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ABSTRACT: Printed heaters are emerging as a promising Sustainable printed heaters on paper
solution for flexible, sustainable, and eco-friendly applications, Carbon base layer for AIO, coating for
with potential uses ranging from wearable and portable devices to uniform heat distribution improved adhesion
the automotive industry. This study addresses key challenges in 4] 161

heat uniformity and mechanical protection, by employing screen O 1101 15]
printing with water-based inks and biodegradable paper substrates. o 9% C/Ag/AIO 1)
The multi-stack heater, composed of carbon, silver, and aluminum 3 * o153
oxide (C/Ag/AlO,), demonstrates excellent electrical and thermal g ;g: 2,
performance. At 5 V, the C/Ag/AlO, heater achieves a peak % 50 ] /ih 1-1
temperature of approximately 120 °C, with spatial temperature & 2] —1V N
fluctuations within +3 °C, offering superior thermal uniformity 2 ey R _
compared to bare Ag and Ag/AlO, heaters, which exhibit o'os(;;:i"a;) E::tr:gl:a;r: (1;"1‘)8 12 peeloff test |
temperature gradients up to 10 °C. All configurations show robust

durability during 6 h of 5 V cycling and minimal resistance changes during environmental stability tests under 80 °C and 80%
relative humidity. In tape adhesion tests, the C/Ag/AlO, heater maintained nearly unchanged resistance after several peel cycles
thanks to the protective AlO, coating. Finally, the ultralow cost multi-stack configuration (0.20 € per heater) embedded in a skin
bandage reached a maximum temperature of 50 °C at 3.5 V, with a power density of 0.08 W/cm? highlighting its potential for
precise temperature control and homogeneous heating in thermotherapy applications.
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B INTRODUCTION conductivity and chemical stability.'” However, traditional
silver inks often rely on harmful organic solvents, raising
environmental concerns.”’ This challenge has led to the
development of water-based silver inks, which provide a more
sustainable alternative.”"”*> Furthermore, screen-printed heat-
ers have also been developed on biodegradable substrates like
paper.'”?*™** These materials are aligned with the United
Nations’ Sustainable Development Goals (SDGs), promoting
greener manufacturing methods and dealing with the
constantly increasing problem of e-waste.”

Flexible printed heaters face challenges in ensuring uniform
heat distribution, particularly when integrated into larger
devices. Previous studies have demonstrated that heaters using

The development of thin-film, flexible heaters has garnered
significant attention due to their potential in diverse
applications (smart windows, deicers, defoggers, thermother-
apy pads, and sensors) for different industrial sectors
(transport, buildings, healthcare, and sport).'”> Thermal
therapy, a widely used treatment for conditions like osteo-
arthritis and carpal tunnel syndrome, benefits from controlled
heating to enhance tissue temperature, improve blood flow,
and reduce muscle stiffness and inflammation.”” Advance-
ments in printed electronics offer new avenues for creating
cost-effective, scalable, and sustainable heaters that can be
seamlessly integrated into wearable and medical devices.”
Several techniques have been employed to develop printed ——

heaters, including inkjet printing or spray coating.” "' Received:  February 12, 2025 m

However, screen printing is preferred for its versatility in Revised: Apr%l 26, 2025

large-scale manufacturing and compatibility with roll-to-roll Acce}’ted‘ April 28, 2025

(R2R) processes.'” Among the available conductive materials, Published: May 25, 2025
. . 13-18

such as silver nanowires, graphene, carbon, and MXenes,

silver-based inks are particularly promising due to their high
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Table 1. Comparison between Screen-Printed Heaters on Paper Substrates”

electrical Toeagy VoIt stability
ink (solvent), substrate, ref properties “cc) W) power (W/cm?) tests device demo Tyeadyr VOltage, size, cost
carbon pigment (water-based), 146 Q 54 15 N/A 03 h microfluidics 37 °C,N/A, 1.4 X 1.5 cm?, 10¢
photocopy paper™® 15—0 V platform (0.60 €) per heater
Cu@Ni RSNWs (water-based), 1.9 Q/sq 172.8 6 062 1.5 h heating 50.4 °C, 3V, 1.3 X 11 cm?
photocopy paper™® 216V wristband (each one 1 X 1.3 cm?), N/A
MXene/xanthan gum 4.8 x 10* S/m 130.8 4 1.1 6h deicing block 2.5V (19 min), 1 X 2 cm?,
(watell‘;/based), photographic (0.55 A, 1 X 2 cm?) st 2.5V N/A
paper
Ag/C/AlO, (water-based), 13.1 Q 120 S 0.75 6h heating 50 °C, 3.5V, 2 X 3.6 cm?,
office paper (this work) (036 A, 1.5 X 1.6 cm?)  S—0V bandage 0.20 € per heater
.36 A, 1. .

