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Paper is ubiquitous in everyday life and a low-cost environmentally friendly material. Thus,
the printing of advanced conductive/magnetic nanomaterials on paper will allow the scalable
production of flexible smart electronics, including energy-storage devices, sensors, inductors
or antennas, among others, contributing towards more sustainable electronics. Particularly,
wireless charging technologies are becoming essential for internet-of-things (loT)-related
electronic devices due to the ever-decreasing dimensions of portable/mobile devices that
limits the quantity of energy that can be stored.

Here, screen-printed paper-based coils and inductors operating on the 1 MHz - 20 MHz range
are presented based on Poly(vynil alcohol)/Fe;04 and Ag inks. The ability of the printed cores
and inductors to be incorporated on flexible wireless power transfer modules (WPTM) is
technologically demonstrated by wireless powering light-emitting diodes (LEDs). The
achieved induction efficiency of 94% is the highest reported on printed WPTM.

The printed coils are also characterized by mechanical, hydrophobic and electrical properties
that are suitable for loT and industry 4.0 applications.

1. Introduction

There is a high interest in the use of natural polymers produced by or derived from living
organisms (the so-called biopolymers) for electronic applications, princiPaIIy triggered by
increased sustainability concerns and widespread use of electronics . Cellulose is the
Earth's major available biopolymer, being also of Iar?e global economic significance 4. The
possibility to integrate specific electronic purposes™ within the production processing of the
paper-based industry is consequently pivotal to enhance and expand the applicability of
conventional cellulose-based papers ' ™ and a promising route to improve the flexibility of
electronic materials® %. Paper can also decrease (in one order of magnitude) the carbon
footprint of the printed circuit boards (PCBs) traditional substrates (such as epoxy and
phenolic resins based on fossil feedstock: 5.7-7.6 kg CO,.kg™) to 0.608 kg CO,.kg™) 024,

Mobility, supported by a variety of energy-storage technologies including rechargeable
batteries and supercapacitors, has been a major market driver in the electronic industry,
represented by hand-held devices, ubiquitous sensing, and wearable electronics**4,
Nevertheless, the ever-decreasing dimensions of portable/mobile devices, are increasingly
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limiting the quantity of energy that can be stored > ™. A solution to this contemporary
technical challenge is the effect presented by Nicholas Tesla in 1907 [ the wireless
electromagnetic energy transmission through wireless power transfer modules (WPTM) 17201,
Such technology has been re-considered as a possibility to ensure a stable energy-supply for
current and future mobile devices including small mobile electronics, wearable sensors, and
implantable medical devices *%. Further, such approach facilitates user convenience when
combined with portable/mobile devices by eliminating wiring and connectors in power
transfer systems % 17 241 Nevertheless, to be fully-framed into the current paradigms of
increased sustainability and decreased environmental impact of materials and processes,
additive manufacturing technologies and bio-based materials should be considered ' % I,
Additive manufacturing technologies are versatile and environmentally-friendlier, also
allowing the design of customized structures (nanometric, asymmetric, flexible, or
stretchable) that are essential for improved integration in a variety of applications™™ 2%,
From the different additive manufacturing technologies, screen printing is a popular and
matured technique that adds affordability, easiness, speed, and adaptableness to the
production process, offering precise control over in transfer, excellent print resolution, and
diversity on the substrate choice %Y. Screen printing is also compatible with high viscosit
inks (u~0.5-5 Pa.s), minimizing ink flow on the substrate after pattern deposition 3% %,
Further, screen printing technique can easily realize the preparation of faper-based devices
with different patterns, being also uniform, fast and simple to scale up B3* *!,

Thus, in the scope of this technological scenario this work reports on screen-printed of Ag-
based coils and Poly(vynil alcohol)-Fe;O4 cores on four commercially available papers and
their use as wireless power systems.

PVA was selected as the magnetic core polymer binder since it is a water-soluble and
biodegradable synthetic polymer, presenting good mechanical properties and biocompatibility
(36381 'Analogously Fe;O, (FO) nanoparticles were chosen as magnetic component due to their
high magnetic permeability and the possibility to be produced through environmentally-
friendly approaches B%*. Once Ag-screen printed conductors offer a way to produce
electronic devices in high quantities on flexible substrates with limited waste, suitable for
high volume markets, DuPont ME603 Ag-based ink with a solid content between 49% and
53%, and sheet resistivity less than 200 mQ sq ~.mil ™%, it were used as conductive ink 24042,
As a proof of concept, the first printed paper-based WPTM reported on the literature was
fabricated and evaluated.

