in order to investigate the properties
of the propagation from monopole A to monopole B.
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Figure 3: The three layer phantom: (a) front view (b) side view

Table 1: The dielectric properties used for the three layered bone
phantom [22]

Relative Conductivity
Permittivity o, (S/m)
Sr
Muscle 52.79 1.7
Bone Marrow 5.30 0.09
Bone Cortical 1141 0.38
Blood 58.3 25

Table 2: The dielectric properties of the fracture during the
healing progress [22]

Bone Marrow Bone Cortical
Bone Relative Cond. Relative Cond.
Damage Perm. s, (S/m) Perm. s, (S/m)
& &
100% 58.3 2.5 29.83 1.25
75% 50.35 1.98 25.22 1.03
50% 31.8 1.29 20.62 0.81
25% 18.55 0.69 16.01 0.59
0% 5.3 0.09 11.41 0.38

It is envisaged that two metallic pins representing the bone-
embedded part of the monopoles will be inserted into the bone
during the initial medical procedure where the scaffold is
inserted. The bottom section of the dipole will then be formed
by inserting two insulated needles through the skin to make
direct contact with the embedded pins. The needles will then be
connected externally to the feeding co-axial cable and ground
plane. In this way, the microwave signal can be applied to the
two monopoles as and when a measurement is needed.

4. SIMULATION RESULTS

In order to simulate the proposed structure, the EMPIRE XPU
electromagnetic solver was used. Table 2 describes the change
of the dielectric properties of the fracture in five steps. Figure 5
shows that as the fracture changes properties from blood and
scaffold to bone, the S,;magnitude at 1.26 GHz from step 1 to
step 2 improves by 0.85dB, from step 2 to step 3 by 1.1dB and
more than 1dB for each of the next steps, see Table 3. This trend
shows that it is possible to monitor the changes inside the
broken bone when the biodegradable scaffold is applied to the
fracture.
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Figure 4: The S, of the monopoles with the dielectric properties
of the fracture changing from blood to bone in five steps

Table 3: The S,;response at 1.25GHz for each step of the bone
fracture

Sa1

100% Bone Damage) -38.3
75% Bone Damage) -375
50% Bone Damage) -36.4
25% Bone Damage) -35.3
0% Bone Damage) -335

5. CONCLUSION

The dielectric properties of a biodegradable scaffold used for the
acceleration of the healing process of fractured bones have been
presented. These properties were used for the simulation of a
three layered bone phantom where an implanted antenna system
was used in order to measure the healing process of the fracture
in terms of S,; magnitude. The results showed that as the
fracture where the bioresorbable scaffold was implanted changed
to bone, the S,; response between the monopoles improved.
Future work includes further investigation of the proposed
structure in an anatomical model. Since the purpose of the
antenna system is to monitor bone healing, it is also important to
establish the propagation characteristics through the scaffold
when there is a complication with the healing process. In terms
of the scaffold, its dielectric properties as it degrades will need
further investigation in a laboratory setting.
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