“Power density values are either reported in the cited works or estimated based on available data. The Ty,q,

values refer to the maximum steady-

state temperatures reached under the same, reported applied voltage (volt.), while the final column presents performance data for the demonstrated
devices, which may have been operated under different voltage conditions. N/A = not available.

carbon-based conductive materials, continuously deposited
over a substrate, provide good heat uniformity compared to
approaches involving resistor patterns of more conductive
materials."® Among investigations of screen printed heaters on
paper, Atabakhsh et al. were the first to implement a low-cost
temperature control system based on a resistive heater for
paper-based microfluidics.”> However, due to carbon’s high
electrical resistance, these heaters required a high applied
voltage to reach target temperatures, such as 54 °C under 15 V.
Furthermore, Liu et al. developed screen-printed heaters on
paper using copper—nickel rose-stem nanowires (Cu@Ni
RSNWs) in a water-based ink and integrated an array of
heaters in a wristband.”® Each heater achieved 50.4 °C under a
low voltage of 3 V (10 X 13 mm® per heater), but the
temperature between the heaters in the wristband was
significantly lower. Finally, Wu et al. fabricated screen-printed
heaters on paper using MXenes/xanthan gum water-based ink.
Their heaters reached a high steady-state temperature of 130.8
°C s under a low voltage of 4 V (for 10 X 20 mm?), and
demonstrated promising deicing performance.'” Table 1
provides a summary of the performance metrics of these
screen-printed heaters on paper substrates. It is important to
note that comparing the electrical and thermal properties of
Joule-heating devices is not always straightforward, as
variations in heater dimensions directly impact the electrical
supply requirements. To aid comparability, power density
values are also included when available or estimable.
Additionally, the reported Tye,q, values correspond to the
maximum steady-state temperatures reached at the specified
applied voltage. Stability tests, such as voltage cycling, in some
studies have been limited to relatively short durations. Another
critical factor for successful integration into devices is
durability under mechanical stress, commonly evaluated
through tape adhesion tests.”” Encapsulation with protective
coatings has been identified as an efficient method to address
poor adhesion and enhance the stability of conductive layers
under environmental stress, as reported in studies on thin
films.”® The issues of adhesion and spatial uniformity, however,
have not yet been adequately addressed in prior research on
screen-printed heaters on paper.

While increasing the density of metallic resistor patterns
could potentially improve thermal uniformity, such designs
would require significantly more conductive ink-raising both
material costs and limiting scalability. Instead, this study
explores a multilayer strategy to enhance heat distribution
without compromising on efficiency or sustainability. Here, we
address the above issues by introducing a multilayer structure
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that combines highly conductive silver (Ag) for enhanced
electrical performance, a carbon-based (C) layer for improved
thermal distribution, and a protective aluminum oxide (AlO,)
coating to shield the heater from mechanical stress and
environment conditions. Each layer is made of water-based ink
and the multi-stack C/Ag/AlO,, printed heaters are printed on
a paper substrate. All designs were evaluated for electrical
stability and thermal distribution using in situ infrared imaging.
Moreover, tape adhesion and climatic chamber tests
demonstrated enhanced performance of the multi-stack heater.
Finally, a bandage heater serves as a demonstration of the
heater’s potential for thermotherapy applications, highlighting
its flexibility and ability to achieve uniform heating while
maintaining sustainability.

B EXPERIMENTAL SECTION

Synthesis of AlO, Ink. The ink was produced in two steps. First, a
binder solution was prepared by dissolving 10 wt % of hydroxypropyl
cellulose (HPC, CAS 9004-64-2, Alfa Aesar) in deionized water.
Then, aluminum oxide (Al,O;, CAS 1344-28-1, Fluka) was blended
into the prepared solution with a concentration of 10 wt %. The
mixture was slowly stirred at 200 rpm for 3 h to obtain a well-
dispersed solution. The ink was stored in a refrigerator at 5 °C until
being used.

