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Abstract—The recently introduced inkjet printing technology
with ambient-sintering is here investigated for the fabrication
of epidermal antennas suitable for Radiofrequency Identification
(RFID) and Sensing. The attractive feature of this manufacturing
process is the possibility to use low-cost printers without any
high-temperature curing.
In spite of the estimated maximum achievable conductivity of
the ink ( U HF = 1 ⇥ 105 S/m) in UHF-RFID band is two orders
of magnitude lower than that of the bulk copper, a three-fold
printing process provides the same on-skin radiating performance
as manufacturing technologies using bulk conductors.
Experiments demonstrate that the epidermal antennas printed
on PET substrate are insensitive to moderate mechanical stress,
like the natural bending occurring over the human body, and to
the possible exposure to body fluids (e.g. sweat). Moreover, the
electromagnetic response remains stable over the time when the
printed layouts are coated with biocompatible membranes.
Index Terms—Radiofrequency Identification, RFID tags, wearable sensor, wireless sensor, body sensor network, UHF antennas,
ink-jet printing, additive manufacturing.

I. I NTRODUCTION
Flexible and body-conformable sensors are a promising
driver for the new generation of non-invasive and discrete
body-centric systems with application to biomedicine, security and entertainment. The recent convergence between the
emerging Epidermal Electronics [1] and the more assessed
Radiofrequency Identification (RFID) technology for passive
body-centric systems [2] is indeed stimulating the development
of novel skin-tight battery-less devices provided with sensor
capabilities and wireless interfaces for communication with a
remote reader unit. Pioneering applications of epidermal RFID
tags to the wireless measurement of body temperature and to
wound healing monitoring were already demonstrated in [3],
[4].
Reshaping RFID transponders, conventionally used in logistics of bulk objects, into a suitable layout for skin mounting,
demands for techniques to deposit conductive traces over
biocompatible ultra-thin flexible membranes. Cost-effective
and easily accessible methods are hence required for both
the rapid prototyping of laboratory samples as well as for
the mass production of skin sensors over the large scale. The
first referred prototypes of tattoo-like tags, in the UHF RFID
band (860 - 960 MHz), were fabricated by profiling conductive
silver painting or a nickel-based screening spray by means of
the stencil technique [5].
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Inkjet printing is a promising technology for depositing
metal traces on flexible and even stretchable substrates [6],
[7], [8]. This process is being increasingly adopted by the
electronics industry for the fabrication of RF circuits and
wireless devices [9] by using electrically engineered inks made
by metallic nanoparticle, conductive polymers (PEDOT-PSS),
organometallic compounds and carbon nanotubes (refer to
[10], [11] for a complete survey). Inkjet printing of silver
nano-particle inks has been already experimented also for
manufacturing RFID tags [12], [13] and even to produce
epidermal antennas over transfer tattoo paper [14]. Most of
the published works refers to highly specialized and expensive
printing equipments, like the FUJIFILM Dimatix DMP-2800,
with nanoparticle silver-based inks (e.g. from Xerox, Sigma
Aldrich). This technology requires thermal or laser postdeposition sintering treatments at high temperature (between
135 and more than 300 degrees) to provoke the coalescence
of the nanoparticles that are enclosed in a polymeric shell
- specifically designed to forbid agglomeration prior to the
deposition - and, accordingly, to achieve the optimal electrical
conductivity.
Depending on the specific printing process, the kind of
substrate, the number of the printed layers and the resulting
thickness of the traces, the dc conductivity of printed ink
nowadays approaches the same order of magnitude ( ÷ 107
S/m) as bulk conductors ( (Ag) = 6.3 ⇥ 107 S/m, (Cu) =
5.9 ⇥ 107 S/m, (Al) = 3.5 ⇥ 107 S/m). Just to give an
example, a conductivity of = 2 ⇥ 107 S/m was measured at
2450 MHz in [15] for a silver-based ink printed on cardboard
and thermally cured.
Very recent progresses in Materials Science originated a
new class of conducting inks [16], [17] which dry at room
temperature and form an instantly conductive layer, without
the need of time-consuming thermal sintering [18], [19]. These
sintering-free inks are hence suitable to be cheaply and easily
deposited on a flexible substrate by using consumer-grade,
low-cost, inkjet printers. The feasibility of the fabrication of a
variety of functional electronic prototypes, including touch and
proximity-sensitive surfaces and capacitive liquid-level sensors, have been already demonstrated in [20], [21]. The same
authors proposed in [22] procedures to make interconnections
between double sided patterns with the purpose of fabricating
multilayered instant-printed circuits. Even more recently, the
self-sintering ink was used for the fabrication of miniaturized
artificial magnetic conductors in the sub-GHz applications [23]
and for the manufacturing of chipless humidity RFID sensors
[24]. The declared spatial resolution of the printed trace was

