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Abstract: The evolution of prosthetics has been significantly shaped by advancements in
biomedical engineering and state-of-the-art technologies. A notable breakthrough in this
domain is the emergence of wireless implantable devices, representing a transformative
shift in implant design and functionality. These prostheses aim to restore lost
functionalities and seamlessly integrate with the human body, offering therapeutic and
diagnostic capabilities when equipped with embedded sensors. However, wireless
prostheses require through-the-body communication links with external readers, achieved
through minimal structural alterations to preserve core functionalities and without
batteries and complex electronics for biocompatibility and miniaturization. Such
challenges can be addressed through two approaches: utilizing the prosthesis structure as
a radiating element according to the paradigm of structural antennas and employing
passive, battery-less communication platforms operating in backscattering. The feasibility
of these approaches, focusing on the UHF band (860-960 MHz), is here demonstrated
through theoretical formalization, case studies, and in-vitro measurements, with insights
into materials and manufacturing processes provided.

Index Terms: Implanted antenna, RFID, wireless prostheses.

1. Introduction
Human prosthetics have undergone remarkable transformations over the vyears, driven by
advancements in biomedical engineering and cutting-edge electronic technologies. Wireless
implantable prostheses, in particular, represent a paradigm shift in artificial implants design [1]. These
devices restore lost functionalities and integrate seamlessly with the human body, offering therapeutic
and diagnostic capabilities when embedded with sensors [2]. These sensors monitor parameters such
as temperature, pressure, strain, pH levels, and specific biomarkers, providing comprehensive insights
into patient and implant conditions [3], [4]. The real-time data generated enhances diagnostic
accuracy and enables timely intervention and personalized treatment, even in the event of implant
failure [5].
For effective data collection, a through-the-body wireless communication link is essential to collect
energy and exchange data. This requires the implanted prosthesis to host an integrated antenna and
necessary electronics. Recent examples include a conformal patch antenna in a hip implant for self-
monitoring at 2.4 GHz [6], an active wireless system at 400 MHz in a femoral prosthesis [7], and a fully
bioresorbable wireless nerve stimulator [8].
Maintaining the core functionalities of the prosthesis while adding new features is crucial. This
necessitates minimal mechanical alterations to avoid comprehensive requalification. Antenna design,
therefore, requires unconventional strategies tailored to the implant's topology, material, and site of
operation. The big challenge is to avoid the use of battery to improve the device safety and reliability,
mitigating concerns related to battery longevity [9], upkeep, and potential intra-body hazards [10].
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Figure 1 a) Scheme of the RFID-based through-the-body communication link, b) Basic block diagram of an
RFID sensing IC (adapted from AMS_SL900A Datasheet) and b) through-the-body communication link
equivalent electrical representation.

Two complementary strategies address these constraints. The first involves exploiting the prosthesis
structure itself as a radiating element, borrowing methodologies from avionic and naval systems [11].
In this sense, the prosthesis acts as an antenna, intercepting electromagnetic fields from an external
receiver and transferring power to the core electronics for sensing purposes (see Fig 1 a). The second
strategy establishes through-the-body communication links based on passive and battery-less
platforms, such as Radio Frequency Identification (RFID) [12]. RFID technology uses a
backscattering-based communication protocol between an external reader and an Integrated Circuit
(IC) within the prosthesis [13]. Modern ICs also integrate digital sensors and analog/digital ports for
external devices [14], enabling the monitoring of temperature [15], humidity [16], strain [17], and
biochemical analysis of the surrounding environment [18], [19]. RFID technology hence plays a pivotal
role in the development of zero-power sensorized prostheses by eliminating the need for onboard
batteries and minimizing the complexity of required electronics. Since all essential components for
monitoring and communication are integrated within the IC (see Fig 1 b), the objective of achieving
low-impact and low-complexity architectures can be reasonably achieved.