Screen Printing. The printed heaters were fabricated using a
manual, custom-made screen-printing station, inside a fume hood in
ambient conditions (23.9—24.1 °C, 44—50% RH), with 120T meshes.
Office paper (MultiOffice A4, 80 g/m?*) was used as the substrate for
all the samples. Commercial, water-based highly conductive silver ink
(Saral StretchSilver H20 600, Saralon) was screen-printed with a
double passage, using a mesh with four different resistor patterns (two
different line widths and two different total lengths). The two short
resistor patterns consist of S serpentines of 1.5 cm in height and two
different line widths, 0.05 cm for the thicker (ST) and 0.05 cm for the
finer (SF). The total size of the short heaters is 1.9 X 1.6 cm?
including the side longer lines (1.9 cm), leading to two rectangular
pads (0.4 X 1 cm?). The two long resistor patterns consist of 10
serpentines of 1.5 cm in height and two different line widths same as
the short patterns, 0.025 cm (LF) and 0.05 cm (LT). The total size of
long heaters is 1.9 X 3.3 cm?, including the side longer lines (1.9 cm),
leading to two rectangular pads (0.4 X 1 cm?). After the Ag ink
deposition, the samples were annealed inside an oven at 100 °C for 60
min to evaporate the water and sinter the ink. For the fabrication of
multi-stack heaters, commercial water-based carbon conductive ink
(WBCO1S, NanoPaint) was screen-printed before Ag resistors, with a
double-passage, using a mesh that consists of rectangles with two
different sizes. The size of each rectangular pattern is 2 X 1.9 and 2 X
3.6 cm?, intended to cover the resistor patterns and leave uncovered
the longer side lines and the contact pads. After deposition, the
carbon rectangular patterns were left to dry overnight inside the fume
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Figure 1. Fabrication and morphology of multi-stack printed heaters on paper. (a—c) Schematic representation of the multi-stack heater fabrication
process using screen printing with water-based inks on a paper substrate. (a) Screen with two different rectangular sizes for printing the carbon base
(C-base). (b) Screen with resistor patterns featuring varying line widths and lengths for silver (Ag) printing. (c) Same screen as in panel a used for
printing the aluminum oxide (AlO,) coating. (d) Photograph of a multi-stack heater with a long-thick resistor pattern. (e) SEM image of a multi-
stack heater, clearly distinguishing the silver regions (left and right) and the carbon base (center). (f) EDS mapping of the SEM image, showing Ag
(light blue), C (blue), and AlO,, (red) uniformly covering the entire sample.

hood. For the heaters coated with the metal oxide thin film, water-
based in-house AlO, ink was screen-printed with one passage on top
of Ag or C/Ag heaters, using the same mesh as the one for the carbon
rectangles. After deposition, the samples were annealed inside an oven
at 100 °C for 30 min to evaporate the water.

Morphological, Electrical, and Thermal Characterization.
Morphological characterization of the printed heaters was performed
using tabletop scanning electron microscopy at S kV (SEM TM3030
Plus, Hitachi), equipped with an energy-dispersive spectroscopy
system (EDS Quantax 70, Bruker). The electrical characterization
platform included a source meter unit (SMU, Keithley 2400,
Tektronix, with current compliance 1 A) and a workstation to
control the SMU via Python scripts, developed in-house. This allowed
the recording of the applied voltage and the measured current every 3
s, to further calculate the resistance of the printed heater during the
electrical tests. Flat crocodiles with long wires were clipped directly to
the rectangles of the heaters, without any ink or paste deposited on
them. This method was also used for long-term stability measure-
ments. An infrared (IR) thermal imager (Testo890) was used to
monitor the surface temperature and analyze the heat spatial
distribution of heat and other heating properties of the printed
heaters, using IRSoft software. For a fair comparison of the generated
heat, since there is a significant difference in the emissivity values
between the paper and the inks, all thermal measurements were
performed from the back side of the printed heaters (only the paper
side) and using an emissivity of 0.9, according to the method and
results presented in our recent work.” Moreover, an emission tape for
measurements on reflective surfaces (Testo) was placed on the side of
these metallic crocodiles facing the IR camera, to avoid the reflection
from their surface. IR sequences were recorded every 3 s during all
experiments, except the 6 h voltage cycles where a time interval of 6 s
was used, limited to the maximum recording capacity of IRSoft.

Adhesion Test and Environmental Stability. For the
evaluation of the inks’ adhesion and mechanical durability, transparent
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adhesive tape (Scotch) was manually placed on top of the samples
and manually peeled off. The chosen tape had a 1.9 cm width to cover
the printed heaters (short thick, ST, pattern). Before the adhesion
test, the samples were stuck with a double-sided adhesive tape (tesa)
to a metallic base to ensure that they were fixed and flat. A new piece
of tape was used for each test (in total 10 repetitions for each sample)
and the electrical resistance was measured every time with a
multimeter. For environmental stability, samples with small fine
(SF) patterns were placed inside a climatic test chamber
(WEBSeason, Weiss Technik) at 80 °C and 80% relative humidity.
Before the test, long copper wires were stuck on the contact pads of
the bare Ag and the Ag/AlO, samples, using Ag ink, and were inserted
through the silicone foam port plug. As for the C/Ag/AlO, heater, it
was connected directly to flat crocodile clip-long wires that had been
previously inserted through the same port plug. Additional photos of
the setup are presented in the Supporting Information.

