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Abstract. This paper presents a reliable emerging technology for fabricating lightweight and conformal
temperature-sensing devices on complex shapes and various materials. The process involves screen-printing
conductive silver ink with a resistivity of 1.7 x 10~% Qm onto a water-soluble film, followed by a substrate-free
transfer. This approach enables the fabrication of flexible temperature sensors on complex surfaces, exhibiting
electrical performance comparable to conventional sensors, with a temperature coefficient of resistivity (TCR)
of 3.0 x 1073 °C~!. Additionally, electrical testing was conducted to validate the stability and reproducibility of
the sensors, demonstrating a minimum temperature detection threshold of 0.3 °C.

1 Introduction

Flexible sensing devices, such as temperature sensors, have
gained significant attention due to their ability to bend, en-
abling them to conform to 3D surfaces (Han et al., 2017).
These sensors are widely used across various applications,
including robotics (Polygerinos et al., 2017), physiologi-
cal monitoring (Li et al., 2017), and healthcare (e.g., for
body temperature measurements) (Su et al., 2020). High-
precision temperature measurements are critical for these ap-
plications, necessitating direct contact with the monitored
target (e.g., robots or the human body). However, conven-
tional temperature sensors, such as thermocouples, thermis-
tors, and rigid detectors (whether deposited or printed), of-
ten require packaging and struggle to maintain conformal
contact with uneven surfaces. To enhance the conforma-
bility of these detectors, the most reported approach in
the literature is to fabricate the sensitive layer on highly
deformable thermoplastic polymer, such as polyethylene
terephthalate (PET), polyurethane (PU), and silicone elas-
tomers like polydimethylsiloxane (PDMS) (Shih et al.,
2010). Even when using an ultra-thin substrate, the sen-
sor remains separated from the target surface as the sub-
strate lies between them. Being built on a 2D flexible sur-
face, the sensor cannot conform to complex 3D shapes with-
out causing the substrate to fold. These challenges are crit-
ical in developing conformal, wearable, soft, biocompati-

ble, and lightweight sensors that are state of the art. To ad-
dress these limitations and to extend the capabilities of tradi-
tional electronic design, we introduce an innovative technol-
ogy that enhances the conformability, lightweight nature, and
user-friendliness of sensing devices. This technology, known
as water transfer printing (WTP), ensures the substrate-free
transfer of highly sensitive temperature sensors onto irregular
and curvilinear surfaces without compromising the device’s
functionality (Le Bihan et al., 2024). As a result, high con-
formality is achieved as the sensitive film-based temperature
sensor is directly applied to the target being monitored, elimi-
nating the need for a plastic substrate. Additionally, WTP en-
ables complex 3D curvilinear surfaces to be effectively func-
tionalized with electronics (Selmi et al., 2023), addressing
the challenges previously mentioned.

In this study, we present some electrical characterizations
of a transferred silver-based temperature sensor; we begin by
detailing the materials and methods employed. Next, we dis-
cuss the performance of the sensors, specifically examining
their resistance variation as a function of temperature.

2 Materials and methods
Direct-transfer-printing technology has been extensively de-

veloped to transfer electronics onto non-conventional sub-
strates, following the 3D schematic shown in Fig. la
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Figure 1. (a) Transfer-printing concept. Panels (b) to (h) show the main steps of the WTP process: (b) silver-ink-based sensor screen printed
onto a PVA (polyvinyl alcohol) substrate (ink ref: Silver Electron Speedy HR from VFP Ink Technologies), (¢) optical picture showing
large-area processing of flexible temperature sensors on PVA film, (d) PVA film placed on the water surface, (e) sensor floating after PVA
dissolution, (f) object immersed through the sensor, (g) object withdrawn, and (h, i) conformal 3D transfer onto complex 3D objects.

(Harnois et al., 2020; Herry et al., 2024; Le Borgne et al.,
2018, 2019; Rogel et al., 2017; Carlson et al., 2012; Meitl
et al., 2006). In this process (see Fig. 1a), the electronic is
first fabricated on a donor substrate, which is typically pla-
nar, and then is directly transferred onto the target substrate,
also known as the receiver. The direct-transfer printing, how-
ever, cannot transfer electronics onto the complex 3D ob-
ject (WTP); a variant of direct-transfer printing addresses this
challenge. The manufacturing steps of WTP are illustrated
in Fig. 1. First, temperature sensor patterns made of silver
ink are screen-printed onto a PVA (polyvinyl alcohol) film
(Fig. 1b and c).

This screen-printing process enables large-scale produc-
tion of temperature sensors on wide surfaces, as shown in
Fig. 1c. Then, after curing the ink to remove solvents and to
optimize resistivity (1.7 x 107% ©m), the PVA film with the
screen-printed patterns is placed onto the surface of the water
(Fig. 1d). A few seconds later, the PVA film dissolves, leav-
ing the screen-printed patterns floating on the water’s surface
(Fig. 1e). A 3D object, intended to receive electronic patterns
on its surface, is then immersed in the water (Fig. 1f) and then
is removed (Fig. 1g) through the patterns. Finally, the screen-
printed patterns are transferred onto the object without a sub-
strate and with high conformality, as shown in Fig. 1h. Note
that the adhesion of the ink to the object is optimal, further
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enhanced by the application of a spray activator, commonly
used in graphic arts to improve adhesion strength.

