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Abstract—Implanted prosthesis could be subjected to fractures
due to defects and to aging. Conventional diagnostic tools involves
X-Rays or, more commonly, the onset of the patient’s pain due
to an irreversible failure. A non-invasive wireless monitoring
system is here presented for the early detection of micro-cracks
over metallic orthopedic implants. The proposed architecture
involves a distributed electrode made of Space Filling Curves
connected to the anti-tamper port of a UHF RFID transponder.
The occurrence of an even small surface crack is detected
in a binary form and transmitted remotely, outside the body
following a standard RFID interrogation. The feasibility of
the idea is supported by numerical analysis and experimental
outcomes with a 3D printed and metallized hip prosthesis mock-
up. Preliminary results demonstrate a detection distance up to
0.7m, fully compliant with fast and non-collaborative diagnosis
in the emerging Personalized Healthcare.

Index Terms—Wireless Prosthesis, Electronic Skin, Crack
Detection, Radio Frequency Identification.

I. INTRODUCTION 1

Wearable devices and Data Analytics are going to enable a
Personalized Healthcare [1]. Real-time collection of biophysi-
cal human feedback during drug delivery and interaction with
body prosthesis, vascular stents and sutures, are expected to aid
the optimization of medical effort and customize the patient’s
experience [2], [3]. Focusing on orthopedic prosthesis, a
non-invasive and through-the-body monitoring of the status
of the medical implant would make the surgery follow-up
easier. Moreover, even thought modern implanted prosthesis
are designed to last years, statistics nevertheless revealed
that 5 to 10% of them will experience premature failures
[10], [11]. Indeed, more than 2.9 millions joint replacements
are needed worldwide [4] yearly and 1.4 millions of them
concern hip implants. These numbers are expected to grow,
due to the population aging. Currently, there is no way to
prevent prosthesis failures before they occur and the common
detection method is based on the onset pain of the patient.
The unavoidable inconvenience of a revision surgery might be
instead mitigated provided that the early generation of micro-
cracks were promptly detected.

Monitoring the health state of a prosthesis from the outside
the limb can be accomplished by through-the-body wireless
communication link. In [5] an active wireless monitoring
system for 400 MHz RF link was integrated inside the femoral
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head of the hip prosthesis, with the purpose to help surgeons
obtaining accurate position of the implants. In [6] a 2.4 GHz
antenna was embedded within a 3D printed titanium hip
prosthesis and provided with sensing capability. A [7] cavity
backed antenna was integrated in the prosthesis to evaluate the
link quality.

To avoid the need of a battery feeding the implanted
sensor, the Radio Frequency IDentification (RFID) technology
has been already experimented. In case of NFC-HF coil
transponders at 13.56 MHz [8], the structural health state of
the prosthesis is retrieved by a skin-contacting reader antenna
through capacitive modulation. A backscattering modulation
is instead implemented [9] for transcutaneous RFID link in
the UHF band (860-960 MHz) involving a loop-transponder
integrated on the surface of the prosthesis and a non-contacting
planar-F stacked antenna for remote interrogation.

Figure 1. Examples of cracked orthopedic prosthesis.

In this paper, we propose an early crack detection method
for metal prosthesis that is suitable to integrate with fully
batteryless UHF-RFID architecture. Following the idea in
[12], a distributed electrode forming a Space Filling Curve is
painted on the hip prosthesis as a nervous system. Early crack
generation can be easily detected, with a desired resolution,



through the electrode breakage. This physical event is than
converted into 1-bit information by an anti-tampering RFID
chip and transmitted remotely.

The device is here designed to adhere to the head of hip
prosthesis and a preliminary prototype of the so achieved
smart prosthesis is manufactured by 3D printing and hence
experimentally characterized.

II. SPACE FILLING SKIN AS CRACK DETECTOR

Space Filling Curves, such as Hilbert, Gosper, Koch, Moore,
and Fukuda families [13], are popular in different fields
of computer science, in particular where it is requested to
linearize multidimensional data. Indeed, in many applications
(matrices, images tables and computational grids) SFCs are
the optimal way to map a multi-dimensional domain onto a
one dimensional path that never intersects itself. This feature
allows using the SFC as a probing closed-circuit. The capil-
larity (or filling density) of the SFC can be easy controlled,
then increased or decreased, by acting on the iteration order
of the curve. As shown in a previous work [14], the SFC-
based sensor consists of a planar distributed electrode made
by conductive paint that is interconnected to a particular RFID
transponder provided with an anti-tamper port. The whole
system forms a 2D sensing cell. The working principle is based
on the status of the anti-tamper bit: the occurrence of a crack
in the detection area will cause the breakage of the SFC, then
the tamper flag will change its status from the logic value
’0’ (healthy bit) to ’1’ (crack occurred) following the RFID
interrogation.

Figure 2. Concept of the crack detection approach using SFCs. Each cell
comprises an SFC connected to an RFID transponder. The crack location is
related to the sensing string through the unique identification number of each
IC.

