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Abstract—Epidermal sensors based on battery-less Radiofrequency Identification (RFID) aim at collecting biophysical parameters with a high level of comfort for the user. This paper
investigates the performance and durability of epidermal RFID
tags, equipped with a self-tuning RFID IC, that are based either
on copper wires or conductive yarn. The tags are deployed onto
an ultra-thin stretchable and transparent substrate to achieve
comformability to body discontinuities. A statistical analysis on
volunteers showed that, in the whole UHF band (860-960 MHz),
reliable read ranges of 1 m are easily achieved while up to
2 m can be reached in some favorable configurations. Both
tags withstand wear, mechanical stress due to the movements
of the body, sweating, and water. In particular, the tag made of
conductive yarn lasts for more than 20 days. This new family of
epidermal tags are moreover suitable to low-cost and large-scale
manufacturing through the widely available machines used for
wire-laying, bending, and shaping.
Index Terms—RFID, UHF, epidermal sensors, manufacturing,
flexible electronics.

I. I NTRODUCTION
Epidermal Electronics [1] is a quick growing research topic
pioneered by material scientists and then investigated by
communication engineers. Epidermal devices aim to directly
sample biophysical parameters of the skin and to transmit
data towards an interrogation infrastructure. Radiofrequency
Identification (RFID) is a common protocol for data exchange
since it avoids the use of batteries [2]. Most of the devices
proposed so far are NFC–based (13.56 MHz) [2] so that
they can benefit from NFC readers already embedded into
smartphones. However, since the corresponding read distance
is of only few centimeters, their applications are rather limited
to manual data retrieval. In particular, NFC sensors are not
suited to automatically collect data when, for instance, a user
crosses a gate, as in the case of emergency infrastructures,
or he needs to be continuously tracked when moving within
a room. In these cases, longer ranges are required and UHF
(860-960 MHz) RFID links must be exploited.
UHF-RFID epidermal sensors have been investigated in
recent years for measuring temperature, breath, sweat, and pH.
Nevertheless, methods for manufacturing these antennas either
rely on techniques that are not yet suitable for mass production
(as in the case of inkjet printing and stencil painting for tattoolike antennas [3]), or they involve materials that lack the
required stretchability for adapting the sensors to the natural
discontinuities of the human body and to the deformation of
the skin (e.g. copper sheets [4] and kapton [5]).
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Fig. 1: (a) Layout of the epidermal tag consisting of an open loop
radiator and an exciter loop. (b) Breakout view of the epidermal tag.
Sizes (in mm): a = 30, b = 30, c = 11, d = 12.5 e = 8, f = 10. Wire
diameter: 0.08; Yarn diameter: 0.25. Exciter loop: 12 x 7.5, thickness:
0.010, width w = 1.65.

By extending the preliminary results in [6], this paper
introduces and characterize a new family of epidermal UHFRFID tags made of bent thin conducting threads (copper wire
or fiber yarn), deployed onto an elastic bio-compatible substrate. These materials combine manufacturing simplicity with
high adaptability onto the human skin, partial transparency,
comfort, remarkable stretchability and, above all, the durability
to withstand the mechanical stress and the sweat that the skin
experiences throughout the days. Even though copper wires are
already used for non-stretchable low-cost logistic tags [7], and
the fiber yarn tags are now available for laundry applications
[8], [9], [10], they have not been experimented yet for on-skin
and long-term use with stretchable substrates.
Open-loop epidermal tags are here designed to operate
with a self-tuning chip [11] having an embedded temperature sensor. This architecture of chips provides a dynamic
impedance that automatically adjusts depending on the boundary conditions and hence requires an ad-hoc design method
(Section II). Stretchable prototypes are shown in Section III.
The communication performances of the wire tags are then
statistically evaluated for applications on several body regions
(Section IV) while the antenna durability for a long-term
placement onto the skin in realistic conditions is discussed in
Section V. Finally, the performance and the complexity of the
thread-like tags are compared in the Conclusions with respect
to the state of the art of epidermal antennas in the UHF band.

2

Fig. 2: Schematic representation of the internal matching network
of a microchip with self-tuning features.