150 mm while the ink sheet resistance was estimated to be 0.3
⌦/m (with no indication about the number of printed layers).
The application of the above manufacturing technique to
epidermal antennas working in the UHF-RFID band requires
a more in-depth analysis to take care of a number of additional
parameters which are specific to the co-habitation of an
antenna with the human skin, such as the printing quality over
common biocompatible substrates, the presence of the sweat,
the possible bending over body curvatures and the need of a
protective coating.
In spite of some information about the radiofrequency
feature of the self-sintering inkjet printing of antennas may
be derived from above cited papers, other issues such as the
achievable conductivity versus the specific inkjet process (say
the number of printed layers), the long-term performance, the
robustness to the mechanical and chemical stress, are still
unknown and worthwhile of further investigation.
Thus, this work describes a complete and independent
characterization of the Self-Sintering ink-jet technology for
the specific fabrication of epidermal antennas with the overall
goal of identifying the most appropriate modalities to achieve
read-range performance as close as possible to the bulk
copper in case of application onto the skin, and to test the
sensitivity of the ink-jet printed antennas in variable boundary
conditions typical of body-centric systems. The basics of
the sintering-free conductive ink are reviewed in Section II
regarding the ink conductivity in the dc regime and the
identification of suitable printing substrates. Then, the ink
conductivity is estimated in the UHF-RFID band by means
of a combined experimental/simulated identification procedure
versus the number of printed layers (Section III). Section IV
addresses the achievable performance of realistic epidermal
antennas concerning the achievable realized gain versus the
trace width, the resistance to bending and to body fluids and
the stability over time. Some possible bio-compatible coatings are also experimented. Finally, the self-sintering printing
technology is demonstrated for the real application over the
skin and then compared (Section V) with other conventional
manufacturing options involving bulk conductors that have
been already proposed for epidermal antennas.
II. S ELF -S INTERING AG I NK
The silver nano ink from Mitsubishi Paper Mill [16] consists of an aqueous solution containing silver nanoparticles
of approximately 20 nm diameter uniformly dispersed in a
solvent consisting of polymer latex and a halide emulsion.
The conductivity of this ink spontaneously emerges at ambient
temperature as soon as the solution is dried, thanks to the
formation of interconnections among the silver nanoparticles
which is triggered by the halide [27]. The printer selected
for the ink deposition was the Brother MFC-J5910DW whose
specific nozzles eject higher volumes of ink than other printers,
meaning that a greater amounts of conductive ink can be
deposited in a short time. The standard CMYK cartridges were
all refilled by the Ag-ink using disposable syringe filters. The
print quality is 6000x1200 dpi. Accordingly, in comparison

with a single-nozzle printer, the considered printing process
releases four times the amount of ink that roughly correspond
to four layers. However, unlike professional printers, this lowcost procedure does not permit any kind of control over the
inkjet process like the size of the droplet, the temperature
of the nozzle, the time between two consecutive droplets so
that the appearance of the resulting trace could be different
between the two procedures. To prevent confusion, the term
“layer” is hereafter avoided while the term “single-printed
trace” will refer to the output of the printer, as it is.
A. Suitable printing substrates
The first step of the research considered the possibility to
deposit this ink over sheets and membranes suitable to host
epidermal devices such as ink-jet tattoo-paper, polyurethanebased dressing, cellulose membrane, adhesive non-woven fabrics. Tattoo transfer paper, in particular, has been already
experimented for printing silver ink dispersed in organic
solvent and then sintered at 135 °C [14]. Two additional media
suggested by the ink manufacturer were also considered: a
resin-coated paper and a PET film (white or transparent)
having a PVA-based ink receptive layer on top [28].
The tested materials with the corresponding optical micrographs of a 2x10 mm2 printed trace are listed in Table
I. None of the skin-like membranes revealed adequate for
self-sintering ink, as the dc impedance measured between
the two extremities of the trace was higher than 2 M⌦. The
ink penetrated within the fibrous matrix (4, 5), spread over
hydrophobic surface (2) or formed evident cracks (1), thus preventing the activation of chemical sintering and the creation of
a continuous conductive path. A low resistance was achieved
only with the commercial printing sheets (6, 7) thanks to their
specific surface treatment based on a porous coating layer that
facilitates the ink adhesion and the solvent absorption at the
nano-scale and prevents smearing. Although being flexible,
thin and bio-compatible, the texture of these sheets is not
entirely suited to intimately adhere to the skin; they have
been used anyway in this study for the ink characterization
for epidermal-oriented applications, while major efforts are
being currently devoted to process the surface of the other
more skin-like membranes to make them printable.
B. The spontaneous-sintering effect
Fig. 1(a) shows an example of the sheet resistance of a
single-printed rectangular trace over PET substrate with size
ratio Width/Length=100, according to the standard in [29]. The
spontaneous chemical sintering of the ink activates right after
the printing and it continues for the next 30 minutes with a
progressive reduction (up to 17%) of the sheet resistance (RS )
down to its asymptotic value that is hereafter considered as the
ink resistivity.
The resulting value of RS is rather unaffected by the
temperature of the printing environment, while it slightly
reduces in case of high humidity conditions (Fig. 1(b)). The
thickness of the profiles of printed traces, as measured by
Dektak 3ST surface profilometer, is rather non-uniform with