Skin Bandage—Heater Fabrication. For the thermotherapy
demo, a multi-stack printed heater (LF pattern) was integrated into
an adhesive bandage (BAND-AID Jumbo, Johnson & Johnson).
Before the attachment of these two materials, long copper wires were
stuck to the contact pads of the heater using Ag ink and left dry inside
the fume hood overnight. Then, a piece of double-sided adhesive tape
(tesa) was stuck on the multi-stack heater side (above the AlO,
coating) and the second protective layer of the tape was removed to
stick the heater on the external side of the bandage. A cross-section
schematic, photos of the fabrication steps, and a video of the device
during operation are presented in the Supporting Information.

B RESULTS AND DISCUSSION

Fabrication and Morphological Analysis of Multi-
stack Heaters. The multi-stack heaters were fabricated using
a screen-printing technique with water-based inks and paper as
substrate. Two custom-made 120-mesh screens were employed

https://doi.org/10.1021/acsaelm.5c00305
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Figure 2. Electrical and thermal performance of printed heaters on paper under a constant applied voltage of 1, 3, or S V for 10 min, followed by
cooling. The resistors presented are of the short and fine (SF) pattern. (a—c) Evolution of relative resistance (R/R,) for the bare Ag (R, = 18.2 Q),
Ag/AlO,-coated (R, = 18.0 Q), and multi-stack C/Ag/AlO, (R, = 13.2 Q) heaters, respectively. Black, red, and blue lines correspond to 1, 3, and §
V, respectively. Insets depict photos of the samples. (d—f) Temperature evolution recorded by IR imaging at a central point on the heaters for the
bare Ag, Ag/AlO,-coated, and multi-stack C/Ag/AlO, heaters, respectively. Light green, green, and dark green lines correspond to 1, 3, and 5V,
respectively. (g—i) Spatial temperature distribution along a central line across the resistors at the midpoint of each voltage plateau for the bare Ag,
Ag/AlO,-coated, and multi-stack C/Ag/AlO, heaters, respectively. Brown, orange, and ochre lines correspond to 1, 3, and S V, respectively. Insets
show the IR sequence during the S V plateau, with black lines indicating the regions analyzed for spatial temperature distribution.

to achieve precise patterning during the multistep, full printing
process. Initially, the carbon (C) base layer was printed using a
screen with two differently sized rectangular patterns, as shown
in Figure la. This layer forms a conductive foundation for the
heater intended to homogenize the heat spatial distribution
cost-effectively.”” Following this, silver (Ag) resistor patterns
were printed on top of the carbon base. The resistor patterns
were designed with varying line widths and lengths to tailor the
electrical resistance and, consequently, the heating perform-
ance (Figure 1b). The final layer involved printing an
aluminum oxide (AlO,) coating using the same screen as the
carbon layer (Figure 1c). This insulating layer was intended to
ensure the durability of the device during operation and
protection against aging and environmental stress, thanks to
the properties of AlO,-based thin films.”” The C and Ag water-
based inks are commercial and the AlO, is developed in-house.
More details about the inks, screens, printing process, and
post-annealing can be found in the Experimental Section.
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Figure 1d shows a photo of a completed multi-stack heater
with a long-thick pattern (LT), demonstrating the layered
structure. Morphological characterization was performed using
scanning electron microscopy (SEM), which revealed the
distinct separation between the carbon and silver layers (Figure
le). In this image, silver appears on the left and right sides,
while the carbon base occupies the middle section. The AlO,
coating is more difficult to distinguish here, but as presented in
additional SEM images of Figure S1, the coating difference is
much more visible when comparing Ag bare and AlO, coated
samples (panels a—c and d—f of Figure S1, respectively), as
well as the interface between the AlO, coated and bare paper
(panels g—i of Figure S1). AlO, particles can be observed and
there is also a difference in the image contrast that can be
attributed to the insulating nature of the coating. Moreover,
energy-dispersive X-ray spectroscopy (EDS) was used for
elemental mapping of the heater (Figure 1f and panels j—I of
Figure S1). The EDS mappings confirm the presence of silver
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Figure 3. Printed heaters on paper: stability under electrical, mechanical, and environmental stress. (a and b) Voltage cycling of 5 and 0.1 V applied
alternately for S min over 6 h on a multi-stack C/Ag/AlO, heater. (a) Resistance evolution. (b) Zoomed-in view of three cycles in the middle of the
experiment. (c) Temperature evolution at a central point of the heater. (d) Zoomed-in temperature profile corresponding to the cycles shown in
panel b. (e) Tape adhesion tests for bare Ag (gray line with dots), C/Ag (blue line with dots), Ag/AlO, (red line with dots), and C/Ag/AlO, multi-
stack (green line with dots) heaters. Relative resistance change (R/R,) measured after each tape peel-off, repeated 10 times. Bare Ag exhibited a
resistance increase to infinity after the 9th peel. (Inset) Multi-stack heater with tape applied before removal. (f) Environmental stress in a climate
chamber (80 °C, 80% RH). Relative resistance change (R/R,) measured in situ at regular intervals using long wires extending outside the chamber
for bare Ag (gray line with dots), Ag/AlO, coated (red line with dots), and C/Ag/AlO, multi-stack (green line with dots) heaters. Continuous dark
red and violet lines indicate the recorded temperature and relative humidity, respectively.