II. T HE TAG L AYOUT AND THE D ESIGN
A. Tag Materials and Layout
A thread-like epidermal tag (Fig. 1) consists of a 30 x 30
mm2 open loop, acting as main radiator, coupled to a smaller
rectangular exciter loop inlay made by an aluminum trace
over PET substrate, connected to an integrated chip (IC). This
configuration allows to easily separate the antenna structure
from the IC and avoids soldering. The antenna is deployed
onto the adhesive side of an ultra-thin (22 µm thickness)
polyurethane film [12] that is stretchable, bio-compatible and
even breathable. The exciter loop is protected and separated
from the body by a silicone substrate (1 mm thick, r = 2.2,
and σ = 0.005 S/m). A second layer of polyurethane is used
to encapsulate the antenna, leaving the external adhesive layer
intact to allow the application over the skin.
Two kinds of conducting threads are considered: i) an
insulated copper wire (for the Wire Tag) with a 80 µm
diameter, and ii) a textile conductive yarn (for the Yarn Tag)
with a 250 µm diameter. The former ensures low fabrication
costs, the highest transparency of the overall tag, and it can be
easily manufactured on a large scale by the widely available
technology of wire bending and shaping machines. The latter
comprises 166 threads made of Zylon fiber and silver cladding
(conductivity 6.3·107 S/m) [13]; it can be deposited over
substrates through sewing-like machines. It is less mimetic
than the Wire Tag but it is expected to be more robust to
mechanical stress thanks to its multi-thread configuration.
B. Self-tuning RFID IC
The epidermal tag includes a self-tuning RFID IC that
can be modeled as a re-configurable network of capacitors
(Fig. 2) aiming at maximizing the power provided to the IC
by keeping the antenna-IC matching unchanged despite the
frequency change and the slight modification of the nearby
environment. The IC capacitance of a self-tuning chip can be
expressed as:
CIC (n) = Cmin + nC0 ,
(1)
where Cmin and C0 are the baseline capacitances of the
IC and n is the number of connected tuning capacitors C0 .
The change of the operating frequency produces a variation of the antenna susceptance BA (f ) that the chip tries
to compensate by imposing |BIC (n) + BA (f )| = 0, with
BIC (n) = ωCIC (n). The same happens when the frequency
is fixed and the location of the tag on the body changes.

Since a passive UHF-RFID system is limited in the forward
link, the tag design aims at maximizing the realized gain
GA τ , i.e. the amount of impinging power delivered from the
tag antenna of gain GA to the IC. The power transmission
coefficient [14] accounting for the impedance mismatch between the antenna and the chip can be conveniently referred
to admittances as:
GA GIC
≤ 1,
(2)
τ =4
|YA + YIC |2
with YA/IC = GA/IC + jBA/IC being the admittances of the
tag antenna and the tag IC, respectively.
Self-tuning works properly provided that the chip is operating in its linear zone, that is, when N1 < n < N2 . To achieve a
good compensation of the antenna-chip mismatch the antenna
susceptance needs hence to fall within the range:
ωCIC (N1 ) ≤ −BA (f ) ≤ ωCIC (N2 ),

(3)