Table I
F LEXIBLE SUBSTRATES TESTED FOR THE DEPOSITION OF
SELF - SINTERING INK BY DESKTOP PRINTER .
Substrate

Optical micrograph (60x)

1.Ink-jet tattoo-paper
Crafty computer paper
20 mm

(a)
2. Polyurethane-based dressing
Rollflex Master-Aid
22 mm

3. Cellulose Membrane Visking Dialysis
Medicell International ltd
30 mm

4. Adhesive non-woven fabric
Fixomullr Stretch
120 mm

5. Adhesive non-woven fabric
Amuchina
70 mm

(b)
Figure 1. a) Time-variant dc sheet resistance (in ⌦/sq) of a printed W/L=100
trace on PET transparent film as measured at ambient conditions (T = 24.1°C
and relative humidity RH = 64%). Time t=0 marks the end of the print
procedure. b) Sheet resistance of several printed traces on PET for variable
ambient conditions during the printing process.

6. Resin coated paper
Mitsubishi Paper Mills
177 mm

7. PVA coated PET
Mitsubishi Paper Mills
135 mm

an average value t = 470 nm due to ink agglomeration and
substrate porosity (Fig. 2).
The overall average sheet resistance derived from multiple
measurements is RS = 0.22 ⌦/sq and the corresponding
conductivity in dc can be hence estimated as:
1
⇡ 1 · 107 S/m
(1)
RS t
which is just a quarter of that of bulk conductor and also
in line with the values reported in literature for the artificial
sintering-based conducting inks.
As it will be shown in the next Section, the conductivity
in the UHF band is expected to be rather different due to
the frequency dependance of the response of the non-metallic
matters inside the composite ink.
DC

=

III. I NK CONDUCTIVITY IN THE UHF-RFID BAND VERSUS
THE PRINTING PASSES

The conductivity of printed traces, as for more conventional
conducting ink, is dependent on the number of printed layers.

Figure 2. Measured profile (by Dektak 3ST surface profilometer) of the inkjet
printed trace on PVA-coated PET film.

The considered desktop printer does not permit to freely
control the amount of deposition, thus the only way to test
the overprinting effect is re-loading several times the same
sheet for a new printing task at the purpose to increase the
ink density.
Common techniques to estimate the surface impedance at
microwave frequencies are usually based on the measurement
of the insertion loss of microstrip lines [15] as well as on the
estimation of the quality factor in narrowband resonant cavities
[30] or on wideband transmission/reflection measurements in

guided devices ([31]). In this work the RF conductivity of the
Ag-ink in the UHF band versus the number of print layers was
instead derived by an alternative method involving a single
port measurement of a resonant antenna and a parameteridentification procedure. For this purpose, a numerical model
of the antenna needs to be matched, with respect to the
unknown conductivity of its traces, to the measured reflection
coefficient (S11 ) of the corresponding prototype. A similar
method was already applied for the characterization of conducting polymers loading an RFID antenna in [32].

