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Abstract—Like rigid objects, also soft and elastic manufactured
materials for industrial and biomedical applications are subjected
to fatigue stress that might speed up the aging process and
even cause premature failures. The occurrence of early signs
of damaging, like the arising of surface cracks, could avoid more
severe critical events, especially when biomedical soft prosthesis
are involved (such as artificial breast, stomach, bladder).
A thin-film stretchable wireless sensor for surface monitoring
is here proposed. The device is based on a densely distributed
electrode exploiting, at the macro-scale, a Space-Filling Curve
pattern, and a meandered profile in the micro-scale. Interconnection with a wrapped Radiofrequency Identification antenna
permits to transmit the status of the electrode to remote, with
no battery onboard. The device was manufactured by means
of electron beam deposition over a thin elastomer. Surface
defects of size larger than 0.9mm to 9mm can be detected with
probability of 60% to 90%, respectively. Thanks to its doublescale meanderings, the sensor is highly tolerant to stretch keeping
its shape nearly unchanged up to a 35% strain.
Index Terms—Stretchable electronics, RFID, Structural Health
Monitoring

I. I NTRODUCTION
Any industrial and biomedical manufactured device is affected by aging that represents one of the main causes of
failure. Moreover, when devices operate in critical condition
or harsh environments, the aging process is accelerated resulting in a reduction of their lifetime. Predictive Maintenance
is the recognized approach to avoid severe events due to
failures during the operative conditions. Sensor capabilities,
spread over the object according to the Internet of Things
(IoT) [1] paradigm, will provide an updates on the healthstatus of the device to take the most appropriate maintenance
countermeasures. The main symptom of the aging process is
the generation of cracks over the surface of an object due to the
massive breakage in the lattice of the material [2], producing
a greater susceptibility to fractures.
A interesting class of objects, whose surface integrity is a
critical issues, is that of medical soft prosthesis like artificial
breast, stomach and bladder. For instance, breast implants
lifetime is about 13 years since the surgery [3]. The breakage
of the silicone envelope is often asymptomatic and is typically
detected by magnetic resonance imaging (MRI), mammography or ultrasoundgraphy (US). Free silicone particles within
the breast tissues causes inflammation and connective tissue
diseases. The prompt removal of the foreign residual materials

may reduce the risk of health hazards and of severe illnesses.
In this scenario, the revision surgery might be instead improved by the early detection of microcracks, and damages
in general, over the prosthesis. A proof of concept addressing
the mentioned problem has been shown in [4], whose working
principle is based on the variation of the resistance between
the electrodes due to the silicone leakage, detected by a High
Frequency (HF) link.
More in general, state of the art diagnostic techniques
to monitor and prevent critical failures involve cumbersome
instrumentation and require skilled operators. Instead, simpler
platforms can be based on the Radio-Frequency technologies,
and in particular on Radio frequency identification (RFID) that
avoid the contact with the object. The physical rationale is
that the occurrence of a crack may produce a frequency or
amplitude change in the response of a single antenna [5] as
well as of a cluster of coupled tags [6] placed close to the
cracks. However, the crack position must be known in advance
and above devices are rigid or even flexible but not suited to
stretchable objects like soft prosthesis.
This paper proposes a new monitoring framework, still
relying on RFID, but suitable to application on elastic devices.
The method is based on the concept of Space Filling Curves
that are engineered to act as a distributed electrode for small
crack detection over a surface [7]. This sensor can be printed
or painted by a conductive ink directly on the surface of the
object and has to be connected to the anti-tamper port of the
RFID IC that will transmit the occurrence of a surface anomaly
of a given size. In previous papers, the idea was demonstrated
on rigid as well as on flexible materials like films and plastic
pipes ([7]) an even on orthopedic metal prosthesis [8]. Now the
technology will be extended to soft and stretchable materials.
Thus, the main novelties introduced in this contribution are
i) the design a whole SFC, with a micro-scale serpentine
profile to gain stretching immunity and ii) the manufacturing
of the SFC based on patterned metallic thin film on flexible
elastomer.
II. S TRETCHABLE C RACK D ETECTOR
The Stretchable Crack Detector is based on the Space
Filling Curves (SFC) theory introduced by the mathematician
Giuseppe Peano in 1890. A SFC maps a multi-dimensional
space (surface or volume) into a mono-dimensional one. The
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filling density of the covered area can be easily controlled
by the order of the curve that is generated recursively like a
fractal. A subset of SFCs, such as Hilbert, Gosper and FukudaGosper [10] also possesses a self-avoidance capability. They
forms a single closed path that will be interrupted in one or
more parts in case a crack appears on its surface. To remotely
transmit this information, the SFC electrode is connected to
the anti-tamper port of an RFID IC, in turn integrated into
an UHF antenna to establish the communication link with a
remote reader. Following a standard RFID interrogation, the IC
will poll the SFC electrode throughout its anti-tamper port so
that the presence of a crack will be flagged by the changing in
the status of the anti-tamper bit, from ’0’ (absence of cracks)
to ’1’.
Fig. 2. Probability of crack detection by the meandered SFC with respect to
the normalized crack length (L/Lmin , Lmin = 9.2 mm).

