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Abstract—In-body medical devices can play an important role
in clinical monitoring and diagnosis of diseases. Wireless devices
implanted within a patient have to be physically small, and must
overcome the challenges of having a little or no onboard electrical
power and the highly attenuating electromagnetic propagation en-
vironment which is the human body. In this paper, we investigate
the use of biodegradable implant to monitor the healing of soft-
tissue trauma and to allow early stage diagnosis of infection. The
implantable tag is designed to degrade in a predetermined and con-
trolled method, the stage of which can be measured from outside
the body without the need for further surgical intervention. The
speed of degradation of the tag depends on the temperature and
acidity of the subcutaneous tissue in which the tag is implanted.
We show that as the electrical length of the tag pattern increases
due to degradation, the resonant frequency changes significantly,
and this change in resonant frequency can be detected from outside
the patient. Results are presented showing the tag’s performance
at normal and oblique incidence, and techniques for miniaturizing
and enhancing the tag’s response sensitivity are given. As the en-
tire tag is biodegradable, there is no need for further postoperative
surgery to remove it from the patient at the end of its useful life.

Index Terms—Biodegradable, implant, in-body devices, radio
frequency identification (RFID).

I. INTRODUCTION

O achieve high-quality standards within the healthcare sec-
T tor, improved and robust health monitoring systems have
become a necessity. Such systems can help to reduce the num-
ber of specialist medical consultations and hospital admissions.
Additionally, they can make the process of establishing medical
diagnoses less error prone [1], [2]. Implantable medical devices
are being used frequently in diagnosis and treatment of a variety
of medical conditions [3]. They can also be used to monitor
physiological parameters, such as heart rate, blood pressure and
body temperature [2], or glucose levels in blood [4]. Commu-
nication often occurs with an external reader is wireless in the
frequency band 402 to 405 MHz (medical implant communica-
tion service) [5].
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Fig. 1. Illustration of a patient with implanted tag (tag is not shown to scale).

Radio frequency identification (RFID) technology has gained
a considerable importance in recent years. Its use is no longer
restricted to tracking and positioning of patients but it has been
used as a monitoring device for different processes inside the
human body [6]. RFID tags can be embedded in other implanted
devices, sutures, and prostheses to collect data or track chemi-
cal or physical changes in the surrounding environment [7], [8].
It has been suggested that RFID could also be used to mon-
itor healing processes in soft-tissue injuries and to signal any
abnormalities [9].

This paper presents an investigation into the design of a
biodegradable passive RFID tag which is suitable for monitor-
ing the healing process within the patients who have sustained
soft-tissue trauma. The proposed implant eliminates the need for
implanting electronic components. It is envisaged that this pas-
sive device would be subcutaneously implanted near the wound
site during the final stages of surgery as illustrated in Fig. 1. As
the soft tissue around the wound site repairs itself, the implanted
device will biodegrade and be safely absorbed into the body.
This degradation of the device will result in a change to its radio
frequency (RF) signature, which can be monitored from outside
the patient. Suitable designs will result in a methodology,
whereby the rate of tissue repair can be remotely assessed.
Currently, complications caused by infection are only detected
when the patient becomes acutely unwell, with localized
swelling and redness, or with fever. Severe infections may lead
to the wound weeping pus. Assessment of the patient using the
proposed passive RFID implant can lead to early diagnosis of in-
fection or postoperative complications, reduce the over reliance
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on excessive prescription of antibiotics, and help mitigate un-
necessary additional surgery, which in itself can lead to further
risk of infection and complications. The implanted RFID tag
can be monitored from outside the patient using a measurement
device similar to the hand held “wand” metal detectors used by
airport security. Alternatively, the implant can be continuously
monitored using a compact body worn antenna system.

Section II provides an overview of the background theory
and the motivation behind this study, outlining why develop-
ment of such a device is important. Section III briefly addresses
biodegradable materials, which are suitable for the use in med-
ical implants and which can be exploited in this study. The
concept and the operation of the tag are discussed in Section
IV, while Section V discusses simulated results and analysis,
including the tag’s performance at oblique illumination angles.
Section VI presents techniques for miniaturization and increas-
ing the tag response sensitivity. Preliminary experimental results
and validation are presented in Section VII, and discussions and
conclusions are given in Section VIII.