Figure 3. Meandered monopole used as reference antenna for the identification of the ink conductivity. Size [mm]: a=5.7, b=10, c=1.7, d=14, e=2,
f=17. Comparison between the measured S11 of the printed MLA and the
simulated response of the corresponding FDTD model including the identified
conductivity in the UHF band. The response obtained with the dc conductivity
(1.5 ⇥ 106 S/m) and the RF conductivity (3.3 ⇥ 106 S/m) deduced by [24]
is also reported for comparison.

The considered test antenna was a meander-line monopole
(MLA, inset of Fig. 3) to take benefit from the presence of the
transmission line current mode in the meanders generated by
the multiple foldings [33], [34] that induces a huge sensitivity
of the antenna response to the conductivity of the traces. The
monopole was designed to have the first two series resonances
around 900 MHz and 2450 MHz, respectively.
The printed monopole was placed over a copper ground
plane and connected to a SMA connector via a two-parts
conductive epoxy glue (CircuitWorksr CW2400 by Chemtronics, 20 min curing at 55°C). The dielectric properties of the
printing substrate (" = 1.9, = 0.015 S/m) were previously
derived through the method described in [37]. The reflection
coefficient S11 was hence measured in the frequency band
300-3000 MHz through a Vector Network Analyzer. Then,
the same layout was modeled by Finite-Difference TimeDomain (FDTD) method (CST Microwave Studio 2016) and
the following penalty function was minimized to identify the
unknown trace effective conductivity:

s=

P2

n=1

w1 |fn,meas fn,sim ( )|+
+w2 |B meas (fn ) B n,sim (fn , )|+
+w3 |S11,meas (fn ) S11,sim (fn , )

(2)
5|

where {f1 ,f2 } are the first two resonant frequencies of the
MLA around the UHF band, S11 (fn ) the reflection coefficient
at these resonances (expressed in dB), B(fn ) the bandwidth
referred to S11 = 10 dB around the resonances and w1 =
w2 = 0.2, w3 = 0.1 the weighing coefficients. Minimization
was achieved by using the Trust Region Framework method
by varying the conductivity of the numerical model.
Fig. 3 shows the measured S11 (averaged over five printed
prototypes made by a single-pass printing) which exhibits two
sharp nulls around 870 MHz and 2100 MHz. The identified
effective RF conductivity was U HF (pass = 1) = 3.3·103
S/m and hence sensibly lower (four orders of magnitude) than
the corresponding dc value. Indeed, unlike pure metals, the
self-sintering ink is characterized by a considerable frequencydependent behavior due to the composite nature of the ink
(conductive filler within a polymer matrix) and the residual
presence of non-conductive materials (binders, solvents and
additives) after the spontaneous sintering which introduce
extra losses [8].
The measurements were then repeated for an increasing
number of printing passes. The microstructure of the pattern
evolves, as illustrated by the Surface SEM photographs (magnification of 100Kx) in Fig. 4(a). A significant densification
and coarsening of the silver grains is produced by the spontaneous coalescence of metallic nanoparticles when increasing
the number of the printing layers from one to four.
A lower magnification image (500x, Fig. 4(b)) shows that
the use of a low-cost desktop inkjet printer led to an irregular
profile of the edge of the printed trace, with ink dots spread
around the edge. Moreover, the tray-based paper loading
mechanism produces unavoidable overall misalignments of up
to 0.2-0.5 mm when the substrate is manually re-inserted into
the printer distributor for additional ink release. Overall, the
resulting effect is the widening and blurring of the trace with
a local reduction of the effective conductivity close to the
edge of the trace. Thus, to profitably apply this overprinting
procedure, the antenna shouldn’t have traces thinner than 1
mm.
The conductivity achieved in the case of n={1, 2, 3, 4}
printing passes was estimated through the above identification
procedure and listed in Tab. II. The resulting values increases
by up to two orders of magnitude ( t 105 ) when overprinting
the antenna three times (n=4 passes). It is worth noticing that
the retrieved conductivities are substantially lower than the
value ref = 3.3 · 106 S/m that can be deduced from [23]
by applying eq. (1) for the declared parameters RS =0.3 ⌦/sq
and t=1µm. However, by introducing the latter value in the
numerical modeling of the MLA, the corresponding S11 profile
is rather divergent from the measured data (again in Fig. 3).
This fact, and the further comparison between modeling and
measurement of epidermal antennas shown in the next Section
IV, seem to corroborate the lower value of conductivity as
found here. The mismatch with [23] could be probably due to
the manufacturing batch of the ink, as well as to different state
of preservation before printing (transportation chain) and/or
inside the printing cartridges themselves.