This paper is a tutorial on designing integrated telemetry systems for smart passive implants. It
provides theoretical formalization and performance parameters for evaluating the communication link
(Section II), classification of prostheses from an electromagnetic perspective, and guiding strategies
for adding radiation features. Attention is primarily given to impedance matching between the medical
device and integrated electronics, that is crucial for effective communication. Indeed, radiation gain is
influenced by the prosthesis layout, available space, and the environment surrounding the implant,
i.e., the lossy human body. The study explicitly refers to RFID passive communication platforms
operating in the UHF (860-960 MHz) band. Compared to other link options (HF 13.56 MHz [20],
MedRadio 403 MHz, ISM microwave 2.45 GHz [21]), this frequency band can simultaneously enable
reasonable penetration depth, antenna miniaturization, and battery-less data exchange. The
methodologies for turning conventional implants into Cyber-prostheses are described through realistic
case studies, numerical analysis, and early in-vitro measurements, (Sections IlI-IV). Finally, insights
into materials and manufacturing processes complete the analysis (Section V).

2. Rationale of the Cyber Implants
We will hereafter denote "cyber prosthesis" as an advanced medical implant designed to both restore
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impaired bodily functions and wirelessly monitor physiological parameters, thereby providing real-time
information about the implant's status and the patient's health. These capabilities are achieved
through subtle modifications of the layout, materials, and components, integrating electronic and
communication elements into the implant. Specifically, the metallic and dielectric portions of the
prostheses are transformed into radiating and supportive elements to accommodate necessary
sensors and the RFID integrated circuit (IC). The IC oversees sensing activity and data transmission
without needing a local power supply, harvesting and backscattering power from the field provided by
the external reader (Fig. 1a). To minimize structural modifications, the IC is integrated into the implant
through an adapter coupled to the radiating element, ensuring impedance matching between the IC
and the object. The antennification of prostheses involves selecting the most suitable portion of the
layout to host either the adapter or the entire radiating element. In both cases, one or more ICs can be
included for multi-sensing or distributed measurement.

Depending on their shape, materials, and size, various antenna-equivalent configurations can be
identified for prostheses, as summarized in Table | and illustrated in Fig. 2. Metallic prostheses can be
categorized as either volumetric or linear. Volumetric metal implants, such as joint prostheses,
typically have bulky geometries well-suited to act as ground planes and cavities for the antenna's
adapter. In these instances, the adapter can be connected to the implant via notches or slots carved
into less mechanically stressed areas. The extent of these modifications is determined through a
mechanical/electromagnetic co-design using multiphysics simulations.

Conversely, linear metal implants like nails, stents, or bone plates can support longitudinal current
patterns like wire antennas, such as loops and dipoles. The adapter can be placed either at the center
or extremities of the prosthesis, creating balanced or unbalanced antennas, respectively. The adapter
can be accommodated within fastening holes, secured at the interface for modular implants, or simply
coupled to the implant without disrupting its integrity. In these cases, the assembly can utilize the
existing biocompatible coating of the medical device or incorporate a specialized coating for the
antennification of the implant.
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Figure 2 Schematic representation of the different antennification strategies depending on the nature of the
implant (metallic/dielectric, linear/bulk) and the layout of the adapter (loop/T/Gamma-match, end-cap, notch).

Finally, polymeric or ceramic implants, or their sections, can accommodate electronics and conductive
materials, serving as substrates for external radiating elements.

The adapter can be shaped in various forms, such as Loop-match [22], T-match [15], Gamma-match
[23], End-cap [24], and Notch [25], [26]. These exciters, besides incorporating the RFID IC, may also
integrate discrete tuning elements to address impedance matching requirements. This is especially
crucial when human variability significantly affects communication features [27].
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In the following sections, the classification in Tab.1 is adopted to describe the different Cyber-
prostheses realizations.

Table 1 Classification of the implants from an antenna perspective

Type of Example Antenna equivalent
protheses

Volumetric Metal Hip/knee prostheses, Hm!' . .
Plate Dipole, loop, cavity-

backed antenna,

Nail, Valves, Stent,

Linear Metal dental implant o
) ) Abdominal graft, N “ | substrate hosting wire
Dielectric metal-free valve ) - antennas

2.1. Communication link
Due to the small distance (d+D) between the implant and the external reader (Fig.1 a) and to the
effects of the human body, a typical through-the-body communication link can be described through a
mid-field interaction and properly modeled [28] by a two-ports network (Fig.1 c). Here Ziand Z; are the
self and mutual impedances of the communication elements, namely the implanted antenna (Port 2)
and the external reader (Port 1). Zc and Zejp are the impedance of the generator connected to the
reader antenna and the IC impedance, respectively.