(Ag) in the outer regions (light blue) and carbon (C) in the
middle (blue). As can be observed more clearly in Figure S1j,
C is also present below Ag, although not readily visible in the
EDS mapping, apart from regions where small pores in Ag
could be found, owing to the strong signal arising from the
thick Ag-printed layer. The mapping of aluminum (Al) in
Figure S1I demonstrates that the AlO, coating covers the entire
surface (red).

Ensuring uniform deposition of the Ag ink is critical to
achieving reproducible electrical resistance and consistent
heater performance for each pattern. For this, a statistical
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analysis of the reproducibility of the manual screen-printing
has been performed, as presented in Figure S2. Five groups of
the four different heater patterns were deposited on paper
(design and photo in panels a and b of Figure S2), giving three
samples of the same pattern in each group. The mean values of
the electrical resistance as plotted for each pattern (panels c—f
of Figure S2) confirm that the screen-printing process is very
reproducible. Furthermore, the electrical resistance values were
plotted by the position of the sample in each heater pattern
and group (panels g—j of Figure S2). The same tendency is
observed in all cases: the right samples demonstrate a little
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lower electrical resistance than the left and middle ones. This
can be explained considering that higher force is applied on the
edges of the squeegee, especially the right, during the manual
screen-printing, because of the placement of the left and right
hands of the right-hand user that performed the deposition.

Electrical-Thermal Performance: Heat Spatial Dis-
tribution and Impact of Carbon Base. After fabricating the
printed heaters on paper, their electrical and thermal
performance was evaluated through a series of voltage plateaus
applied at 1, 3, and 5 V for 10 min each. Each voltage
application was followed by a 5 min cooling period to assess
the heater’s ability to return to baseline conditions. In situ
monitoring of the Joule heating effect was performed using IR
imaging on the substrate side of the heaters to capture both
temporal and spatial thermal responses accurately. A photo of
the measurement setup is presented in Figure S3j, including a
photo of the crocodiles clipped to the heater and the emission
tape covering them. This setup enabled detailed analysis of
resistance changes over time, temperature evolution at specific
points, and heat distribution across the heaters. Three heater
configurations were studied: bare silver (Ag), silver coated with
aluminum oxide (Ag/AlO,), and the multi-stack structure
comprising a carbon base, silver, and an aluminum oxide
coating (C/Ag/AlO,). Figure 2 summarizes the results for
heaters with a short and fine (SF) resistor pattern, while
additional data for other patterns, including short-thick (ST),
long-fine (LF), and long-thick (LT), are provided in the
Supporting Information.

Panels a—c of Figure 2 illustrate the evolution of electrical
resistance over time for the three heater types, with insets
showing photos of each sample. The black, red, and blue lines
correspond to applied voltages of 1, 3, and S V, respectively.
The initial resistance values were approximately 18 € for both
the bare Ag and Ag/AlO,-coated heaters, while the C/Ag/
AlO, multi-stack showed a lower resistance of 13 Q. The
carbon ink’s contribution to electrical percolation, despite its
lower conductivity compared to silver, explains this difference.
All heaters exhibited minimal resistance changes at 1 and 3 V.
The initial resistance increase during heating is attributed to
the temperature dependence of the materials’ resistivity
(TCR).2 Moreover, at S V, a slight resistance decrease was
noted, likely due to further sintering driven by higher Joule
heating. The C/Ag/AlO, multi-stack (Figure 2c) demon-
strated the most stable resistance profiles across all conditions.