II. BACKGROUND AND MOTIVATION

Colorectal (bowel) cancer is the most commonly diagnosed
cancer and the second most common cause of cancer deaths in
Europe [10]. In 2008, there were 450 000 new cases of colorec-
tal cancer, and 232 000 deaths caused by this condition within
the World Health Organization European Region [11]. Due to
location and nature of surgery required to remove this type of
cancer, the risk of infection and complications to the wound site,
deep within the lower abdomen, can be problematic to the pa-
tient. Additionally, shrapnel wounds caused by military combat
operations or terrorist attacks are another (and unfortunately far
too common) cause of soft-tissue trauma. In the first Gulf War
(1990-1991) 80% of penetrating wounds on British personnel
were caused by fragments from explosive munitions, such as
shells, grenades, and improvised explosive devices, rather than
bullets. Beyond the damage caused by shrapnel to tissue and or-
gans within the body, infection will result in further progressive
tissue damage and represents a key risk factor for the patient’s
recovery. Tissue healing may also be delayed by metal poison-
ing from the shrapnel itself [12]. Data obtained from the Wound
Data and Munitions Effectiveness Team database [12] show
that although there is a 47% chance of the soft tissue being the
primary injury site, less than 1% of these result in death. Con-
versely, injuries to the abdomen (8%) and chest (4%) account
for 9% and 24% of fatal injuries, respectively, [13]. Despite the
high survival rate from the initial soft-tissue trauma, there is
significant potential for long-term complications for a patient
who is likely to survive.

Complications and postoperative infections of soft-tissue
traumas deep within the body can be difficult to monitor using
conventional techniques, such as X-rays or CT/MRI scanners,
although the wound site can be marked using medical staples.
As the range of currently available effective antibiotics dimin-
ishes, treatment via prolonged or extensive doses of antibiotics
becomes less feasible. Frequently, complications are only de-
tected when the patient becomes acutely unwell, with localized
swelling and redness or with fever and wounds weeping pus.

Inflammation can be defined as a nonspecific biological re-
sponse of the human body to harmful stimuli, such as infection,
radiation, and tissue damage [14]. It represents a nonspecific
body defense mechanism in which a number of substances are
released from damaged tissues. These further trigger various
inflammatory cascades, leading to substantial changes in the
surrounding area. Regardless of the cause, inflammatory re-
sponse shares some common characteristics. Inflammation can
be characterized by five key signs: heat, pain, redness, swelling
[15], [16], and loss of function. It has been shown that injured
tissues experience local acidosis—an increase in acidity level
(defined by lower pH). This is explained mainly by the increase
of lactic acid production as a result of anaerobic metabolism
of infiltrated white cells (neutrophils), but also by production
of fatty acid by-products of bacterial metabolism [17], [18].
Additionally, the intracellular pH of an activated neutrophil is
very low, and this highly acidotic content gets released to the
surrounding environment when neutrophils die [19].

Surgical site infection is a generic term which refers to any
postoperative infections developed at the site of surgery [20].
Statistics have shown that about 4-5% of all surgical patients
will suffer from the postoperative infection [20], [21]. They are
one of the significant causes of morbidity for patients who have
undergone a surgery [21], and it has been suggested that SSIs are
responsible for about one third of the postsurgical mortality [20].
It has been reported that SSIs can occur at any point up to 30
after surgery [22]. Apart from the negative impact on the patient
health, SSIs impose economic burdens on health services, with
patients who suffer from SSIs requiring on average an additional
6.5 days in hospital. Generally, SSIs are treated with antibiotics
[22], although excessive prescription of antibiotics has led to
an increase in antibiotic resistant bacterial strains [20] and help
mitigate unnecessary additional surgery, which in itself can lead
to further risk of infection and complications.

Therefore, in this study, we consider the engineering chal-
lenges that must be solved when designing a passive biodegrad-
able implant for subcutaneous soft-tissue trauma monitoring.
Having examined how the two key signs associated with infec-
tion of soft tissues, namely increase in temperature and acidity
can influence degradation behavior of biodegradable polymers,
we intend to exploit this in our design of a passive biodegradable
tag, which can be used for the early stage detection of infection.
As the tag degrades in a predetermined and controlled man-
ner, changes in its electromagnetic response can be monitored
from outside the patient. Acceleration in the rate of degradation
caused by an increase in local temperature and acidity are indica-
tive of infection. This acceleration is beyond the normal degra-
dation which is influenced by the choice of biodegradable mate-
rials, the location of the tag and the time since it was implanted.