2. Materials and methods

2.1 Materials

Poly(vynil alcohol) (PVA) and Whatman n°1 cellulose paper (WCP) were purchased from
Sigma-Aldrich (Missouri,USA), LUSTIGT origami paper (LOP) was purchased from IKEA
(Delft, Netherlands), photo paper (PHP) was purchased from Epson (Suwa, Japan), A4 laser
printing paper (A4PP) was purchased from Navigator (Setubal, Portugal). Fe;O, (FO)
nanoparticles (= 30 nm particle size) were purchased from Nanoamor (Texas, USA),
DUPONT MEG603 stretchable conductive silver ink was obtained from DuPont (Wilmington,
USA).

2.2 Coil fabrication
First, FO nanoparticles were added (90 wt.%) to (4 mL, 6 mL, 8 mL and 10 mL) distilled
water and 1g of PVA powder under mechanical agitation until all polymer being dissolved.
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Different water quantities have been selected to tailor the viscosity of the ink for screen-
printing®®”). The resulting mixture (PVA-FO) was screen printed in 8 layers over the four
paper substrates. After the spreading step, the samples were put in a laboratory precision stove
(JP Selecta, Model 2000208 — 10 minutes at 120°C), for complete removal of the water. Then,
the printed substrates were removed from the oven and cooled down at room temperature
(=30°C) (Figure 1 a).

After the previous procedure, the stretchable conductive silver (Ag) ink was screen printed
with a home-made system (with a vacuum table and adjustable speed for the printing
squeegee rulers) over the samples, with a 120 wires polyester mesh, reaching a final thickness
of =5 pum. For the printing process, a stencil with 550 x 450 mm frame dimensions placed at
3 mm distance of the substrate and a printing velocity of 0.3 m.s™* was used. After this step
the paper-based WPTM (Figure 1c-g) were ready to be tested for 1oT and Industry 4.0 related
applications (Figure 1h).

a)

PVA Fe;0, ¢

9R0e L

Challenges:

*10T and Industry 4.0

o Printing Smart Materials
« Paper Based-Electronics
« Power Transfer Modules

Figure 1 a) Scheme of the experimental procedure used to produce the WPTM. b) Schematic
of the 3-layer coils. Photographs of the printed samples: ¢) LOP/Ag; d) LOP/PVA-FO/Ag, €)
A4PP/PVA-FO/Ag, f) WCP/PVA-FO/Ag, and g) PHO/PVA-FO/Ag. h) Schematic
representation of the technological scenario to which this work contributes.

The Ag ink was printed directly on LOP (c) and on papers with a previously PVA-FO printed
layer, namely: d) LOP/PVA-FO/Ag, e) A4PP/PVA-FO/Ag, f) WCP/PVA-FO/Ag, and Q)
PHO/PVA-FO/Ag. In this way the latter samples were composed of a conductive Ag layer, a
magnetic PVA-FO core, and a paper substrate.

2.3 Materials and device characterization

Rheology experiments were performed on AresG2 rheometer with a 40mm flat plate
geometry and a 1 um gap. The different mixtures were moved onto the rheometer plate
immediately after the PVA dissolution and incorporation of the FO particles, avoiding any
sedimentation. Flow curves have been acquired by a 3-shear rate sweeps program (up-down-
up) in order to exclude the time-dependence, setting a nonstop ramp and a 0 to 300 s™ shear
rate. The apparent viscosity at 3 s* was studied from unsteady-state (curve 1) once for this
condition the structure was less disturbed. All other shear rate values (steady-state) were
evaluated from curve 3. The determined viscosity (1) values for the different mixtures were
related at distinct shear rates (y), supposing that the mixtures followed a power-law model 2.
43 (equation 1):

n=Ky™ (equation 1)



where the coefficients N and K can be experimentally determined.

The morphology of the developed materials was evaluated by scanning electron microscopy
(SEM) using a NanoSEM - FEI Nova 200 (FEG/SEM) scanning electron microscope (10 kV).
Before experiments, all paper-based samples were coated with Au on a Polaron SC502 sputter
coater. The thickness of the layers was calculated from 5 images with 15 measurements in
each image by using an ImageJ software.