Considering the backscattering-based UHF RFID protocol, the two-way, forward and backward,
backscattering link [29] can be parameterized through the Transducer Power Gain Gr and Round-Trip
Power Gain Grr. A reliable communication link can be established if the power emitted by the reader
(Pay,r) simultaneously j) activates the implanted transponder, ii) generates a backscattered signal
strong enough to be detected by the reader's receiver, and jii) complies with SAR (Specific Absorption
Rate) limits inside the body. For the current power sensitivities of state-of-the-art ICs (p;) and
receivers (pg), the through-the-body communication link is established if the power PR*T delivered by
the reader to the transponder's chip exceeds the chip sensitivity p.. The lowest available power
threshold P;’},‘R at the reader to activate the transponder is (parameters expressed in dB):

min > PR =pc—Gr (1)
with

G = ProT 4RchipRg|Z21 | (2)
PayR |(Z11+ZG)(222+Zchip)_z1zzz1|2

By denoting with P;%%’ the maximum available power of the generator (typically 1 W [30]), the
following constrained power margin M of the link is introduced:

max SAR min

M(pCrGR) - mln{ av,R avR av,R PO (3)

with Pga% the maximum available power from the reader so that the corresponding SAR in the body

is compliant with the regulation [31], and P, a safe value to account for non-fully controllable
parameters of the system. Therefore, communication can be established and reliable for a specific
implanted transponder if M >0. It is worth noticing that being the communication link extremely weak,
RFID ICs operate close to the threshold level. Consequently, non-linearities in the IC's operation, such
as input impedance variability [32], [33], have minimal impact on the link and were hereafter omitted
for simplicity. Moreover, modern ICs include some self-indicators, such as the on-chip power [33] to
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ensure that sensing data remains accurate. This indicator can be hence used to dynamically adjust
the power feeding the reader so that the non-linear regime can be avoided.

In case the distance between the implanted device and the external reader antenna is such to reach
the far-field condition (i.e. namely the reader is placed outside the body at a distance D > ~1/2, with
A the wavelength) the Transducer Power Gain Grcan be expressed through the Friis formula [34] and
the Realized Gain G, of the cyber-prosthesis, i.e. the gain of the implanted antenna scaled by the
mismatch with the IC impedance, can be defined:

o -y z

with y polarization loss factor between reader and prosthesis antennas.

For instance, with p =-15dBm and g},a,{ =30dBm, the resulting values of M for different IC locations
typically range between 2 and 6 dB [29]. Implants placed up to 7-10 cm inside the body can be easily
reached [22], even for extremely miniaturized configurations implanted in high lossy medium like
human blood. For more superficial implants, instead, the reader antenna can be even placed far from
the body, up to 40 cm away, allowing remote monitoring of multiple subjects in domestic environments
[29]. In these cases, typical values of the realized gain ranges between -35dB and -25dB [35].

Depending on the through-the-body link configuration (mid field or far field) the performance
parameters {PM% d,D, Gy, M and G} can be used to evaluate the communication capabilities of the
cyber-protheses. Five of these parameters {PM% d,D,G;, M} depends on both reader and implant
features and are hence mutually dependent. The other parameter G, relies solely on the implanted
antenna.
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Figure 3: a) Antennification of a hip-implant through a coupled-loop exciter integrated into a 2mm.-cavity; b)
Parametric analysis at 900 MHz of the input impedance of the cavity backed loop w.r.t. the stub length W.
Superimposed are the impedance of the IC to be matched and the corresponding power transfer coefficient. c)
Simulated Induced current density; d) Final mock-up after the metallization and the integration of cavity backed
loop; e) Measured and simulated maximum read distance on the horizontal plane.
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3. Metal Implants

3.1. Hip Prostheses
Hip prostheses are bulky metal devices generally made of titanium alloy. Electromagnetically, they can
be considered extended ground planes acting as the electric walls of cavity-backed antennas.
Antennification can involve an adapter, such as a loop (Fig. 3a), integrating the RFID IC into a small
notch carved out of the prosthesis [36]. The cavity-backed antenna can be matched to the IC
impedance by varying the geometry of the loop, specifically the width Ws of a matching nested stub
(Fig. 3b). This primarily controls the imaginary part of the input impedance, while the real part is
determined by other parameters chosen based on the stem size [25].
To comply with the metal composition of the hip, the loop can be held apart from the hip notch using a
biocompatible dielectric substrate (e.g., PET, polyethylene terephthalate, or PTFE,
polytetrafluoroethylene), as shown in Fig. 3a. This configuration requires minimal modification of the
standard layout. Currents are primarily concentrated in the loop region (Fig. 3c), while they quickly
dissipate in the remaining part of the prosthesis.