The temperature evolution, monitored at a central point on
the heater, is presented in panels d—f of Figure 2. The light
green, green, and dark green lines represent 1, 3, and SV,
respectively. All heaters demonstrated rapid temperature rise,
peaking at approximately 120 °C at S V. The temperature
range remains within the operational limits of the paper
substrate without risking degradation. A swift cooldown was
observed once the voltage was removed. Fluctuations of
approximately +5 °C were observed in the bare Ag (Figure
2d) and Ag/AlO,-coated (Figure 2e) heaters during the
steady-state temperature phase, likely due to localized heat
dissipation challenges and substrate heterogeneities. In
contrast, the C/Ag/AlO, multi-stack heater (Figure 2f)
achieved more uniform heating maintaining steady temper-
atures across all voltage levels.

Panels g—i of Figure 2 provide insights into the spatial heat
distribution along a central line across the heaters, captured at
the midpoint of each voltage plateau. The brown, orange, and
ochre lines correspond to 1, 3, and S V, respectively. At 1V,
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the Joule heating was minimal, resulting in negligible
fluctuations. At 3 and S V, however, the bare Ag heater
(Figure 2g) exhibited a temperature gradient of approximately
5 °Cat3Vand 10 °C at 5V, between the silver lines and the
cooler regions in the paper, indicating uneven heat dissipation.
The Ag/AlO,-coated heater (Figure 2h) showed similar
variations. Notably, the multi-stack C/Ag/AlO, heater (Figure
2i) demonstrated superior thermal uniformity with fluctuations
of approximately +1 °C at 3 V and +3 °C at 5 V. This
performance is attributed to the combined effects of the carbon
base’s thermal conduction and its synergy with the silver
resistor. IR images during the S V plateau (insets in panels g—i
of Figure 2) highlight thermal profiles, with the black lines
indicating the regions analyzed for spatial temperature
distribution. The less distinct resistor pattern observed in the
inset IR image of Figure 2i is due to the significantly improved
heat uniformity achieved by the C/Ag/AlO, heater. These
insights underscore the importance of accurate thermal
mapping in evaluating heater performance. Overall, the results,
consistent across all resistor patterns as presented in Figures
S3, S4, and SS, confirm that the multi-stack C/Ag/AlO,
heaters consistently exhibited enhanced electrical stability
and superior thermal uniformity compared to the other
configurations, highlighting their potential for sustainable,
flexible heater applications.

Stability under Electrical, Mechanical, and Environ-
mental Stress: Impact of AlO, Coating. The printed
heaters were subjected to a series of stability and durability
tests, including prolonged electrical cycling, mechanical
adhesion tests, and environmental exposure. First, voltage
cycling tests were performed on a C/Ag/AlO, multi-stack
heater with a long thin (LF) pattern. The heater alternated
between S and 0.1 V in 5 min intervals for 6 continuous hours.
Figure 3a shows the evolution of resistance (Figure 3b zoomed
in on three cycles from the middle of the experiment), which
gradually decreased over time due to further sintering induced
by Joule heating. Results for the bare Ag and Ag/AlO,-coated
heaters are provided in the Supporting Information, showing
stable and reproducible performance across all cycles. Temper-
ature measurements, taken at a central point on the heater
(Figure 3c), fluctuated between 30 °C (off state) and nearly 90
°C (on state), reflecting rapid heating and cooling. For
example, these rates calculated from a zoom in 3.5 h (Figure
3d) are for heating 60 °C/min to reach the maximum
temperature (T, = 87.3 °C from 29.2 °C), 164 °C/min to
reach 90% of T, (78.5 °C), and for cooling —31.6 °C/min to
drop to 30.2 °C. It should be noted that it takes another 2.7
min to reach 29.2 °C from 30.2 °C, due to the elevated room
temperature when the experiment was conducted. Moreover,
the results of bare Ag and Ag/AlO,-coated samples, presented
in Figure S6, demonstrate electrical and thermal performance
of similar stability.