The identification/quantification of the samples elements was performed with desktop SEM
coupled with energy-dispersive X-ray spectroscopy (EDS) analysis (Phenom ProX with EDS
detector + ProSuite software) purchased from Phenom-World BV, Netherlands, at 15 kV and
spot size of 5.1. All samples were previously connected to Al substrates with electrically
conductive carbon adhesives (obtained from PELCO Tabs™). Several locations were
analysed for the final elemental composition.

Contact angle measurements on the different samples were performed using a Data Physics
OCAZ20 instrument by the static sessile drop method with different mixtures (PVA-FO ink,
Ag ink and water). For that, drop of 3 pL of the different liquids were left on the surface of
each sample and the different contact angles were measured using the SCA20 software. The
mean contact angle and standard deviation were calculated to each sample over the
measurement at six different locations.

Adhesion of the printed inks was investigated with an adapted tape peel test [*/ carried out on
samples with a 1 cm x 1 cm size. Briefly an adhesive tape (3 M Scotch® Magic™ tape 810)
was pressed on the surface of the printed samples with different forces (50N, 100N, 150N and
200N for 30 seconds using a Shimadzu AG-IS universal test set-up, in compression mode at
2mm.min™. After that, the tape was removed from sample at the same velocity, while
monitoring the force applied on the sample. The different samples were weighed before and
after each test, to determine the mass loss in each printed coil.

The electrical characterization of the coils was executed on a Quadtech 1920 Precision LCR
apparatus. The inductance change over frequency has been evaluated in the frequency range
from 1kHz to 1MHz for the coils with and without a magnetic PVA-FO core. A Picoscope
2205A oscilloscope and a Agilent 33220A function generator were used for the energy
transfer capibility evaluation. All coils exibited a similar electrical resistance (=20 Q
measured with a Fluke 117 TRUE RMS multimeter).

The energy transfer capability of the printed inductors was studied as a function of the vertical
distance (h), horizontal distance (w) and frequency in the 1IMHz to 20MHz frequency range,
that includes the standard frequency - 6.78 MHz - for resonant wireless 1power transfer
modulest*? and the near field communication NFC frequency of 13.56 MHz %)) .

The induction capability (IC) has been determined trought equation 2:

IC=(Ag/Ar)*100 (equation 2)
where Ak is the amplitude of the emited signal and Ar the amplitude of the received signal.

3. Results and Discussion
3.1 Materials evaluation



The ink viscosity for screen printing that allows to i) minimize the amount of the ink
dispensed/transferred out of the mesh and to the substrate during screen printing process, ii)
avoid the coffee ring effect, and iii) obtain an uniform deposition is on the 0.5 to 5 Pa.s range.
Thus, evaluation of the rheological characteristics and the viscosity of the PVA-FO inks as a
function of the volume of the water per gram of PVVA was achieved as presented in Figure 2.
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Figure 2. a) Shear stress versus shear rate of the different PVA-FO inks; b) viscosity values
of the different PVA-FO inks as a function of the shear rate.

It is detected that as the shear rate values increases the shear stress values also increase,
almost linearly. (Figure 2a) for all the developed inks. When the shear rate is applied, the ink
components are reordered to accommodate the impact of the shear rate. The overall shear
force is smaller for lower shear rates due to the slow response time of the inks: for the smaller
shear rates the ink components have enough time to reorder, increasing the shear rates lead to
insufficient reorganization times and higher induced stress “®. It is also detected a higher
slope in the samples with lower water content, resulting from the higher viscosity for those
compositions. Thus, the viscosity as a function of the water content and shear rate (Figure 2b)
shows the increase of the viscosity with decreasing water content, independently of the shear
rate.

Based on the results of Figure 2b, the PVA-FO ink with 6 mL of water/ 1 gram of PVA has
been selected to print the magnetic core of the inductor once the exhibited viscosities, in the 3
to 6 Pa.s range, are compatible with high quality screen prints ™ such high-viscosity values
favor amount of the ink transferred to the substrate and minimize the substrates’ ink flow on
after the screen-printing.