III. BIODEGRADABLE MATERIALS FOR MEDICAL IMPLANTS

Materials used for medical implants should have properties
which make them safe for biological body. They should not
cause an immune system response when implanted [23]. Im-
plants may only be needed temporarily (e.g., monitoring diges-
tive problems) or for an extended period of time (e.g., pacemak-
ers, stents, etc.). Biodegradation refers to the chemical process
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which converts implanted materials into simpler compositions,
and finally into basic chemical elements [24]. This study consid-
ers two forms of biodegradable materials: polymers and metal-
lic alloys. Choosing among them depends on how they will
be applied [25]. With biodegradable materials there is no need
for human intervention to remove them, as they will eventu-
ally be absorbed by the body. Several types of biodegradable
polymers are available such as polylactic acid (PLA), poly-
caprolactone (PCL), and polylactide-coglycolide. Among them,
PLA has gained special interests due to its ease of fabrication
and to some unique properties. Degradation of polymers oc-
curs either biotically or abiotically. Biotic degradation refers to
changes that occur by the help of biological environment, such
as microorganisms or enzymes. Abiotic agents are mainly en-
vironmental factors, such as mechanical forces, light, heat, and
chemicals. Biodegradable polymers are used in several applica-
tions in medicine, pharmaceutical, and biomedicine. Examples
of them are sutures, drug delivery carriers, and tissue or organ
repairing [26]. Some magnesium alloys have been developed to
be biodegradable [27]. They are used in different medical appli-
cations, such as in orthopedic implants as pins and screws, and
as stents in cardiovascular procedures. The advantage of such
alloys is that they can be dissolved in the body completely with-
out toxic remnants. It has been shown that metallic alloys can
degrade much faster than the polymers in the same biological
environment [23].

Degradation time of plastic polyesters in the human body
depends on many factors ranging from the surface area and to-
tal size of the substrate, to the material composition itself and
the acidity surrounding the implanted material. Research into
this area is well documented [28]—[31]. In this study, we focus
on PLA and PGA as suitable biodegradable substrates for the
manufacture of our passive implant. The difference in degra-
dation between PLA-PCL and PGA-PCL composite fibres in
both water and phosphate buffered saline are presented in [32].
This study shows that PGA composite degrades much quicker
than the PLA, and copolymerization of the two can be used to
control the speed of degradation finely. Furthermore, the effect
of acidity on the degradation of PLA brushes over the course
of a few weeks has been investigated [33], where results show
that the neutral or slightly alkaline solutions result in the fastest
breakup of PLA, whereas slightly acidic solutions severely re-
duce the rate of degradation. Investigation of the degradation
of the PLA sheets used in our experiments are currently be-
ing conducted to establish whether similar degradation will
occur.

IV. PASSIVE DEGRADABLE TAG DESIGN

This section provides the design and analysis of a passive
tag which changes its frequency response based on degradation
state. It is proposed that when the tag is illuminated by a RF
transmission from outside the body, the degradation state, and
ultimately the state of infection, can be assessed. This study
provides an analysis of several key interest areas, such as the
effect of degradation state, angle of interrogation, and insertion
into a fat layer, on the tag’s frequency response.

Large: 20 mm
— Small: 10 m

Forward scattering (dBsm)

123 45 6 7 8 910111213 14 15 16 17 18
Frequency (GHz)

Fig. 2. Copolarized frequency response of a degradable cross-shaped tag, of
diameters 20 (large) and 10 mm (small).

A. Passive Structure Resonance

The design process of passive structures involves investiga-
tion of several parameters, such as shape, size, and substrate
choice. There are two main RF considerations in developing
such structures for use as implantable devices. First, it is essen-
tial to ensure that the device resonates in a frequency band that
is easy to measure. Second, the frequency response must change
based on a progressive degradation.