with ω= 2πf . In this case, the power transfer coefficient
A GIC
becomes τ = 4 (GG
2 and the residual mismatch is
A +GIC )
only related to the change of the conductance GA (ω) that
cannot be compensated by the IC. Outside the above range,
the capacitance saturates to the nearest value (either CIC (N1 )
or CIC (N2 )) and the compensation fails.
The selected RFID IC for the epidermal tags is the Magnus
S3 [15], with power sensitivity pIC = −16.6 dBm in passivemode. It has a static conductance GIC = 0.482 mS, while
the susceptance automatically adjusts through the self-tuning
circuitry where: Cmin = 1.9 pF, C0 = 1.96 fF, N1 = 5, N2
= 490. This chip also returns the temperature of the tagged
body in the range -40◦ C < T < +85◦ C with a resolution of
0.13◦ C and, hence, is a suitable option to achieve epidermal
wireless thermometer.
C. Design
For the design, the intermediate state of the IC susceptance
is assumed (BIC = 13 mS at 870 MHz, n = 243).
Having fixed the external size of the tag as in Fig. 1, so that
its footprint is similar to a 30 x 30 mm2 plaster, the tuning
parameter w (width of the exciter loop) is optimized through
CST Microwave Studio 2018 to maximize the power transfer
coefficient τ when the tag is placed onto a reference multilayered human body model [16] (inset in Fig. 3) consisting of
an inner layer of muscular tissue, an intermediate layer of fat,
and an outer layer of skin with the same parameters of the
muscle.
To account for the self-tuning behavior of the chip, the
frequency variation of the antenna susceptance has to be
mapped within the re-tuning range of the IC defined in (3) and
shown in Fig. 3 when the antenna is placed onto the defined
human body model. Thus, the optimal trace width of the loop
exciter amounts to w = 1.65 mm so that BA falls inside the
required region where the IC makes the frequency response of
the resulting antenna flat in the whole RFID-UHF band. The
simulated power transfer coefficient and the realized gain for
the designed epidermal tag are reported in Fig. 4. The shape of
τ (f ) is rather constant in a wide band and hence the epidermal
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Fig. 5: Manufacturing steps for prototyping the epidermal tags: (a) Fig. 3: Simulated susceptances BA for some widths w of the loop
exciter, and simulated power transfer coefficient τ in self-tuning
mode. Inset: detail of the exciter loop and layered phantom [16] used
for simulations. Skin: hs = 1 mm, r = 54.5, σ = 0.6 S/m; fat: hf
= 10 mm, r = 5.64, σ = 0.1 S/m; and muscle: hm = 60 mm, r =
54.5, σ = 0.6 S/m.

(a)

(b) the open loop is laid onto the adhesive backside of a polyurethane
film [12] through the help of needles that shape the pattern; (c) the
exciter loop is placed in the coupling area and (d) it is protected
with a bio-silicone substrate that keeps the chip exposed. Finally, (e)
the non-adhesive side of the polyurethane film is placed onto the
structure so that (f) the whole sensor is not in direct touch with the
body.

(b)

Fig. 4: Simulated (a) power transfer coefficient τ in self-tuning
mode, and (b) realized gain GA τ at 867 MHz for the epidermal
tag placed onto the layered phantom (ϕ = 90◦ ).

antenna will efficiently operate at different frequencies within
the UHF-RFID band without any manual re-tuning. The peak
of the realized gain is within the values of reference epidermal
loop antennas ([-18, -12] dBi) [17].

III. P ROTOTYPES AND TESTS
Antenna prototypes were manufactured (as shown in Fig.
5) by laying the wire/yarn onto an adhesive substrate; the
threads were bent through the help of needles marking the
corners of the open loop. The resulting epidermal tags are
stretchable (Fig. 6a), transparent (Fig. 6b), soft (Fig.6c), and
fit the discontinuities of the body (Fig. 6d). The loop exciter,
which is flexible but not elastic, is expected to have negligible
impact on the stretchability of the whole tag due to its small
size.

Fig. 6: Prototypes of the epidermal tags made by (a) copper wire
and (b) conductive yarn. They are (c) soft and (d) conform to body
discontinuities (forearm tendons).
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to 90% for placements on both the arm and the abdomen. In
few particularly favorable cases, tags placed onto the abdomen
(which is the region with more fat) can be even detected at 2
meters away from the reader.

Fig. 7: On-arm broad-side performances of copper-wire and
conductive-yarn tags and comparison with simulation on a layered
medium. Shaded region highlights the worldwide UHF-RFID band.

The realized gains GA τ of both the Wire Tag and the
Yarn Tag, when attached on the arm of a volunteer, were
calculated through a Voyantic Tagformance station that, at 50
cm away from the target, measured the turn-on power required
to wake up the tag IC. As expected from simulations, despite
the different open loop conductors, the two tags exhibit the
same performance (Fig. 7) with a rather flat realized gain −18
dBi < GA τ < −16 dBi in the UHF-RFID band. The 2 dB
averaged difference between simulations and measurement in
the the UHF-RFID band is probably due to the lower fat
content on the volunteer’s arm with respect to the phantom.