Aiming to optimize the PVA-FO and Ag ink spreading on the different commercially
available paper substrates, essential for a successful printing " !, and to verify under which
conditions the printed coils were less permeable (high permeability can lead to the destruction
of the PVA-FO layer once PVA is soluble in water), contact angle experiments have been
performed (Figure 3).
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Figure 3. Contact angle at room-temperature of: first line- PVA-FO ink on the 4 paper
substrates (A4PP, LOP, PHP, and WCP); second line- Ag ink on the 4 paper/PVA-FO
substrates (A4PP/PVA-FO, LOP/PVA-FO, PHP/PVA-FO, and WCP/PVA-FO); third line:
H,0 on the 4 paper/PVA-FO substrates (A4PP/PVA-FO, LOP/PVA-FO, PHP/PVA-FO, and
WCP/PVA-FO).

The paper that exhibited the lowest contact angles combination (angle with PVA-FO ink +
angle with Ag ink) was LOP (30.1° + 39.5°) that led to a stronger wetting, promoting a better
drop spreading and printing quality “”“ of both layers. Smaller contact angles will result in
overspill and overspreading of the ink, while larger contact angles could lead to the formation
of mechanical instabilities and poor spreading °’. The last line of Figure 3 reveals that the
paper which leads to improved hydrophobicity is also LOP, which will make this printed coil
more stable when in contact with high humidity environments %!,

After, the room-temperature magnetic properties of the FO magnetic nanoparticles, the
magnetic layer (PVA-FO) and the different paper/PVA-FO samples have been accessed by
VSM measurements.
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Figure 4. a) Magnetization at room-temperature vs applied DC magnetic field for different
samples. b) Magnetic saturation (Magnetizationsar) as a function of the weight/cm® of the
different papers used in this study.

All FO-based samples show almost a complete absence of hysteresis, remanence, and
coercivity consistent with the superparamagnetic behavior, once room temperature (=25 °C) is
above the blocking temperature and the nanoparticle’s magnetic moment is able to rotate in
response to the imposed DC magnetic field®® Y. Additionally, the magnetic saturation of the
PVA-FO layer (=40 emu.g”) that has 90 wt.% of FO corresponds to 87% of magnetic
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saturation the pure FO (=47 emu.g), thus showing that the printing process did not
substantially affect the wt.% of FO in the polymer matrix.

Finally, Figure 4b reveals that heavier papers lead to lower magnetic saturations because of
the introduction of a greater amount of non-magnetic material for the paper-PVA-FO

composite. The sample that exhibited the highest magnetic saturation was the LOP/PVA-FO
(=27 emu.g™).

In order to study the adhesion stability of the printed layers, peeling tests (Figure 5) have
been performed on the coils printed in the different paper substrates.
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Figure 5. a) Weight loss for the different paper/PVA-FO/Ag samples as a function of the

peeling force. The inset shows a representative piece of tape after a peeling test. b) Force
profile of the peeling test for the LOP/PVA-CFO/Ag samples a function of time and pressure.

100

Figure 5a reveals that the weight loss increases with increasing compression force, being
maximized for the sample with PHP (=1%) and minimized for the sample with LOP (=0.3%)).
The force profile during the peeling test for the LOP/PVA-CFO/Ag sample (Figure 5b)
reveals that the highest compression force (200N) also leads to the highest peeling force
(15N) and the lowest compression force (50N) leads to the lowest peeling force (10N),
observations that explains the differences detected on Figure 5a. In a second round of tests,
none of the samples experienced weight loss. The VSM analysis of the tape pieces used on the
peeling tests revealed that all the material ripped out was from the PVA-FO layer. The Ms of
the tape piece of Figure 5a’s inset was ~0.09 emu that corresponds to the magnetization of = 2
mg of PVA-CFO. = 2 mg was also the increment in the weight of the tape piece after the
peeling test. The same strategy was applied to all tape pieces used in the peeling tests.

Figure 6 shows representative SEM cross-section images of the printed coils in different
paper substrates, revealing an irregular shape with lumps and ridges.



Figure 6. Characteristic surface SEM micrographs of the: a) LOP; b) A4PP; ¢) WCP, and d)
PHP. Characteristic cross section SEM micrographs of the LOP/PVA-CFO/Ag coils (e-g)
with different magnifications (e - 250x; f — 500x and g — 10000x). 1000x magnification cross
section SEM micrographs for samples: h) A4PP/PVA-CFO/Ag; i) PHP/PVA-CFO/Ag, and j)
WCP/PVA-CFO/Ag. k) Cross section SEM micrograph of the LOP/PVA-CFO/Ag coils on
the site where the EDS mapping image was taken. I) EDS mapping image taken on the (k) site.