The final mock-up of the smart hip prostheses is shown in Fig. 3d. Assuming a radiated power of 3.2
W EIRP, an implantation depth of d=5 cm, and p, =-17.5 dBm numerical and experimental data
estimate a read distance of up to D=70 cm (Fig. 3e).
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Figure 4: a) Layout and geometrical parameters of z‘heb )elliptical T-match adapter and representation of a real
bone plate. b) Parametric analysis of the simulated power transfer coefficient versus a, d and q, having case by
case kept fixed the other parameters. c¢) Simulated surface current density at 868 MHz for single and multiple
harvesters. d) Prototype of the sensorized fixation plate. e) Measured and simulated realized gain along the
normal axis of the plate for different values of the tuning parameter d.

3.2. Bone Plates

Bone plates are titanium or stainless-steel fixators that hold fractured bone fragments together. These
devices are conventionally fixed to biological tissues with screws through holes. Depending on the
specific bones, some holes may be unused, allowing an antenna adapter to be placed in one of them
forming a nested T-match for antennification [37]. In this design, the adpter comprises a PCB disk
hosting two concentric metallic ellipses forming a slot-line stub to provide impedance tuning for the
hosted RFID IC (Fig. 4a). The tuning parameters investigated include the stub width d, the minor
semiaxis of the external ellipse q, and the aperture angle a, determining the length of the stubs. This
layout allows for two-level peak frequency tuning, both coarse and fine (Fig. 4b).
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The disk module is electrically connected to the hole boundaries to promote the excitation of the entire
implantable device. The simulated surface current density exhibits oscillations that quickly dissipate
due to the high losses of the surrounding human tissues (Fig. 4.c). Therefore, the active region for
radiation is concentrated near the hole, resembling that of an implanted flat dipole of length 35 mm. If
more than one hole is unused, these can be equipped with multiple adapters to achieve a multi-point/
distributed sensing of the bone (Fig. 4.c). A prototype (Fig. 4.d) was tested using a realistic setup
comprising a cow bone and a phantom made by a cylinder filled by minced meat. Measurements and
simulations agreed on a realized gain of G, = —25dB that would enable a maximum read distance
D=40cm when the implant is placed at a depth d=4cm (Fig. 4.e).

4. Linear Metal Implants

4.1. Vascular Stent
A stent is a metal-mesh tubular device used to treat stenosis, an abnormal narrowing of blood vessels
due to the atypical accumulation of atherosclerotic plaque [38]. Made of biocompatible metal alloys,
such as Nitinol, which has good conducting properties, the stent is a natural candidate to act as a
structural antenna with minimal geometric changes, ensuring its structural stability.
Typical vascular stents have an elongated shape, making them similar to wire antennas. This device
can be transformed into an asymmetric dipole [39] by adding a protruding Nitinol straight wire at one
extremity, which mounts the RFID IC and additional lumped elements for impedance matching (Fig.
5a). The lumped inductor is used to tune the antenna matching in different operative conditions (Fig.
5b). In this case study, the resulting cyber-stent functions as both an antenna and a sensor. lts
response (i.e. P;’,lj};) can be tuned by an inductor connected in series to the IC, with the inductor value
selected to optimize sensitivity to restenosis—a proliferation of tissue inside or around the medical
device that modifies the antenna’s local boundary conditions.
An early attempt [39] demonstrated, through numerical and experimental analysis, the possibility of
reading the resulting cyber stent up to D=20 cm from the body with an input power to the reader
between 25-28 dBm (Fig.5 c) depending on the level of the stenosis. It is worth noting that the
antennified stent in this example is not yet practical for real-world applications due to the size and
shape of the add-on element (~2 cm).
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Figure 5: a) Concept of the STENTag, with current density and prototype. Measured input power at the reader for
different level stages of stenosis and b) different tuning inductors and c) different human phantoms.