In the WTP process, the activator plays a vital role in trans-
ferring rigid electronics onto a substrate. It facilitates the dis-
solution of the PVA support layer, allowing the electronics to
detach and float on the surface of the water. Simultaneously,
the activator acts as a plasticizer, softening the adhesive layer
to make it temporarily tacky and flexible. This ensures proper
adhesion to the object, allowing the electronics to conform
smoothly to its shape. The activation process is critical for
achieving a strong, uniform bond between the electronics and
the substrate. After transferring the electronic patterns form-
ing the sensors onto the object (Fig. 1i), an electrical mea-
surement is performed to validate their proper functioning.
The result of this measurement, shown in Fig. 2a, indicates
that the transferred sensor works perfectly, with an electrical
resistance of 28.5 2.

3 Results and discussion
Temperature sensors are an electronic device designed to
measure the temperature of an object or a system. That is

why the closer the sensor is to the object, the more accurate
the measurement will be, which is guaranteed by our pro-
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Figure 2. (a) I-V characterization of a silver-based sensor on a 3D object. (b) I-V characterization of a silver-based sensor before and after
WTP. (c) Resistance variation of the transferred sensor versus different temperature levels.

cess. In Fig. 2b, the I-V characterizations are plotted, show-
ing a linear increase in current versus voltage. This indicates
the ohmic behavior of the silver ink. Indeed, sensors fabri-
cated by WTP and those directly screen-printed onto PVA
substrate, i.e., before the WTP step, highlight the same elec-
trical behavior.

The resistance variation of the transferred sensor versus
temperature is plotted in Fig. 2c. Observing the graph, it is
obvious that the resistance of the sensor increases as the tem-
perature increases, following the typical behavior of metallic
materials, with a positive temperature coefficient of resistiv-
ity (TCR) «, defined as follows:

1 R(T) — R(Tp)
o = X
R (Ty) T—Ty

where R(T) is the resistance at temperature 7, and R(7Tp) is
the resistance at the baseline temperature (7p).

From Eq. (1), the TCR of the sensor is estimated to
be 3.01 x 10°°C~!, which is larger than that reported by
some commercial standard temperature sensors (Kuo et al.,
2012). Note that the authors assume that the transferred
silver sensors have been compared to screen-printed ones,
demonstrating similar behavior, performance, and sensitivity
(0.25%°C™1).

This is already confirmed by the I-V characterization
shown in Fig. 2b (no change in the electrical proprieties).

Figure 3a shows the smallest temperature variation that
transferred sensors can reliably detect and measure without
applying any complex mathematical treatment. This result
demonstrates the sensor’s high efficiency and accuracy, en-
abling it to detect a minimal temperature change of 0.3 °C de-
spite background noise and fluctuations. Moreover, the elec-
trical response of the sensor is reproducible over more than
4 h of cycling, as presented in Fig. 3b.

Temperature sensors are placed in locations where tem-
perature needs to be monitored, such as human bodies, in-
dustrial environments, air conditioning systems, and medical
laboratories. In these application areas, various levels of hu-
midity are defined; in the range of 40 % RH-60 % RH], an

, ey
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environment is considered to be optimal, and in the range
of 60 % RH-100 % RH, it is considered to be very humid.
Figure 3c shows the impact of humidity on the transferred
temperature sensor described previously.

The result highlights that the sensor is not sensitive to hu-
midity (for neither an optimal humidity level or an excessive
one) regardless of the temperature value (25 or 40 °C). This
ensures the normal behavior and stability of the transferred
temperature sensor in all desired installation environments,
disregarding the humidity effect.

4 Conclusion

In summary, the WTP process surpasses the limits of tra-
ditional electronic manufacturing by enabling the transfer
of temperature sensors onto all complex objects regardless
of their shapes while obviously maintaining the same per-
formance as conventional sensors. Thus, the TCR remains
stable on the final structure, as evidenced by the preserva-
tion of the sensor’s resistivity before and after the transfer
(see Fig. 2b). Additionally, electrical tests conducted several
years after the transfer process confirm the sensor’s proper
functioning and stability. No additional measures were taken
to protect the sensor from degradation caused by external
environmental factors. If required, an insulating encapsula-
tion layer can be screen-printed over the sensor’s functional
layer. This would ensure an extended lifespan, as typically
achieved with metallic sensors.

Finally, the WTP process appears to be highly promising
for the field of lightweight and conformal electronics and can
be applied in various other fields such as wearable electron-
ics, plant bio-electronics, and bio-hybrid systems. Note that
the silver-sensitive layer that forms the sensor performs ef-
fectively within a temperature range below 0 °C and can tol-
erate temperatures of up to 200 °C. However, it is crucial that
the 3D object onto which the sensor is applied can also with-
stand this temperature range. Moreover, humidity, as an en-
vironmental factor, was tested on the sensor, and the results
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Figure 3. (a) Minimal variation in temperature detected by the sensor. (b) Resistance variation of the sensor between 20 and 60 °C for 4 h
(sensor reproducibility). (c) Resistance variation of the sensor versus different humidity ratio (sensor stability).

showed no significant sensitivity to it (see Fig. 3c). As a re-
sult, resistivity and TCR remain unaffected. However, with
regard to other parameters, such as gas concentration and
thermal radiation, their impact cannot be determined with-
out further experiments. Based on the current understanding,
it is recommended that one perform the transfer process in a
controlled environment that is kept at 20 °C and that is free
from concentrated gases and thermal radiation, as well as on
a dry object. These experiments could be part of our future
work.
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