Adhesion tests were performed using a standardized tape-
peeling method as described in the Experimental Section. Four
configurations were tested: bare Ag, C/Ag, Ag/AlO,, and C/
Ag/AlO, multi-stack heaters, with a small thick (ST) pattern.
As shown in Figure 3e, the bare Ag heater exhibited a
significant increase in resistance after the ninth peel, as parts of
the silver and underlying paper were damaged, ultimately
resulting in a complete loss of electrical percolation. The C/Ag
configuration, without AlO, coating, was included in this test
to assess the contribution of the carbon base to adhesion. This
configuration showed a moderate resistance increase of 15%,
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Figure 4. Printed heater embedded on a bandage for thermotherapy. A multi-stack printed heater with a long fine (LF) pattern is stuck to a
bandage using double-sided tape. (a) Photograph of the device placed on the lower part of the volar side of the wrist, with wires leading to a power
source. (b and c) IR images of the device during application of 2 V (b) and 3.5 V (c). (d) Resistance evolution over S min at different voltage
plateaus: 2, 2.5, 3, and 3.5 V. (e) Spatial temperature distribution along a central line across the device at the midpoint of each voltage plateau. (f)
IR images of the device on the dorsal side of the wrist at 3.5 V, showing different wrist positions: (i) bent upward, (ii) aligned with the hand, and

(iii) bent downward.

outperforming the bare Ag heater and indicating that the
carbon base positively impacts adhesion, likely because it
covers the paper substrate. The best performance was observed
for the Ag/AlO, and C/Ag/AlO, heaters, which maintained
nearly unchanged electrical resistance throughout the test,
demonstrating superior adhesion and mechanical robustness
provided by the metal oxide coating. Notable, while the AlO,
coating may be partially removed during the tape tests, it serves
as a protective barrier, preventing damage to the underlying
conductive layers. Additional photos of all the samples during
the tape tests are provided in Figure S7, where the beginning of
the damage of the bare Ag heater after the fifth peel cycle is
clearly visible (Figure S7a-ii and iii).

In addition, heaters with a SF pattern were placed in a
climatic test chamber at 80 °C and 80% relative humidity
(RH) for nearly 3 days of continuous testing, during which
electrical resistance was measured in situ every few hours
(details on the mounting process in the Experimental Section
and panels a and b of Figure S8). In situ resistance
measurements (Figure 3f) showed stable performance for all
samples, with the multi-stack heaters exhibiting even slight
decrease in resistance. Multimeter readings taken before and
after the test (Figure S8c) confirmed that the heaters remained
intact, with the electrical resistance decreasing by approx-
imately 30% across all configurations. The stability can be
attributed to the water-resistant properties of the three inks,
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while the decrease in electrical resistance may be associated
with further sintering of the Ag particles under the temperature
and humidity conditions, resembling capillary-force-induced
cold welding phenomena previously observed for Ag nano-
wires.”*” Such a possibility would be interesting to explore in
the future for moisture-assisted, low-temperature sintering of
printed ink particles.

The in situ fluctuations for the bare Ag and AlO,-coated
heaters can be attributed to measurement artifacts caused by
wiring damage, as revealed at the end of the climate chamber
test (Figure S8d). This is noteworthy because the photos show
that the copper wires attached to the bare and AlO,-coated
heaters were oxidized, likely due to the presence of moisture.
This oxidation did not affect the stainless crocodile clips,
already mounted to the chamber, and directly connected to the
multi-stack C/Ag/AlO,. For this configuration, the resistance
decrease was recorded both in situ and after the climate
chamber test. A long-term test over 30 days under the same
extreme conditions (80 °C and 80% RH) is recommended as a
future step to thoroughly evaluate long-term durability. Finally,
resistance values of two samples from each configuration (bare
Ag, AlO,-coated, and C/Ag/AlO,) were measured by multi-
meter over 4.5 months under ambient conditions, demonstrat-
ing high stability (Figure S9).

Demo of Printed Heater Embedded on a Bandage for
Thermotherapy. To explore wearable applications, a multi-
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stack C/Ag/AlO, printed heater with a long fine (LF) pattern
was embedded in a bandage using double-sided tape, ensuring
flexibility and comfort. Figure 4a shows the heater positioned
on the volar side of the wrist, with wires exiting the bandage for
connection to a power source. More fabrication details and
photos can be found in the Experimental Section and Figure
S10, respectively. Furthermore, an approximate calculation of
the materials cost is less than 0.20 € per heater, showing its
cost-efficiency. The table in Figure S11 presents the calculation
of the mass of the three deposited inks on paper by measuring
the samples before and after screen-printing of two passages
(photos in Figure S11) and the estimation of the cost based on
the value of the commercial inks (C and Ag) and the in-house
AlO,. Considering, the commercial bandage and copper wires
cost, the heater-bandage device costs approximately 0.80 €. It
is worth mentioning that this cost can be even lower if all the
inks were prepared in-house, as well as in the case of mass
production.