In general, the frequency response of a frequency selective
surface (FSS) is related to its dimensions [34]. A similar prin-
ciple can be applied to these structures. It is thus proposed that
degradation involving changing the length of the biodegradable
implant would be the best choice. A basic example explaining
the possible changes in harmonic frequency response due to re-
ducing the size of the tag is shown in Fig. 2, whereby a large
cross with a diameter of 20 mm produces a resonance at 3 GHz,
while a smaller 10-mm diameter cross produces a resonance at
4 GHz. By simply alternating the size of the cross, a different
RF response can be measured.

B. Tag Structure and Degradation

Based on initial degradation simulations, a cross shape with
several break points was designed, as shown in Fig. 3. The
tag has track widths, w = 0.15 mm. Each arm length L was
6.25 mm, having an arm interconnect length A of 0.55 mm. The
subsectioned lengths were arbitrarily chosen as B = 2.15 mm,
C =098 mm, D =0.81 mm, £ = 0.67 mm, F' = 0.68 mm,
and G = 0.72 mm.

The cross is to be designed in such a way to enable gradual
degradation, measureable from outside the body due to its har-
monic frequency response. This tag shape was chosen in-part
due to its strong resonant harmonic response, making it easier
to measure when implanted within the body. Previous work has
shown that the human body is a difficult environment for prop-
agation of high-frequency signals due to the large quantity of
lossy (for RF signals) tissue, muscle, and bone structure. The
frequency response can be optimized by changing the relative
lengths of the sections within each arm of the cross (see labeled
B, C, D, E, F, and G in Fig. 3). The shape should be able to
degrade in a manageable way. By using the cross shape, the
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Fig. 3. (a) Proposed tag structure with closer view of tag dimensions. (b)
Ilustration of miniaturized break points to ensure sequential degradation.

interconnects within each arm section (see labeled 1, 2, 3, 4,
and 5 in Fig. 3) can be designed to degrade in a predetermined
sequence by changing the width and thickness of the conductive
track. As each interconnect degrades in turn, the path length of
the inner cross increases and, thereby, decreasing the resonant
frequency of the tag. Realistically, the degradation would be
achieved by designing small break points at the ends of each
interconnect [see Fig. 3(b)], using thick or wider track lines
which take longer to degrade, rather than relying on the entire
interconnect to degrade. Such techniques have been previously
considered in [35] and [36].

In our simulation work, the structure of the tag is gradually
changed to understand how the harmonic response changes and
whether or not a measurable difference can be seen.

V. SIMULATION RESULTS AND ANALYSIS

Electromagnetic performance analysis of the degradable tag
has been simulated using CST Microwave Studio. The tag was
illuminated by a linearly polarized plane wave signal. The fre-
quency response of the tag was obtained using two perpendicular
radar cross section (RCS) probes, enabling co- and cross-polar
measurements to be performed. Both RCS probes were located
100 mm from the tag.

Simulations have been performed from 1 to 18 GHz using the
transient (time domain) solver was used with hexahedral mesh-
ing, with care being taken to ensure features were adequately
meshed and that scattering from the solver mesh did not produce
false responses in the results. The boundary conditions were set
to open (add space).

The tag structure was modeled using a perfect electrical con-
ductor material which is representative of metallic materials.
The cross was positioned on a PLA substrate.

A. Initial Simulation

Simulation results showing the gradual degradation of the tag
are shown in Fig. 5. It is evident that as the tag degrades the

Y

Fig. 4.

Simulation model of the degradable tag and coordinate system.

Complete Tag |-
State 1
State 2 -
State 3
State 4 -
State 5

Forward scattering (dBsm)
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Frequency (GHz)
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-80

Fig. 5. Copolarized response of the tag at different degradation levels.

harmonic frequency changes considerably. The most noticeable
effects are the reduction of the harmonic null, which ranges
from 9.6 GHz for the complete tag to 6.2 GHz for degradation
state 5.