Table II
E STIMATED UHF CONDUCTIVITY VS . NUMBER OF PRINTINGS
Printing configurations

(S/m)

single print

3.3e3

two-fold print

2.2e4

three-fold print

6.3e4

four-fold print

1e5

a)

(a)

(b)
b)
Figure 4. SEM micrographs a) (100Kx) showing the macrostructural evolution
of the granular conductive patterns as a function of the number of printing
passes. b) 500x magnification of the trace edge in case of four-pass printing

IV. A PPLICATION TO E PIDERMAL RFID ANTENNAS
The applicability of the considered inkjet printed technology
to epidermal RFID sensor tags is now discussed by the help
of an example of a meandered rectangular loop (2.5 ⇥ 5 cm2 )
radiating like a two-C dipoles [3]. The radiator was connected
to the EM4325 RFID microchip, which embeds an internal
temperature sensor, by means of a T-match transformer properly shaped to achieve impedance matching (Zin =23-j145 ⌦
at 870 MHz). The geometrical parameters of the antenna were
optimized by means of numerical simulations accounting for
the estimated conductivity of inkjet-printed traces for the application over a plastic box (PET "r = 2, tan = 0.005 @1GHz)
filled with a liquid mixture (HSL900V2 by Speagr , ✏r = 41.2,
=0.95 S/m) mimicking the electromagnetic properties of

Figure 5. a) Inkjet-printed meandered-loop epidermal antenna over PET
substrate. b) Simulated and measured realized gain (broadside direction) when
the tag is attached onto a liquid phantom simulating the human body.

human tissues. The printed antenna was connected to the IC
through the silver-based conductive glue. The resulting RFID
tag was experimentally characterized in terms of the realized
gain - defined as the power gain of the tag (along the broadside
direction) multiplied by the power transfer coefficient between
the antenna and the chip - which is directly related to the read
range of the sensor. This performance indicator was measured
by the turn-on power method, i.e. the tag was interrogated
by an RFID reader at fixed distance (25 cm) with increasing
power until the tag starts responding.
The comparison in Fig.5 between simulated and measured
realized gain shows a good agreement in the world-wide RFID
band with a local error of less than ±1dB, thus corroborating
the correctness of the estimated conductivity in the UHF band.
Fig. 6 shows the measured realized gain when the tag was
fabricated by multiple overprinting as described above. The
experimental outcomes are in full agreement with the numer-

ical model. The realized gain increases by about 1 dB per
overprint so that nearly bulk copper performance is achieved
with just three-fold printings and no practical advantage has to
be expected with further release of the conducting ink. Since
the reading range is related to the square root of the tag’s
realized gain, the expected benefit of the threefold printing
process w.r.t. the single-printed antenna is a 25% increase in
the range of the antenna.

Figure 6. Maximum realized gain (measurements and simulations) of epidermal tag at 900 MHz as function of the estimated ink conductivity.

B. Resistance to bending and body fluids

A. RF Performance versus the trace width
In order to derive the best compromise between the radiation
performance (realized gain) of the inkjet printed epidermal
antennas and the fabrication cost (i.e. the amount of used
ink), the same layout as above was manufactured with traces
having a smaller width w = {1, 0.5, 0.25} mm. Case by case,
the T-match section was slightly readapted to account for the
corresponding impedance changes (mostly the imaginary part).
To avoid the blurring effect due to multi-fold printing, and
hence to drop out potential additional sources of uncertainty,
only the case of single-pass ink release was considered.
Despite similar performance are expected from simulations
regardless of the width of the antenna’s traces, the measurements returned instead a rather different behavior. The

(a)

comparison in Fig. 7(a) shows that the peak of realized gain
slightly decreases (1 dB) when the trace is halved down to 1
mm but it is reduced by 5 dB in the case of 0.5 mm width.
For thinner 0.25 mm traces the communication performance
is further degraded down to the point where the tag was not
readable at all from distance higher than 10 cm. Similar results
were found in [35] concerning the sheet resistance measured
in dc. As visible in the magnified detail of the 0.25 mm trace
(Fig. 7(b)) several tiny perforations appear within the traces.
As a consequence, when the width is less than 1 mm, there are
not enough connected conductive clusters for electric current
to flow. The degradation of the radiation performance of the
narrower trace tags and the discrepancy with simulation is due
to the fact that the estimated conductivity is an “effective”
value that accounts for the non-uniform distribution of the
silver nano-particles in the trace, and hence of the presence
of discontinuous (low density) zones (holes). When the trace
becomes narrower, the absolute reduction of the contiguous
(interconnected) conductive path will strongly degrade the
overall effective conductivity of the ink, while the simulation
always uses a same constant value. Accordingly, for the
considered printing procedure and materials, the 1 mm trace
width could be considered as a practical and conservative
lower bound.