The smallest crack length (sensitivity) that the sensor can
detect is related to two parameters of the SFC: i) the size of the
sensing cell (i.e. the side r of the regular hexagon enveloping
the SFC); ii) the iteration order, N . Thus, for a given curve
a resolution or space sensitivity can be defined. We consider

hereafter the Gosper (N = 2) space filling curve [15] (Fig. 3).
Accordingly, the space sensitivity is given by:

S (N) =
4
√
3√

7N+1
r (1)

Figure 3. CAD model of the RFID-powered prosthesis. The SFC is com-
pressed, then wrapped around the hip prosthesis. The cavity-backed loop
antenna is placed inside a rectangular notch, spaced from the implant by
a teflon spacer and insulated from the human body by means of a teflon
cover. Size of the antenna (expressed as l× w [mm]): a=19.5x1, b=12.3x1,
c=5.6x2.1, d=16x0.5, e=2x0.5, f=2.1x2.1.

To comply with the metal matter of the hip, generally made
of titanium alloy, the RFID transponder to be connected with
the crack electrode is a cavity-backed square loop as in [17].
The loop is assumed to be held by a PET subtrate and kept
apart from the hip notch by means of a 1.5 mm Teflon spacer
and insulated from the human body by usign a 0.5 mm Teflon
cover.

The SFC is wrapped onto the curved (conical) surface of the
femoral head of the hip prosthesis by means of a conformal
geometrical transformation. The terminals of the electrode are
then interconnected to the anti-tampering port of the chip
throughout a via hole.

The RFID antenna sizes are optimized by the help of a nu-
merical model comprising a cylindrical phantom leg (140mm
diameter) of bone and muscle, Simulations are performed
by means of CST Microwave Studio. The reference chip is
the NXP G2iM+ [18] having input impedance and sensitivity
ZC = 21.2−199.7j Ω and PC = −17.5 dBm, respectively. In
particular, the antenna is tuned at 915 MHz (e.g. the realized
gain is maximized) by acting on the parameters of an internal
T-match and on the separation distance from the cavity notch.

Assuming the reader emits 3.2W EIRP, the expected maxi-
mum read range is 55 cm that looks suitable to a comfortable
readout from the outside, for instance when the user crosses
a door equipped with a reader.

III. PROTOTYPE AND ELECTROMAGNETIC
CHARACTERIZATION

A prototype Fig. 4 of the hip prosthesis was made of ABS
(εr = 1.8 - σ = 0.001S/m) by means of 3D printer RepRap
Prusa Mendel i3 (printing resolution 0.2mm). The Space



Filling Skin was impressed during the printing process as
0.4mm deep grooves over the stem, in proximity of the femoral
head. The resulting prototype was metallized by means of
a metallic silver-plated copper spray (RSPro 247-4251). The
head of the prosthesis hosting the SFC was then coated by a
thin insulating enamel layer in order to electrically decoupling
the SFC from the metallic surface. Finally, the so obtained
insulated groves were filled by conductive silver paint (RSPro
186-3593) and a distributed crack detector, integral with the
prosthesis, was finally obtained.

The RFID loop antenna was fabricated by a carved adhesive
copper trace on a PET substrate, that was housed in the stem
of the hip prosthesis. The microchip transponder was mounted
on the loop antenna by means of epoxy conductive glue. The
connection between the anti-tamper port of the IC and the Skin
was obtained by using thin copper wires, running inside the
prosthesis through a hole.

Figure 4. Overview of the smart prosthesis and the coating layers of the
region hosting the SFC detector.

A mock-up of the limb phantom is shown in Fig. 5. The
hip prosthesis was implanted inside a cow bone and in turn,
placed inside a cylindrical glass pipe, of 140 mm diameter,
filled with minced meat [9].

According to (1) theoretical crack sensitivity is 14 mm while
following a Montecarlo analysis, smaller cracks of 7 mm could
be detected with 80% probability.

The assembled smart prosthesis was finally electromagnet-
ically characterized using the Voyantic Tagformance station,
with a right hand circular polarized antenna having a 7.5
dBiC gain. Measurements were performed in a semi-anechoic
environment. The performance of the described system was
evaluated in healthy condition, meaning the prosthesis surface
was intact.

The measured and simulated realized gains of the system are
reported in Fig. 5. Measurements are in nice agreement with
simulations and the gain peak value in the UHF RFID band is
-23 dBi. Accordingly, the implanted systems allows to achieve
a reading distance of 70 cm in case of a fixed reader emitting

Figure 5. Comparison between the simulated and measured realized gain of
the prosthesis in the limb mock-up comprising a cow bone inserted in a glass
pipe filled with minced meat.

3.28 W EIRP and 20 cm when using a key fob interrogator
(0.5 W EIRP) that is fully compliant with a fixed reader for
non-collaborative diagnosis.

IV. DISCUSSIONS AND CONCLUDING REMARKS

This work demonstrated the feasibility of a sensing skin
for crack detection, suitable to be integrated in hip prosthesis.
SFC electrode was successfully applied on non planar metal
object and it looks a promising alternative to the standard crack
detection techniques. Simulations and preliminary experimen-
tations confirmed that the resulting smart prosthesis enables
a robust through-the-body RF link, so that a 70 cm reading
distance with 3.28 W EIRP could be achieved. This distance
is compatible with a non-collaborative scenario [19]. Further
models, measurements and operative condition will be shown
at the Symposium.
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