4.2. Cardiac Valve

Artificial biological valves [40] are replacements for malfunctioning native heart organs. Typically
composed of animal-derived semi-lunar-shaped leaflets attached to a supportive structure called a
stent, these valves are commonly crafted from metallic alloys that resemble a loop with three cusps
acting as meanders (Fig. 6a). Given that the typical size of human cardiac valves is comparable to the
wavelength at 900 MHz in the surrounding medium (approximately 5 cm), the stent, when
appropriately excited, can support a current pattern resembling that of a typical one-wavelength loop
antenna, with in-phase currents in its two half-portions (Fig. 6a).

Antennification without any structural interruption can be achieved by including a trapezoidal loop
adapter inductively coupled with one of the cusps, following its geometric profile without any
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protrusions (Fig. 6a) [22]. The loop size can be optimized (Fig. 6a) to maximize the Transducer Power
Gain by varying the height h and the value of the tuning inductor L.

Referring to Fig. 6.c, the optimal regions (in white and light grey) are those with Gt = —40 dB, allowing
for multiple configurations.

A prototype using a real heart device was designed and tested in liquid-emulating muscle tissue (Fig.
6d). The trapezoidal exciter was embedded into the same dielectric coating covering the prosthesis,
ensuring the structural stability and integrity of both the valve and the lumen. The interrogating
antenna was a folded patch (40 mm x 25 mm, as in [41]) placed in contact with the external surface
(D=0) of the phantom. Despite the deep implant region (approximately 7 cm from the skin) and the
lossy medium surrounding the miniaturized antenna, a robust communication link was achieved with
an input power of Payr=1 W for the reader antenna placed in contact with the body. A transducer gain
between -37 and -35 dB was measured in the UHF band [30], corresponding to a power margin of 3
dB (Fig. 6e).
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Figure 6: a) Structure of a biological aortic valve prosthesis with a metallic stent and its cyber equivalent. b)
Simulated surface current on the metallic stent of the valve. c) Isolines of the Transducer Power Gain [dB] at 900
MMHz v.s. design parameters of the exciter. The red star represents the selected configuration. d) Prototype and
e) simulated and measured G vs. frequency

Some biological valve prostheses can integrate metal-free supporting structures. In such cases, the
wire stent is replaced by a polymeric framework to which animal leaflets are connected. The stent
structure is then surrounded by a silicone rubber base ring for easy sewing onto the native aortic
annulus. With no conductive elements available, the antennification involves integrating a thin antenna
into the layout, utilizing the valve materials as a substrate. As an example, the experiment in [15]
considered a curvilinear dipole (C-dipole) wrapped around the silicone ring. The dipole is connected to
the RFID IC via a triangular T-match that follows the profile of the cusp. The prototype shows an
average Transduced Power Gain of —35 dB in the RFID EU band, corresponding to a margin M=6dB,
so that the antennified valve can be read by the same contacting antenna (D=0) as above even when
implanted at a depth d=7cm.
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4.3. Orthopedic Nails

Orthopedic nails are used in the treatment of fractures and reconstructive surgery. They are typically
composed of bioinert materials, such as stainless steel and titanium, with an elongated shape. The
antennification strategy [24] involves replacing one of the extremal screws of the nail with an
engineered version that creates a small gap between the metallic portions of the implants. The new
end-cap (Fig. 7a) consists of three parts: two metal rods (one screwed inside the nail) and a
sandwiched dielectric rod made of biocompatible polymers like polyether ether ketone (PEEK) [42]. A
small PCB hosting the IC and a series inductor vertically connects the two metallic rods. This
configuration results in an asymmetric dipole with a nearly floating port.

Numerical simulations show that the electric current density induced on the nail flows over the entire
device length, fully contributing to the harvesting and radiation phenomena (Fig. 7b). Tests using a 5
cm-long nail within a realistic mock-up (Fig. 7c) showed that the measured realized gain ranges
between -30 and -26 dB in the UHF band. This corresponds to a read distance of D = 10 cm for
implants placed at a depth of d = 4 cm within the body, considering a low-power reader emitting 1 W
(Fig. 7d).
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Figure 7: a) Simulated model of the sensorized End Cap, including the RFID IC, applied on the top of the fixator
to achieve an unbalanced dipole. b) Current distribution and prototype c) Measurement setup for the
electromagnetic characterization of the prototype inserted into a minced meat phantom. d) Measured and
simulated realized gain vs. frequency.