(b)

Figure 7. (a) Measured realized gain of three couplets of epidermal antennas
made by different trace width w = {2, 1, 0.5, 0.25}mm. (b) Magnified
details (60x) of the 0.25 mm highly porous single-printed trace.

Depending on the region of the body where the epidermal
tag is attached on, it can be subjected to mechanical stresses
due to the flexure over different body curvatures and to the
repetitive bending around joints. Moreover, ink-jet printed
layouts conceived for epidermal sensing applications can be
exposed to moisture, including perspiration and sweat, especially in the case of printed resistive electrodes which cannot
be insulated. It is hence crucial to assess the robustness of
the considered ink against bending and exposure to body
fluids which can both potentially affect the performance of
the printed layout.
A threefold printed tag was hence subjected to a bending
fatigue test by using the set-up described in [36], which
consists of a stepper motor driving the central pin of a hinge
with 12 mm radius (worst case, small curvature like a finger)
(Fig. 8). The bending angle was swept from 0° to 180° for
up to 2000 cycles at the speed of 12 cycles per minutes.
Visual inspection by SEM microscope did not reveal any
substantial change (micro-cracks/wrinkles/ or permanent folds)
in the trace morphology before and after the fatigue test and
the measured realized gain was invariant (See Fig. 9).
To assess the robustness of the ink against the exposure to
the body fluids, the printed sample was initially placed inside
a box at saturated vapor of a physiological solution (NaCl 9
gr/l) and then even immersed in the saline solution for several
hours. In all the cases, the radiating performance of the tag
measured after quick drying remained practically unchanged
(Fig.9).

Figure 10. Variation of the maximum realized gain v.s. time of bare tags
(single and overprinted) and coated tags with the respect of the initial value
(printing time, t=0).

Figure 8. Ink-jet printed antenna mounted over a hinge set-up for the bending
fatigue test.

after one month, until becoming unreadable two weeks later.
Overprinting process slows down the degradation ( G⌧ =-2
dB after two months) as the oxidation process initially involves
the most superficial ink layers. Both the polymeric coatings
revealed adequate to protect the ink ensuring reasonably
unaltered tags’ gain, even 10 months after the fabrication.
It is worth noticing that the presence of the protective layer
is not expected to affect the measurement of skin parameters
as the possible sensitive parts of the tag could be left locally
uncoated to permit the direct interaction with the underlying
body tissues, while it has been previously verified in [3]
that a thin layer does not alter the measurement of the skin
temperature.
V. O N - SKIN PERFORMANCE AND COMPARISON WITH
CONVENTIONAL MANUFACTURING TECHNIQUES

Figure 9. Measured realized gains of a threefold printed epidermal antenna
before and after exposure to 100% RH, after immersion in saline solution and
after 2000 of bending cycles.

C. Tag coating (Stability over time)
The conductivity of silver ink-jet printed layouts tends to
degrade along with time in ambient air due to oxidation. A
bio-compatible coating layer is hence required for the encapsulation of the antenna. Two possible encapsulations were
considered: 1) a silicon-based organic polymer (Polydimethylsiloxane PDMS) 2) a medical-grade polyurethane ultra-thin
(25µm) dressing (Rollflex from Master-AID).
The PDMS was prepared by mixing two liquid components
(pre-polymer and cross-linking agent, Sylgard 184 by Dow
Corning) - in a 10:1 mass ratio. The resulting viscous liquid
was manually brushed over the printed traces and then cured
at 60°C for 20 mins. The second film was instead directly
stuck over the tag thanks to its adhesive backing.
The response along with time of bare and coated tags is
compared in Fig.10. All the prototypes were printed simultaneously, i.e. at the same ambient conditions. The peak gain of
the uncoated single-printed trace severely decreased (-4 dB)