B. Tag Geometry and RF Response

A primary objective of this study is to develop a degradable
tag, which has a unique RF signature which can be used to
determine the tag’s state of degradation. If the tag is implanted
in a patient, monitoring this degradation on a regular basis will
allow for early detection of infection as this increases the rate of
degradation due to the local increase in temperature and acidity
as described in Section II. It is, therefore, not only desirable to
be able to detect the series of unique RF signatures as the tag
degrades, but to be able to predict the degradation status at a
given time after being implanted. The break points in the passive
tag can be positioned to provide predetermined frequencies at
which the peaks and nulls in the frequency response will occur.
These frequencies can be empirically determined by analysis of
the simulated tag responses. For the tag geometry shown in Fig
3, the frequency of the resonance peak can be expressed as

Foear(z) = F(0) — 0.345(z — 1) (1)

where F(0) is the resonant frequency of the undegraded tag, x is
an integer number of degradation states, and F is in GHz.
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Fig. 6. Copolarized response of the tag for different oblique azimuth (¢)
angles for (a) the full tag and (b) the fully degraded tag.

Similarly, the position of the first null at a higher frequency
than the resonance is located at

Foun(2) = Fpeak (2)(1.385 — 0.04(z — 1)). )

C. Obligue Incidence Performance

Once implanted and fixed within the patient’s body, there is
no guarantee that the illumination of the transmitter will be at
normal incidence to the tag. The absolute position and orienta-
tion of the tag will vary from patient to patient. Therefore, the
performance of the tag at several angles of incidence in both the
elevation (¢) and azimuth () are investigated (see Fig. 4) when
illuminated by a plane wave polarized parallel to the x-axis. The
response for a complete tag over various angles of incidence is
compared to a fully degraded one.

Fig. 6 compares the copolarized response of the tag for dif-
ferent oblique azimuth (¢) angles for (a) the full tag and (b) the
fully degraded tag. This can be compared to Fig. 7 which com-
pares the copolarized response of the tag for different oblique
elevation (/) angles for (a) the full tag and (b) the fully degraded
tag. In both cases, the results show good levels of angular stabil-
ity with no change in resonant frequency and minimal change
to the peak amplitude. However, the relative amplitude of the

o
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1 23 45 6 7 8 91011 1213 14 15 16 17 18
Frequency (GHz)

(b)

Forward scattering (dBsm)

-80

Fig. 7. Copolarized response of the tag for different oblique elevation ()
angles for (a) the full tag and (b) the fully degraded tag.

response at higher frequencies can be seen to decrease as the
oblique azimuth and elevation angles are increased. These high-
order frequency responses enable the orientation of the tag to
be determined, relative to the illuminating transmission source.

D. Response When Implanted Into Fat Tissue

The frequency response of the tag when implanted in body fat
is investigated. The permittivity and loss tangent parameters of
fat were imported into CST using information in [37] to ensure
accurate simulation.

Initially, the tag was positioned within two layers of fat, each
2-mm thick, as illustrated in Fig. 8.

The transmission response of the tag implanted within two 2-
mm layers of fatis shown in Fig. 9 for various degradation states.
Compared to the normal tag frequency response (see Fig. 5),
the implanted tag harmonics are shifted down in frequency,
where the complete tag has a null at 5.8 GHz. Also, evident is
the reduced received transmission due to the fat absorbing some
of the illumination signal power. However, it is clear that the
degradation still shifts the frequency harmonics over a 2-GHz
frequency band.

Fig. 10(a) shows the degradation responses for the same tag
design within two 10-mm layers of fat. To try and reduce the
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2 mm Fat layer

PLA substrate

Fig. 8. Tag placed between two layers of fat, each 2-mm thick.

-10A

Complete Tag
Deg. 1
22014 Deg 2
Deg. 3
Deg. 4

Forward scattering (dBsm)

Frequency (GHz)
Fig. 9. Copolarized response of tag within two 2-m fat layers.

negative effects of the fat when implanted, the length of the
cross was increased by 50%. Other dimensions were kept the
same. This additional length reduces the resonant frequency of
the tag but compensates for the attenuation due to the increased
fat layer as shown in Fig 10(b).

VI. TECHNIQUES FOR MINIATURIZATION AND INCREASING
TAG RESPONSE

In the previous section, we have presented the fundamental
design principles of a degradable tag, which can be used for
infection monitoring. As this monitoring occurs from outside
the patient, solutions which can increase the implantable devices
frequency response, making it easier to detect changes in its
geometry, are of obvious benefit. Techniques for miniaturizing
the physical size of the implantable device will aid adoption
of the technology and simplify their use in the final stages of
surgery.