4.4. Tooth implants
A tooth implant is a customized artificial device that replaces a missing tooth to restore masticatory
function and aesthetic appearance. To assess the implant success, track its stability and health and
evaluate the effectiveness of its action, parameters such as temperature and pressure [43], [44], [45]
must be monitored through a telemetry system fully integrated in the small volume of the tooth.

The tooth implant is made of three components: the screw (usually made of titanium for
biocompatibility), which replaces of the tooth root, the abutment, made of either metallic or polymeric
material, which is placed on top of the dental implant to connect it to the replacement tooth; and finally,
the crown, made of ceramic material, which serves as the custom-fabricated replacement tooth.
Following the same concept used for the nail, the screw and the abutment can be engineered [46] to
function as an asymmetric harvesting dipole antenna. In this case, the end-cap adapter (Fig. 8a),
forming the gap with the medical device, is flattened into a small, thin disk to fit inside the crown. The
disk, a PCB with a diameter of 1.2 cm and a thickness of 1.6 mm, hosts two circular segments forming
a gap. One of the segments is connected to the abutment. The IC and the tuning inductor are placed
in series across the gap, with the inductor value chosen to optimize impedance matching.
Measurements on porcine jaw demonstrated that the antennified tooth can be interrogated from the
outside up to D=30 cm with the reader emitting 3.2 W EIRP for continuous overnight monitoring (Fig.8
b-c).

5. Materials and Manufacturing
Besides the geometrical and electrical design of the adapter, the antennification of passive prostheses
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also requires considering technological issues related to compliance with biocompatibility
requirements and, importantly, the manufacturing and integration processes.

For metallic implants, the prosthesis-adapter assembly must be kept together through a biocompatible
polymeric coating. This coating aims to avoid dangerous protrusions, movements of the elements,
infection, and rejection, and to protect the circuitry from the surrounding human body. Inert materials,
such as polyaryletherketones (PEEKSs), polyamides (nylons), polysulfones, polyvinylchloride, and
polyesters, significantly reduce the probability of infection, a primary cause of implant failure [47].
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Figure 8: (a) Cyber-tooth model with the harvester and add-on disk. On the right, the equivalent dipole. (b)
Prototype and measurement setup. c¢) Measured performances for different values of the tuning inductor.

In the case of polymeric implants, the challenge is incorporating conductive elements that can
withstand cyclical strain, bending, and torsion. Various techniques have been developed to embed
flexible electronic circuits on dielectric materials, classified into 3D and 2D solutions [48]. The 3D
methods use thin wires or conductive threads sewn onto the dielectric, while 2D techniques include
ink-jet printing [48], rod coating, and spin-coating of nanomaterials [49]. Conductive polymers suffer
from long-term stability issues [50], and graphene/carbon nanotubes face expensive synthesis
processes [51]. Conductive paints, such as metallic nanoparticle inks [36], [52], [53], or MXene [54],
offer promising electrical performance but lack robustness and contain toxic materials, complicating
their medical use. These techniques also require new certifications due to the addition of new
materials.

An emerging manufacturing option relies on Laser-induced graphene (LIG) process that patterns
conductive traces on high-carbon substrates like polymers. LIG combines graphene's properties—
mechanical robustness, electrical conductivity, and biocompatibility — with ease of manufacture and
reduced costs [51]. It converts the current substrate into graphene by breaking covalent bonds with an
infrared laser [55]. This process requires only a soft requalification of the device. Several LIG sensors
on medical-grade polymers have been already reported [49], [56], [57], [58], and their properties are
being explored [59], [60] for antenna manufacturing. An implanted square loop antenna on a PEEK
substrate shows communication performance with a radiation gain only 3 dB lower than copper in
optimal conditions (RS =5 Q/o, size 3 cm) [61].

In contrast to the above permanent solutions, a noteworthy research topic involves transient
electronics, namely components that gradually dissolve into biofluids after their useful functional life
[62]. Despite being in its infancy, this approach could offer a significant advantage over the
antennification strategy by providing fully resorbable devices, which could potentially minimize long-
term complications. Therefore, materials such as magnesium (Mg) for the conductive traces,
magnesium-oxide (MgO) and silicon dioxide (SiO2) working as dielectrics, silk as the substrate, and
silicon nanomembranes (semiconductors) have been employed in the past to fabricate RF
components, including antennas, lumped components (e.g., resistors, inductors, and capacitors),
transistors and even energy harvesting subsystems.