Fig. 1. a) Fukuda-Gosper’s SFC and dipole antenna forming the Sensing
Cell. The initiator dI and the order N define the space resolution. b) The
micro-scale serpentine parameters are: Want = 50 µm, WSF C = 30 µm,
R = 252µm, l = 116 µm, α = 25◦ . c) An example of tessellation to monitor
a large surface and identify the position of a crack.

The smallest crack size (Lmin ) that can be detected by the
electrode [7] is related to the order (N ) of the curve and to
the radius of the circle (cell) enveloping the SFC. Multiple
cells can be arranged to tesselate the plane according to an
hexagonal grid (Fig. 1.c) to detect also the position of the
crack over a large surface.
The here considered SFC is the Fukuda-Gosper curve
(N=2, Fig.1.a), enveloped within a 20.2 mm radius cell. The
corresponding detection resolution is Lmin = 9.2 mm. The
conductive traces of the SFC are here implemented with a
serpentine profile that is has been demonstrated [11] as highly
tolerant to deformations (Fig. 1.b). The antenna is a dipole,
wrapped around the external boundary of the SFC, also made
by a serpentine profile.
The probability of crack detection, versus the normalized
crack-length L/Lmin , is estimated through a Montecarlo
analysis by considering linear cracks of random length and
positions. The electrode is capable (Fig. 2) to detect cracks of
size longer than L=4.1 mm (Lmin /2) with an 80% probability.
A. Electromagnetic Analysis
A numerical simulation of the electromagnetic response of
the device (electrode plus antenna) was carried out by using
CST Microwave Studio that calculates the currents over the

serpentines and the radiation pattern. In order to speed up
the simulations, the membrane hosting the SFC has been
neglected. Conductive traces are assumed as made by gold
(σ = 4.11 × 107 S/m). Results at 900MHz and b) 1700 MHz
are presented in Fig.3. Currents are excited not only on the
antenna but even on the electrodes so that an electromagnetic
coupling between these two modules needs to be carefully
handled. The considered antenna size revealed too short at
900 MHz, with a corresponding low gain (-15 dBi at most)
while better performance are found at 1700 MHz (max gain:
-6.5 dBi). An antenna retuning is hence required to make the
device working better at the UHF-RFID band (860-960 MHz).

Fig. 3. Simulated electromagnetic behavior (currents and radiation gain patter)
of the SFC device at: a) 900 MHz and b) 1700 MHz.

B. Mechanical Simulations
3D finite element analysis (FEA) of the nonlinear mechanical behavior of the stretchable crack detector under tensile
forces was conducted with the commercial software package
Abaqus. Four-node shell elements were used to model the
stretchable system. Polyimide (PI) was modeled as a linear
elastic material with elastic modulus EPI = 2.5 GPa and
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Poisson’s ratio νPI = 0.34. Gold (Au) was simulated using
an idealized elastoplastic model. The elastic modulus and
Poisson’s ratio are EAu = 78 GPa and νAu = 0.44. Ecoflex
elastomer was simulated as an incompressible Mooney–Rivlin
solid, with an elastic modulus of EEcoflex = 60 kPa. As the
stiffness of the multi-layer traces is higher than that of the
region with only Ecoflex elastomer, slight wrinkling of the
thin film construct occurs as a result of lateral compression
and stiffness mismatch. However, the wrinkling patterns have
limited impact on the mechanical integrity and electrical
functionality of the gold traces. The strain of the gold traces
reaches 1.25%, which is well below the fracture strain of gold
(~10%). Similar to the larger system, the maximum strain in
the Ecoflex elastomer layer of the smaller (Fig. 4.c) system
usually exists at locations where the gap opening between
serpentine traces is limited.

