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Abstract

Here, we report a facile technique for fabricating inkjet-printed PEDOT:PSS thermally ac-
tive devices on commercial tattoo paper, subsequently transferred to Kapton substrate
with pre-patterned copper tracks, to enable integration with other electronic systems.
Printing parameters were investigated for consistent film quality. Electrical and thermal
characterization confirmed stable ohmic behavior; after transfer, the device exhibited su-
perior contact performance with lower measured electrical resistance. Temperature coef-
ficient of resistance (TCR) of —0.0164 °C-! was measured, indicating the device’s capability
for accurate temperature sensing. Additionally, a temperature exceeding 37 °C was
achieved with a power consumption of approximately 50 mW. This work presents a ro-
bust method for passivating and transferring electronics for on-skin applications.

Keywords: wearable electronics; inkjet printing; PEDOT:PSS; tattoo paper; epidermal sensors;
temperature sensing

1. Introduction

The development of epidermal electronic systems through printing techniques and
the use of flexible substrates enables the development of ultra-thin and conformable elec-
tronics [1], which can support physiological signal monitoring [2]. This is a major field of
study, especially considering the wide range of applications that such systems can serve
in the health and biomedical domains [3-5].

Tattoo paper has emerged as a promising temporary transfer medium due to its low
cost, ease of use, and flexibility in inkjet-printed electronics [6]. However, the transferred
electrodes present challenges in terms of reliable electrical interfacing [7]. It would be
greatly beneficial for designers to have a facile route in designing and fabricating printed
systems which would: (a) include a passivation layer, (b) ensure strong and robust cou-
pling between electrodes and active materials and (c) offer a direct interface with
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traditional electronics. In the past we have investigated various interface methods for
bridging printed and traditional electronics [8]; highlighting a gap between commercial
solutions and state-of-the-art printed electronics.

Other printing techniques such as screen printing and aerosol jet printing have also
been explored for epidermal sensor fabrication [9,10] but typically require more complex
process control or are less compatible with ultra-thin, conformal transfer. Additionally,
the printed structures cannot be connected with standard electronics with a facile method,
often risking mechanical damage and degraded performance.

In contrast to previous reports our method enables integration with pre-patterned
copper electrodes via a simple tattoo paper water-assisted transfer; this greatly lowers
interfacial resistance thus facilitating hybrid printed/conventional system integration. The
proposed method addresses a major bottleneck of robust electrical interfacing in epider-
mal electronics, with more traditional measurement and data transmission systems, bat-
teries etc.

2. Methods

PEDOT:PSS (Orgacon™ IJ1005, 0.8 wt% solid content in water) electrodes were
inkjet-printed on tattoo paper (Temporary transfer tattoo kit Tattoo 2.1, The Magic Touch
Ltd., UK). The devices were printed using a custom Drop-On-Demand inkjet printer (FR-
DEPOSIT, Greece) equipped with a Microdrop MD-K-140 head (nozzle diameter, 70 pum).
After experimenting with the droplet spacing, an optimum spacing of 55 pm in both di-
rections was set; the samples were printed with eight passes to ensure film uniformity.
The design was similar to that of a typical electronic component in a “0603” package (1.6
x (0.8 mm).

After printing, White Light Interferometry (Filmetrics Profilm 3D) was employed to
depict the film morphology onto the tattoo paper. Initial electrical characterization was
then performed using a Keithley 2612 source-meter, using a probe station with needle
probes.

Subsequently, we transferred the samples onto 25 um-thick Kapton substrates with
pre-patterned copper electrodes with 9 um thickness, aiming to improve mechanical ro-
bustness and facilitate integration with existing electronic systems. The copper tracks had
the dimensions of a “0603” electronic component, but with somewhat enlarged pads to
facilitate the alignment process. The transfer process was performed according to the tat-
too paper manufacturer; the tattoo paper was transferred by moistening with water and
pressing gently on the Kapton surface after aligning with the electrodes, allowing for the
reliable release and adhesion of the conductive layer onto the copper electrodes.

For further electro-thermal evaluation we used a FLIR IR camera (A6555C) and a
custom hotplate to control sample temperature.

3. Results and Discussion
3.1. Electrical Characterization

Figure 1a presents an image acquired using a smartphone and Figure 1b the corre-
sponding optical microscope image of a printed structure. The multi-pass printing strat-
egy ensured that uniform continuous lines were formed and with no observed line breaks,
unlike single-pass printing, which resulted in poor line continuity. Figure 1c presents a
White Light Interferometry profile of the printed structure on the tattoo paper which
shows a mean height of 10.2 um. Overall, smooth surfaces were formed at the areas where
the ink thickness had reached a steady value (i.e., towards the center of the line).
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Figure 1. Photograph of printed samples onto tattoo paper (a); a close-up of a sample under optical
microscope (b); corresponding step-height from WLI (c); the device transferred to the Kapton sub-
strate with the tattoo paper (d,e). The tattoo paper backside, visible as glossier over the pads, acts as

passivation for the printed structure which is sandwiched between the tattoo paper and the Kapton.