(a)

IV. O N -S KIN COMMUNICATION STATISTICS
The communication performances of the two prototypes
were statistically tested by placing them on four volunteers
(two men and two women) with different body mass indexes
(BMI) [18] BMI(men)={23.3, 24.4} and BMI(women)={20.6,
24.2} spanning from muscular to curvy. Tags were placed on
five body parts of each volunteer (leg, abdomen, arm, forearm,
and forehead). By measuring the realized gains GA τ of the
tags, the maximum read distance was
p derived by inverting
λ
the Friis formula [19]: rmax = 4π
EIRP · GA τ /pIC by
assuming a transmitted power of 3.2 W EIRP (the ETSI
limit). Measurements were performed in the worldwide RFID
frequency band (860-960 MHz) with a frequency step ∆f =
5 MHz on each user and for each configuration. Averages
of results for each body parts of all users and on all body
parts of all users are summarized through the Complementary
Cumulative Distribution Function (CCDFs) that gives the
probability to ensure at least a given realized gain and a
read distance in the whole considered frequency band, for
all volunteers and positions. Fig. 8a and 8b show that the
proposed epidermal tags can achieve a realized gain of up to
-13 dBi and that they can be read, with a probability of 60%,
from a distance of at least one meter at any frequency and
for any of the considered body parts. This probability rises up

(b)
Fig. 8: CCDFs of (a) the realized gains GA τ , and (b) the maximum
read distances of the epidermal sensor within the whole UHF-RFID
band. Data were collected from four volunteers, with different BMIs,
wearing the sensor on five body parts.

V. D URABILITY AND ROBUSTNESS IN R EAL - LIFE
To test the robustness of the epidermal sensors when applied
onto the skin for everyday use, both the Wire and the Yarn
Tags were worn for several days by the same user (27 year
old woman, 56 Kg x 168 cm) on three different body parts
(abdomen, arm and chest), and their mechanical changes as
well as the degradation of the realized gains were monitored.
After three days, the Wire Tag on the abdomen kept its
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realized gain unchanged (Fig. 9a). The arm that is, instead,
more subject to mechanical stress, the tag underwent through
sensible degradation and its realized gain decreased by 3 dB
in average and by 6 dB in the worst case (Fig. 9b). The Wire
Tag applied on the chest broke after three days and stopped
responding. The damaging process begins as local curling (Fig.
10a) caused by the mutual brushing of the copper wire against
the two PVC films induced by the deformations of the skin.
The damages then arise around the curls. After seven days,
several cuts along the wire form on the antenna independently
from the position on the body. (Fig. 10b).
The Yarn Tag, instead, revealed to be more robust against
the mechanical stress and, in spite of the presence of some
local curling (inset of Fig. 11), no other signs of damage are
visible. It kept its realized gain unchanged even after being
worn for 20 days on the arm and after several sport activities
and showers.
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VI. D ISCUSSIONS AND C ONCLUSIONS
Epidermal tags made by either thin copper wire or conductive yarn attached onto an elastic membrane and embedding
a self-tuning sensor-oriented UHF-RFID chip were proposed
and experimentally characterized.
A statistic analysis on some volunteers with different bodymass indexes demonstrated that it is possible to guarantee
a read distance of at least 75 cm in the 90% of the 420
data points combining both frequencies, and positions on the
body, and users. If placed onto the abdomen, the tag can
even be read up to 2 meters. As summarized in Tab. I,
these tags are characterized by a small footprint, and a high
aperture efficiency when compared against the state-of-the-art
epidermal antennas in UHF band. The low amount of required
metal makes them easy to dispose, inexpensive to manufacture,
and environmentally friendly. Moreover, they can be easily
applied onto the body (as the tattoo-like tags in [20]), and,
differently from [4], they are more comfortable to the user
thanks to their very thin substrate.
Wire Tags can be used up to two days before being damaged
due to mechanical stress. Improvements to the durability are
expected by using a thicker copper wire at the price of a
reduced comfort for the user. The Yarn Tag is, instead, soft
but also robust to normal daily use, including sport activities,
showers and deep sweating. Its communication performances
remain unchanged even after twenty days of application on
the skin.
Epidermal sensors made of stretchable substrates and conductive yarns can be, therefore, considered good candidates
for low-cost manufacturing and for enabling a conformable,
battery-free, and long-term monitoring of the human body.
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