Thermal performance was evaluated at applied voltages
between 2 and 3.5 V. Panels b and ¢ of Figure 4 present IR
images of the heater at these voltages, highlighting uniform
heating in the contact area. The highest recorded temperature
reached approximately 50 °C on the upper side of the heater,
ensuring a lower and safer temperature at the skin interface
due to the temperature gradient across the heater, bandage,
and skin. The estimated power density, given the heater’s size,
is 7.2 cm? and its electrical resistance 21 Q at 3.5 V, is
approximately 0.08 W/cm?. The black lines on the IR images
indicate the paths used to measure spatial temperature
distribution. An IR Video S1 during testing at 3.5 V is
available in the Supporting Information.

Electrical stability was assessed by applying successive
voltage plateaus of 2, 2.5, 3, and 3.5 V for S min each. Figure
4d shows the evolution of electrical resistance, indicating stable
and reproducible performance throughout the test. Corre-
sponding spatial temperature profiles along a central line at the
midpoint of each voltage plateau are shown in Figure 4e,
confirming consistent heat dissipation.

Throughout the test, the user was periodically asked about
comfort levels at each voltage plateau. At 3.5 V, the heater
provided sufficient warmth while remaining within safe and
comfortable limits. Flexibility was further demonstrated by
attaching the heater to the dorsal side of the wrist, with IR
images captured under 3.5 V in different wrist positions: bent
upward (Figure 4f-), aligned with the hand (Figure 4f-ii), and
bent downward (Figure 4f-ii). In a nutshell, the multi-stack
heater was embedded in a commercial bandage in a facile way
and maintained uniform heating in all wrist positions,
demonstrating its adaptability and potential for wearable
thermotherapy applications.

B CONCLUSION

The multi-stack heater, fabricated using water-based inks on a
biodegradable paper substrate, demonstrated excellent elec-
trical and thermal performance. At 5V, the C/Ag/AlO, heater
achieved a peak temperature of approximately 120 °C, with
spatial temperature fluctuations within +3 °C, showing
superior thermal uniformity compared to bare Ag and Ag/
AlO, heaters, which exhibited temperature gradients up to 10
°C. The carbon base, cost-efficient compared to silver,
effectively addresses heat inhomogeneity, ensuring thermal
consistency without compromising performance. All heater
configurations exhibited robust durability during 6 h of 5 V

cycling, with minimal resistance changes during environmental
stability tests under 80 °C and 80% relative humidity, further
validating the heater’s robustness. In mechanical adhesion
tests, the C/Ag/AlO, heater maintained nearly unchanged
resistance after 10 peel cycles, demonstrating excellent
mechanical stability, attributed to the AlO, coating, which
significantly mitigates mechanical scratching. In wearable
applications, the multi-stack heater, easily embedded in a
commercial bandage and attached to the skin, reached a
maximum temperature of 50 °C at 3.5 V, with a power density
of 0.08 W/cm? and maintained performance under wrist
bending. Moreover, the materials cost is estimated at 0.20 €
per heater and 0.80 € per device. These results highlight the
potential of multi-stack printed heaters for sustainable, flexible,
cost-efficient, and eco-friendly applications, paving the way for
innovations in wearable thermotherapy and beyond. Future
work will focus on long-term aging tests and further
characterization and modeling of the mechanisms behind the
electrical and thermal distribution of the heater to optimize its
performance. In parallel, exploring the use of recycled inks
could offer an additional pathway toward further reducing the
environmental footprint of such printed devices.

B ASSOCIATED CONTENT
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IR recording of the multi-stack printed heater in
operation at 3.5 V, applied on the wrist (Video S1)
(MPG)

Additional data on the fabrication, characterization, and
performance of the printed heaters: SEM images of bare
Ag and Ag/AlO, coated printed heaters and EDS
mappings of the multi-stack printed heater on paper
substrate (Figure S1), statistical analysis of the
reproducibility of manual screen-printing deposition
(Figure S2), electrical—thermal performance of various
heater geometries, including short-thick, long-fine, and
long-thick configurations, along with photos of the
experimental setup, photos of the samples and IR images
under applied voltage (Figures S3—S5), stability of bare
Ag and Ag/AlO,-coated heaters under cyclic voltage
operation (0.1-5 V) for 6 h (Figure S6), photos of the
printed heaters during the tape adhesion test (Figure
S7), images of the climate chamber setup and a
summary table of electrical resistance values before
and after the 72 h test at 80 °C and 80% RH (Figure
S8), electrical resistance evolution of printed heaters
stored under ambient conditions over 4.5 months
(Figure S9), and design and application of a multi-
stack printed heater on a bandage, including schematic
and fabrication steps (Figure S10) (PDF)
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