6. Conclusion
The presented examples demonstrate that passive implanted prostheses can be effectively
transformed into wireless cyber devices for supporting and monitoring the human body, despite the
variability in shape and materials. Several recurring design patterns can be identified, allowing for a
few antennification strategies to be customized on a case-by-case basis.
Battery-less communications based on backscattering protocols should be preferred to minimize the

impact on the human body and optimize biocompatibility. Metallic and polymeric portions of the
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implants can be utilized to act as radiating elements or dielectric substrates for radiating elements,
respectively. Among the antenna parameters to be optimized for establishing a through-the-body
communication link, impedance matching is the most critical one, as the radiation gain is hardly
controllable as it is primarily influenced by the prosthesis's shape, size, and implantation depth.
Antenna adapters can be efficiently used to integrate the necessary electronics, tune them to the
prosthesis impedance, and shape the induced/radiating currents. The coupled-loop family appears to
be the most suitable topology, as it requires no interruption or modification of the implant.

The electromagnetic performances achieved so far are resumed in Table Il. Deepest implants like
heart valves, or very small prosthesis, can be efficiently read from outside, even if in some cases on-
skin interrogating antennas are required (in this case exceptional advantages are expected by the
usage of wearable readers antenna such as the one in [63], the wristband reader in [64] and the array
in [65]). Orthopedic devices, generally larger and implanted more superficially, can be instead
interrogated by reader placed far from the skin, hence enabling remote monitoring policies.
Furthermore, multi-point or multi-parametric analysis can be performed by including more than a
single adapter and hence ICs and sensors.

Finally, the required communication powers are compliant with SAR regulations, being the
interrogation duty-cycle low or the distance from the body large.

It is worth noticing that the same approach can be successfully applied to wearable prosthesis [66],
but in this case with less effort in energy harvesting, miniaturization, and body acceptance.

Table 2 Communication features of the described examples

Papers | Implantation Reader Chip Power Realized Transducer Power SAR max
Depth d [mm] Distance Sensitivity radiated by Gain [dB] Power Gain Margin M | [W/kg]
from the Skin [dBm] the reader [W] | (Far-field) [dB] (Near-Field) | [dB]
[mm] (Far-field) (Near-
Field)
[36] 70 70 -17.5 3.2 EIRP -27 - 0.25
(duty
cycle=1)
[46] 10 2 -16.6 3.2 EIRP -24
[39] 17 200 -15 1 EIRP
[22] 70 2 -13.6 - - -37 3.5 2 (duty
cycle=0.11)
[24] 40 100 -13.6 1 EIRP -24 -
[37] 40 300 -13.6 3.2 WEIRP -22
[15] 70 2 -13.6 - - -35 6 2 (duty
cycle=0.11)

However, several critical points remain still open and require further investigation. In-vivo testing is
essential to validate the long-term performance and biocompatibility of these cyber-prostheses under
realistic physiological and pathological conditions. Particular attention should be devoted to Magnetic
Resonance Imaging (MRI) compatibility. Since the layout, materials, and placements [67] of the
prosthesis remain largely unaffected during the “antennification” process, the considerations regarding
MRI compliance for standard implants are still applicable to their “cyber” versions. However, additional
analysis is necessary to ensure the RFID IC and electronic components are compatible with the high
magnetic fields generated during MRI. The problem has been already addressed in [68] and RFID
tags, containing conductive materials, must be MR-conditional, meaning they are safe under specific
conditions during MRI scans. Potential risks include not negligible temperature increases (up to 3°C)
and unexpected strong movements. Image artifacts might also occur [69] as well. Recently, MRI-
compliant ICs and tags have been developed [70] for textile and wearable applications, and we can
expect potential benefits for implantable systems too.

Additionally, the durability of the integrated antennas and electronic components must be ensured to
withstand the mechanical stresses and environmental conditions within the human body.

Another significant concern is cybersecurity. As these devices become more interconnected,
safeguarding the integrity and privacy of the transmitted data is paramount. Implementing stringent
authentication mechanisms at physical level will be crucial to protect against unauthorized access and
data breaches.
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