After transferring the sample onto the Kapton, a visual inspection revealed that the
alignment was successfully performed. This is critical given the fact that the actual re-
sistance measurements will be significantly influenced by this interface area, between the
Cu tracks and the printed PEDOT:PSS structure.

By measuring the resistance before and after transferring the device, we can get an
estimation of the impact that the process had on the actual device performance. We per-
formed an I-V scan with low voltages so as to ensure that self-heating due to current flow
did not occur. It was observed (Figure 2) that the same device exhibited lower resistance
after being transferred to the Kapton substrate. This interesting result can be attributed to
improved electrical contact and reduced interfacial resistance between the device and the
Cu electrodes after transferring it onto the Kapton substrate. The conformal nature of the
tattoo paper greatly assists the sample to bond closely with a large electrode area.

200 A 3o~ b
Before Transfer After Transfer
154 ® ®
® 20F
199 - o
104
< 054 . <
g : g "
€ 00+ T 00F
o ’ =
3 g B
O 054 ? o .
-10+ ® .
. 20
159 N >
¢ meanR=12370Q ¢ meanR=43430Q
= 4 N Y { ; DR YT 205 000 005 010
-02 -0.1 00 0.1 0.2 0 0 05 0
Voltage (V) Voltage (V)

Figure 2. I-V curve measured before the transfer (a); after the transfer (b).
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3.2. Evaluation as Temperature Sensor

After transferring the device to Kapton substrate with the Cu electrodes, we per-
formed an external temperature sweep, i.e., the device was placed onto a hotplate and the
temperature was risen while resistance was measured. The Temperature Coefficient of
Resistance (TCR) was subsequently determined to be -0.0164 °C-! (Figure 3). Simultane-
ously, it was demonstrated that the device can be applied to the skin and exhibits sensi-
tivity to temperature variations within the physiological range as well as to elevated tem-
peratures, up to 57 °C.
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Figure 3. Relationship between electrical resistance of the sample and external temperature.

3.3. Evaluation as Microheater

The microheater performance was evaluated by applying gradual input power and
monitoring the corresponding temperature increase with the IR camera (Figure 4a). The
device demonstrated rapid temperature increase, achieving up to 40.4 °C with just 45 mW
of power. A linear relationship between normalized temperature change (AT/To!) and
power was observed, indicating high heating efficiency attributed to low-loss ohmic con-
tacts (Figure 4b). The efficiency was calculated as 6.4 mW/°C. These results confirm the
device’s suitability for low-power heating applications on human skin. This efficiency
classifies our device as highly-efficient compared to similar wearable heaters reported re-
cently [11-13].
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Figure 4. Applied power —temperature of a microheater; heating and corresponding infrared im-

ages illustrate rapid and reversible temperature response as power is incrementally increased (a);
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linear correlation between normalized temperature change (AT/To™") and power, demonstrating ef-

ficient Joule heating (b).

3.4. Biocompatibility- Future Work

Preliminary manual flexing of the transferred devices revealed stable operation. The
devices, after being transferred, where bent by hand and no impact in electrical resistance
or visible cracks were observed. However, systematic durability testing —including expo-
sure to sweat and repeated on-skin application —will be addressed in future studies.

Additionally, while biocompatibility tests were not performed in this preliminary
work, the tattoo paper substrate which is commercially available for skin contact, has been
employed for epidermal sensors in various recent works [6,7]. The PEDOT:PSS layer is
encapsulated between the tattoo paper and Kapton, eliminating direct skin exposure; ad-
ditionally, both PEDOT:PSS [14,15] and Kapton [16,17] offer great biocompatibility. How-
ever, itis in our future plans to perform cytotoxicity and adhesion testing for clinical trans-
lation of the proposed device.

4. Conclusions

In this work, we present a method for transferring printed electronics onto pre-pat-
terned electrodes using a straightforward commercial process. Printing of structures onto
tattoo paper as an intermediate step offers the following advantages: (a) compatibility
with a wide range of substrates, including flexible and unconventional materials while
providing an inherent back-side passivation layer; (b) preservation of device integrity
during transfer, as demonstrated by the significant reduction in electrical resistance after
transfer; (c) rapid, low-cost, and scalable fabrication of flexible wearable devices; and (d)
seamless integration with conventional electrode materials such as copper, capable of be-
ing directly integrated with traditional electronics.

R-T measurements were aligned with recent literature, demonstrating that the pro-
posed method does not adversely affect the printed material for its sensing capabilities.
Additionally, when the device was operated as a microheater, the insulating nature of
Kapton assisted in maximizing performance i.e., high-power efficiency.

We believe that this easy to implement method offers unique advantages and can be
adapted to fabricate high-end flexible electronics for demanding on-body applications.
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