A simple method for increasing the amplitude of the fre-
quency response of the tag is to use an array of resonating ele-
ments [34] such as designs for FSS. Fig. 11 compares the copo-
larized forward transmission response of a single resonating
element and that of a 3 x 3 element array, where each element

-10 Complete Tag
Deg. 1 § § §

151 Deg2 | A A A
Deg. 3

-20 Deg. 4

Deg. 5

Forward scattering (dBsm)

40 | | | | H
2 3 4 5 6 7
Frequency (GHz)
(2
-10

Forward scattering (dBsm)

Complete Tag
Deg. 1
Deg. 2
Deg. 3
e B A Deg. 4
Deg. 5
-60 | | | | |
2 3 4 5 6 7
Frequency (GHz)
(b)
Fig. 10. Copolarized response of (a) tag and (b) modified tag within two

10-mm fat layers.

3x3 array
{| = Unitcell | |

Forward scattering (dBsm)

-70 JE o J
-80 | H | ' | H | H | ' | H | ' H |
1 23 45 6 7 8 91011 1213 14 15 16 17 18
Frequency (GHz)
Fig. 11. Comparison of copolarized frequency response between a 3 x 3

element array and single unit cell.

is spaced 10 mm from its closest neighbor. At the resonant fre-
quency (~7 GHz), it can be seen that the amplitude of the tag
response increases by 20 dB when an array of elements are uti-
lized, and there is a4 dB increase in the peak to first null dynamic
range. Increasing the number of resonant elements improves the
sensitivity of the implantable tag but has the detrimental effect
of increasing its physical size.
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(a) (b)

Fig. 12. (a) Tag miniaturization by folding the cross to form a Gammadion
Cross shape. (b) Array of inter woven Gammadion Crosses.
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Fig. 13.  Copolarized frequency response of a 3 x 3 array of Gammadion

Crosses for different stages of tag degradation.

Balancing the physical size of the implantable tag, while
improving its response characteristics are vital for successful
adoption in monitoring soft-tissue trauma for the early stage
postoperative infection. A common technique for miniaturizing
resonant elements in an FSS design is to fold or intertwine the
shape. For example, our degradable cross (see Fig. 3) can be
folded to form a Gammadion Cross, as illustrated in Fig. 12(a).
In the example shown, the aperture of the tag has been re-
duced by approximately 40%. The Gammadion Cross can also
be easily intertwined [see Fig 12(b)] when an array of elements
are required, allowing for improved tag sensitivity at a reduced
physical size.

Fig. 13 shows the copolarized frequency response of a 3 x 3
array of Gammadion Crosses for different stages of tag degra-
dation. The degradation of the implantable tag is not effected by
the resonant element forming part of an array. All nine elements
in the array can be designed to degrade in parallel and will there-
fore provide a similar but larger response than a single element.
For each degradation state, the peaks and nulls in the frequency
response of the tag occur at uniquely identifiable frequencies
(see Fig. 13). In this case, a fat layer is not considered. Inclusion
of a fat layer would result in an attenuation of the peak to null
frequency response of the tag, as described in Section V-D.

Stage one: /; =26 mm
Stage two: /=18 mm

Track width:
f,=15+0.2mm Stage three: /;= 10 mm

Fig. 14.  Samples of the conducting silver tag, with sequential stages of degra-
dation. Track width and total length of the tag at each stage are inset.

Forward transmission (dB)

Y97 10 11
0.05
2 Frequency (Gliz)
B —Full cross
-0.15 — =Partly-degraded
Small cross
-0.2
Fig. 15.  Forward transmission plot in dB, of the conducting silver RFID tag,

with various levels of degradation measured.

VII. EXPERIMENTAL RESULTS AND VALIDATION

To validate the concept of a passive biodegradable implant
which can be used for infection monitoring, prototypes were
manufactured using a conducting silver paint applied to a PLA
sheet substrate. Results presented here focus on the RF charac-
terization and detection resonant tag as it degrades. The silver
has a conducting capacity of between 0.02 and 0.1 Q/cm?. De-
pending on stage of degradation, the tag’s length and total size
decreases, as shown in Fig. 14. Degradation can be controlled
by either changing the thickness of the tracks or by providing
predesigned weak links to break first. In this case, the cross
would degrade from the outside in.