The surface SEM images of the papers used in this work (Figure 6 a-d), revealed the typical
presence of fibers of cellulose-based materials ®%. Despite the common random fiber
orientation, some differences are detected between a/d images and b/c images, that correspond
to LOP/PHP and A4PP/WCP, respectively. LOP and PHP are characterized by less
voids/pores, observation that is consistent with the lower wettability observed in Figure 3 %,

No significant differences can be found on the cross-section topographies of the different
samples (even when submitted to the peeling tests). Additionally, and despite the high FO
content (90 wt.%), magnetic nanoparticles seem to be uniformly distributed along the PVA-
FO layer. The images with higher magnification (Figure 6 g-k) allow to detect the presence
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of Ag (clearer structures) on the surface of the different laminates. SEM images also allow to
verify that the different layers remained mechanically attached in layers that did not overlap,
determining condition for each of them to correctly fulfill their function: paper: substrate;
PVA-FO: magnetic core; and Ag: conductive line. From SEM images was also possible to
obtain the thicknesses of all layers: LOP =53 + 4 um; A4PP =74 £ 5 um; PHP =85 £ 6 um;
WCP =105 £ 8 um; PVA-FO = 113 + 10 um; and Ag 3.8 £ 1.1 um. Despite all samples been
cut in liquid nitrogen all of them show distortions resulting from the cutting process.

The elemental mapping analysis (Figure 61) confirmed the presence of magnetic
nanoparticles (Fe locations) on the PVA-FO core and that the printing process ensures a
uniform distribution, both in depth, length, and width. Finally, it is confirmed that the
conductive Ag ink remains at the surface of the laminate.

After the previous results being obtained, the LOP/PVA-CFO/Ag coils were selected to carry
out the energy transfer experiments (Figure 7), once it exhibited better printability, higher
hydrophobicity, and suitable mechanical adhesion. The conductivity of the printed Ag lines
was ~ 1x10°> S.m™, and the dielectric constant ¢” and the capacitance (C) of the PVA-FO core
at 1 kHz were 27 and 1x10™* F, respectively: please see supplementary information S1.



3.2 Device evaluation
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Figure 7. a) Inductance as a function of the frequency for coils printed on LOP. The inset
reveals the flexibility of the developed coils. b) Relation between the peak-to-peak voltage
(Vpp) of the emitted (E) signal (printed circuit board FR-4 with copper core-PCB) and the
received (R) signal on coils printed on LOP. Received Vpp on coils printed on LOP as a
function of the: c) vertical displacement, and d) horizontal displacement (inset of Figure 6c¢).
e) Relation between the signals (E and R) using the coils printed on LOP (with and without
PVA-FO core). ) Induction efficiency on inductors using: i) LOP/Ag materials as both
emitter and receiver (P2P); ii) LOP/Ag as emitter and LOP/PVA-FO/Ag as receiver (P2PFO);
iii) LOP/PVA-FO/Ag as emitter and LOP/Ag as receiver (PFO2P); and LOP/PVA-FO/Ag as
both emitter and receiver (PFO2PFQO). Experiments c-f have been performed at the resonance
frequency of 15 kHz.

Figure 7a evidences an increase on the inductance value of ~20% when the PVA-FO core is
added to the LOP/Ag coil because of the increased magnetic permeability. Figure 7b shows
that the resonance frequency for the energy transfer system (ETS) composed of an emission
coil (PCR FR-4 ) and a receiver coil is ~15 MHz at which the input and output voltage
reached maximum values. Once the PVA-FO layer enhances magnetic coupling between the
printed Ag coils transmitting and receiving the magnetic field®!, the receiver coil composed
of LOP/PVA-FO/Ag exhibited higher Vpp (15.52 V) when compared to the LOP/Ag coil
(10.36 V) which leads to induction efficiencies of 66% and 44% respectively. The enhanced
magnetic coupling with the introduction of the PVA-FO layer also explains the higher
efficiencies of the R-LOP/PVA-FO/Ag coil when the emitter and receiver coils were
separated vertically (Figure 7c) and horizontally (Figure 7d). Additionally, the high
permeability of the PVA-FO layer causes the incoming magnetic field to flow through itself
and therefore prevents the magnetic field from reaching any external objects, including
electronic devices or human bodies, near the coils!!],

When compared to the R-LOP/Ag coil, the R-LOP/PVA-FO/Ag exhibits induction
performances 30% higher on the vertical displacement experiment and 34% higher on the
horizontal displacement experiment.