The performance of the mono and threefold inkjet printed
epidermal tags were finally evaluated in real on-skin placement
and then compared with the response of the same layout
fabricated with more conventional and assessed additive and
subtractive manufacturing technologies involving bulk conductors (Fig. 11(a)):
i) flexible adhesive-backed copper foil (thickness 35 mm)
carved by a two-axis digital-controlled cutting plotter;
ii) 120 µm-radius copper wire manually shaped, with the
help of nails, over a double-sided adhesive tape;
iii) gold layer patterned over a ultra-thin (5-7 mm) polyimide
substrate by means of flexible photolithography.
The last two solutions permit to achieve very thin and
flexible antennas at the price of an expensive fabrication process (photolithography) and severe limitations in the geometry
(microwire). The carved copper prototype looks instead bulky
and less suitable to on-skin comfortable placements.
Each antenna was placed over the arm of a volunteer, at
different times, by means of a 600 mm thick bio-silicone
substrate (" = 2.5, =0.005 S/m) and then fixed through
an extremely thin (25 mm)) double-sided medical tape (3M™
1509) (Fig. 11(b) and (c)). The bio-silicone layer was used as
a separating membrane that partially confines the electric nearfield of the antenna within the low-loss region of the substrate,

thus significantly reducing the power loss and improving the
radiating performance, as extensively demonstrated in [38].
The corresponding measured realized gains are shown in
Fig. 12. In spite of small mutual frequency shifts due to
slightly different input impedance of the tags (indeed no postmanufacturing retuning was performed [3]), all the prototypes
exhibited similar performance, with the peak value of the
realized gain comprised between -15 dB and -11.5 dB and
a rather broadband behavior. As expected from the previous
investigations over phantoms, the mono-printed antenna returned a gain degradation of about 2-3 dB with respect to
the bulk conductor prototypes while instead nearly identical
performance was obtained by the threefold printed tag. Accordingly, the maximum achievable reading distance varies
with the manufacturing process from 50 cm to 70 cm, when
considering very low chip sensitivity for temperature sensing
(Pchip =-4.5 dBm), and from 3.7 m to 5.2 m when considering
state-of-the-art chip for labeling (Pchip =-22 dBm).

Figure 11. a) Prototypes of the test antenna made for comparison by
three different manufacturing technologies; b) (half) cross-section of the
corresponding integrated plasters. Depending on the antenna technologies, the
antenna substrate is PET (inkjet), polyimide (photolithography) or biosilicone
(copper-based methods) c) example of the placement over a volunteer’s arm.

VI. C ONCLUSIONS
The presented experimentations demonstrated that selfsintering conductive inkjet manufacturing with low-cost printers is a feasible technology for the fabrication of planar
antennas suitable to epidermal radiofrequency identification
and sensing.

Figure 12. Measured Realized gains (broadside direction) vs. frequency of
the epidermal tags attached over a volunteer’s arm as in Fig. 11.

In spite of the few degrees of freedom in controlling the
manufacturing process, self-sintering ink-jet printing can be
easily tuned to achieve epidermal antennas with the same radiation performance of the bulk copper provided that three-fold
printing is performed. Nevertheless, suboptimal printing could
still be attractive for a very quick and low-cost intermediate
prototyping and tests when a modest reduction of the read
distance could be tolerated.
The printed traces are resistant against repeated cycles of
bending, and hence the antenna could be suitable to comply
with the natural deformation of the human body. The printing
resolution is mostly imposed by the quality of the printer
nozzle. By accounting also for the effective conductivity of
mono-print layouts and for misplacements occurring during
the overprinting, the minimum practical size of a trace should
be roughly 1 mm. This looks enough for conventional UHF
meandered dipole and loop antennas and for the interconnection to strap and TSSOP chip packages. This lower bound
could be however inadequate for the fabrication of fine detailed
patterns like multi-turn coils and the interconnecting lines of
a QFN chip package, as also discussed in [26].
Concerning the printing substrate, PET film is an excellent
biocompatible medium to produce robust printed prototypes
of epidermal antennas. Nevertheless, additional research is
needed to find self-sintering ink-compatible elastic and stretchable membranes that are really suitable to a comfortable
application over the human skin. On the basis of recently
published papers [39], a promising solution could be the
use of biocompatible and biodegradable substrates based on
poly(caprolactone) (PCL) and poly(lactic acid) (PLA), either
in form of dense film and non-woven fibrous fabrics that might
undergo suitable surface treatments. The resulting membranes
are expected to have mechanical properties comparable to skin
dermis along with a bunch of many other interesting properties
such as drug releasing and cell culturing platform.
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