the elastomer (Ecoflex 00-30, Smooth-On Inc., 20 µm) was
prepared on a PMMA treated glass slide (75 mm × 50 mm)
and then exposed to ozone in a UV-O cleaner for 5 minutes
to generate -OH group at the surface. A SiO2 layer (75 nm)
was deposited on the exposed side of the device to facilitate
bonding to the elastomer. The SiO2 treated side of the device
was put onto the -OH group rich side of Ecoflex. Water was
finally used to dissolve the water-soluble tape and form the
SFC device on Ecoflex (Fig. 5.a).

Fig. 5. Prototype of the elastic space filling wireless sensor under some stretch
conditions: a) no stress; b) 10% strain; c) 35% strain.

Fig. 4. Mechanical study of the stretchable crack detector. a) Schematic
illustration of the undeformed stretchable crack detector for x-direction
stretching (35%). The orange regions denote the multi-layer traces and the
blue region consists entirely of Ecoflex. b) The maximum principal strain
contour in the entire system (top) and in the gold traces (bottom), shown in
the deformed configuration. c) A smaller stretchable system, consisting of the
cell of serpentine traces in the dashed rectangle in (b), under 35% x-direction
stretching. The maximum principal strain contour shown in the deformed
configuration of the entire system (top) and the gold traces (bottom).

III. P ROTOTYPE
Fabrication of SFC began with spin casting (poly)methyl
methacrylate (PMMA 950, A5, Kayaku Advanced Materials,
1.2 µm) as a sacrificial layer on a 4-inch silicon wafer followed
by spin casting a layer of polyimide (PI 2545, HD Microsystems, 3 µm). Them there was electron beam deposition Cr/Au
(10/100 nm) and photolithography patterned the Cr/Au thin
film to the desired geometry. A second layer of polyimide
(3 µm), spin cast and cured, completely encapsulated the
SFC. Afterwards, O2 plasma reactive ion etching (RIE) was
used to pattern both PI layers into suitable geometry and
create openings for external electrical connections. The wafer
was then immersed in acetone for 40 minutes to remove
PMMA and the resulting device was transferred to cellulosebased water-soluble tape (Aquasol Inc.). On another side,

Fig. 5 shows the manufactured SFC prototype under some
stretching conditions up to the 35%. It is worth noticing that,
thanks to the combined properties of the micro-serpentine of
the conductor lines, and to the space filling curve that is a
serpentine-like pattern in itself, the electrode and antenna are
strongly tolerant to deformation as the form factor of the SFC
pattern remains unchanged also for a moderate 35% strain.
The antenna was then connected to the NXP G2iM+ microchip transponder [12] that is provided with the anti-tamper
port and tuned by two inductors. The estimated maximum
reading ranges in free space conditions, in case of 3.2 W EIRP
interrogation power is 1.1 m and 2.4 m at 900 MHz and 1700
MHz, respectively.
IV. C ONCLUSIONS
A novel implementation of a surface crack detector, based
on Space Filling Curve for application over stretchable materials, has been presented. The device was manufactured by
means of electron beam deposition over a thin elastomer.
Surface defects of size larger than 0.9 mm to 9 mm can be
detected with probability of 60% to 90%, respectively. Thanks
to its micro and macro-scale meanderings, the sensor is highly
tolerant to stretching as it keeps its shape nearly unchanged up
to 35% strain. Even though the electromagnetic performance
can be improved by a better sizing of the antenna, the device
could be interrogated from up 1m in the UHF band in fully
passive mode (no battery required).
The elastic SFC sensor could be integrated (transferred or
even printed/painted) onto soft prosthesis, or more in general
on industrial elastic objects, without degrading their natural
elasticity. Further electromagnetic and mechanical results will
be presented at the conference.
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