The induction capability of the paper-based materials has been also tested by using only LOP-
based coils with (R-LOP/PVA-FO/Ag) and without (R-LOP/Ag) magnetic layer, both as
emitters and receivers (Figure 7e).

The device (P2P) that had both the emitter and the receiver without a PVA-FO core revealed
the lowest induction efficiency (=45%), the device (PFO2PFO) that had both the emitter and
the receiver with a PVA-FO core revealed the highest induction efficiency (=94%), and the
devices with a mixed composition (one of the coils with a PVA-FO core and the other without
a PVA-FO core: PFO2P and P2PFO) exhibited intermediate performances (54% and 61%).
No considerable differences were detected on the performance of the ETS after being
submitted to bending such as shown in Figure 7a (inset): Please see supplementary
information S2.

Such PFO2PFO inductor device, with an induction efficiency higher than the exhibited by
some printed inductors recently reported (Table 1), takes advantage not only of the higher
magnetic permeability but also of the successful shielding of the canceling magnetic field
coming from neighboring metallic components that the 2 PVA-FO layers induced .
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Table 1. Comparison of the induction efficiencies between recently reported printed WPTM
and the one exhibited by a conventional PCB planar inductor.

Induction Size
Coil (conductor@core) Substrate Technique efficiency/distance (length/width/line Ref.
(%/cm) width)

Ag@air polyimide  direct writing 50/0 61/61/1 mm (]
P"ly‘ml‘?e'r‘r’*itge@ Nizn- ppvs inkjet 36/0 42/42/1mm (12
Ag@Nig4Zn,¢0/Fe,05 silicon inkjet 13/1.5 41/41/1 mm (1]

Ag@PVA-FO paper screen 94/0; 15/1.5* 30/30/1 mm [This]
Conventional PCB planar inductor 98/0 20/9/1 mm (54]

*74/0 and 13/1.5 after 50 bending cycles such as the one on the inset of Figure 7 a.

Finally, the performance of the WPTM composed of 2 LOP/PVA-FO/Ag coils was confirmed
with the successful powering of light-emitting diodes (LEDs): Figure 8 and Supplementary
Video.
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Figure 8. Induction device composed of R-LOP/PVA-FO/Ag and E-LOP/PVA-FO/Ag with a
rectification circuit for powering resistive load or a LED: a) Scheme and, b) photograph. The
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input on the E-LOP/PVA-FO/Ag was and AC signal of 20 Vpp provided by an Agilent
33220A. Rt and Rg=20 Q, LT and Lg= 0.6 puH, and c1= 100nF, R = 10kQ. ¢) Simulation d)
Experimental results of the voltage on the secondary coil (V1) and output voltage on the
resistive load (V2).

Figure 8 c-d shows the simulation results of the power converter circuit using the SPICE
software, Micro-cap 12, from Spectrum, and the experimental results for a resistive load of
10 kQ. There is a good correlation between the theoretical model and experimental results for
the induced voltage in the secondary coil. The experimenatl data display lower voltages
(=15%) when compared to the theretical ones as a result of losses on the circuit. Additionally,
a higher ripple can be detected in the experimental data due to incomplete suppression of the
alternating waveform, being increased if the load value increases as a result of the current
limits of the power supply.

The same powering strategy can be used to wirelessly power small electronic devices such as
securit%/ papers, interactive/smart books, smart packaging, and health care gadgets, among
others ¢%,

4. Conclusion

Paper-based coils have been fabricated by screen-printing of PVA-FO as magnetic core and
Ag inks as conductive patterns on commercially available paper substrates. The paper-based
coils layers exhibit good mechanical adhesion (maximum of 0.3% weight loss),
hydrophobicity (117° contact angles) and inductances on the 0.5-1.7 pH range. It is also
shown that the printed structures can be integrated on WPTM that exhibit induction
efficiencies up to 94%. Overall, this study establishes a practical combination of advanced
functional materials, printing methods and technologies to produce environmentally friendly
paper-based electronic devices.
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Highlights
e A new nanoroute for developing wireless power transfer modules (WPTM) is
proposed
e It was obtained an induction efficiency of 75% (the highest reported in literature)

e This route allows the scalable production of sustainable flexible smart energy-related
devices
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