Prototype tags were tested by measuring the changes in for-
ward transmission (S21) of a free-space system, in a similar way
as to that described in [7]. The system comprises of two Rohde
and Schwarz HF906 double-ridged waveguide horn antennas
spaced 600 mm apart. Measurement samples are placed on a
large polystyrene block (600 mm x 600 mm), which is 200-
mm thick and has RF transmission properties close to air (i.e.
€, =~ 1.02). The forward transmission measurement (S21) was
performed using a two port Agilent 8720D vector network ana-
lyzer, for a frequency range of 1 to 18 GHz with 1601 discrete
sample points. The system was calibrated using transmission
through just the polystyrene block, and a time gate with a span
of 0.6 ns was used to eliminate any multipath and scattered sig-
nals. An intermediate frequency bandwidth of 1 kHz and sweep
time of 2 s was used.

Three different stages were measured to examine how their
transmission response would change with progressive degrada-
tion. Fig. 15 shows the measured forward transmission response
of the three crosses illustrated in Fig. 14.
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Fig. 16.  Simulated response of the RFID tag with the same levels of degrada-
tion as the measured tag.

The results clearly show that even small changes in the cross
shaped biodegradable implant can have measureable effects on
its resonant frequency. As the overall size of the cross reduces,
it can be seen that the resonant frequency increases. For the
full cross [see Fig. 14(a)] resonance occurs at approximately
4.8 GHz, the partially degraded design resonates at 6.8 GHz,
while the small cross resonates at 8.1 GHz. As the peak mea-
sured responses of the tag are low (0.1-0.2 dB), this illustrates
the importance of optimizing the tag geometry and utilizing
techniques to improve the signal strength. This includes meth-
ods such as tag miniaturization and the use of intertwined arrays
as explained in the previous section (see Fig. 12).

For comparison, Fig. 16 presents simulated copolarized fre-
quency response of a similar tag in the three states of degra-
dation. The three resonant frequencies can be clearly seen and
align closely with those measured in Fig. 15. Discrepancies
between the simulated and measured results occur due to differ-
ences between the geometric accuracy between the simulated
and manufactured designs.

VIII. DISCUSSION AND CONCLUSION

In this paper, we investigate the use of a biodegradable im-
plant to monitor the healing of soft-tissue trauma and to allow
an early stage diagnosis of infection. The implantable tag is de-
signed to degrade in a predetermined and controlled method, the
stage of which can be measured from outside the body without
need for further surgical intervention. The speed of degradation
of the tag depends on the temperature and acidity of the subcu-
taneous tissue in which the tag is implanted. We show that as
the electrical length of the tag pattern increases due to degra-
dation, the resonant frequency changes significantly, and this
change in resonant frequency can be detected from outside the
patient. Results are presented showing the tag’s performance at
normal and oblique incidence and techniques for miniaturizing
and enhancing the tag’s response sensitivity are given.

As the entire tag is biodegradable, there is no need for further
postoperative surgery to remove it from the patient at the end of
its useful life. Our design meets the requirements that wireless
devices implanted within a patient have to be physically small,

and must overcome the challenges of having no onboard elec-
trical power. Results are given showing the tags performance in
a highly attenuating electromagnetic propagation environment
and its suitability for being implanted within a patient’s body.
Various stages of degradation can be monitored wirelessly as
shown from our own measurements using a silver conducting
cross on a PLA substrate. Our measurements show that as the
cross degrades, the peak in harmonic shifts from 4.8 to 8.1 GHz
at each extreme.

It is proposed that assessment of a patient using the passive
RFID implant presented in this study can lead to an early diag-
nosis of infection as this will increase the rate of degradation
of the tag. This helps reduce the over reliance on excessive
prescription of antibiotics, and help mitigate unnecessary addi-
tional surgery, which in itself can lead to further risk of infection
and complications. The implanted RFID tag can be monitored
from outside the patient using a measurement device similar to
the hand-held “wand” metal detectors used by airport security.
Alternatively, the implant can be continuously monitored using
a compact body worn antenna system.
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