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ABSTRACT

In this work, we present a proof-of-concept demonstration of inkjet-printed resistive temperature sensors based on nanoparticle

platinum ink on flexible polyimide substrates. The resistive temperature sensors are designed as meander structures with a target

nominal resistance of 100 and 1000 Q to be compared to conventional bulk Pt100 and Pt1000 resistors. Thermogravimetric anal-

ysis and in situ resistance measurements identified 250°C as the optimal sintering temperature, enabling sufficient solvent

removal for conductive structure formation while avoiding Pt surface oxidation and polyimide substrate degradation.

Electrical characterization in the 20°C-80°C range revealed a linear relationship between resistance and temperature with effec-
tive temperature coefficients of resistance (~48%/57%) and sensitivities (~72%/87%) compared to Pt100/Pt1000 standards, respec-
tively. Mechanical testing over 400 bending cycles showed less than 1% change in electrical resistance, confirming robust
flexibility. This study demonstrates the feasibility of translating nanoparticle Pt-based resistive temperature sensors into flexible
and automotive sensing applications, offering low-temperature processability, stable temperature coefficients of resistance, linear

sensitivity, mechanical robustness, and chemical stability across 20°C-80°C range.

1 | Introduction

Flexible temperature sensing allows for seamless and ubiquitous
integration over nonconformal surfaces, which can enable novel
applications in the field of wearables [1-5], biosensors [4, 6], and
soft tubes [1, 6-8]. Several different types of temperature sensors
such as thermistors, resistive temperature sensors (RTSs), and
thermocouples are reported in literature for sensing applications
[1, 6, 9, 10]. Among the reported sensors, the RTSs are widely
employed because of their linear changes in electrical resistance
in response to the changes in temperature [1, 4-6, 11]. Metals
such as copper (Cu), gold (Au), platinum (Pt), silver (Ag), and
nickel (Ni) are utilized as temperature sensing elements for
RTSs [2, 6, 7, 12, 13]. However, the selection of sensing element
is limited by several considerable factors such as stable

temperature coefficients of resistance (TCR), linear sensitivity,
resilience against oxidation, chemical stability, and manufactur-
ing constraints [6, 14, 15].

To date, a vast majority of RTSs are reported using Ag nanopar-
ticle ink [4, 5, 16-18] as a sensing element because of its high
TCR, while a very few sensors using Pt precursor solutions
ink [10] are reported that requires a relatively high sintering tem-
perature and are not suitable for flexible substrates. However,
due to the vulnerability against oxidation and large area require-
ment of nanoparticle Ag-based temperature sensing due to low
resistivity (to reach a nominal value of 100 or 1000 Q), the low-
temperature processed nanoparticle Pt-based RTSs are preferred
[15, 19, 20]. Nevertheless, the other mentioned temperature sens-
ing elements exhibit intrinsic defects such as nonlinear variation
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in electrical resistance with temperature (Ni), high oxidation rate
(Ni, Cu), and high sintering temperature (Au, Cu) reported else-
where [5, 7, 14, 19].

Pt as a temperature sensing element has drawn much attention
because of its superior properties namely a sufficiently high TCR,
sensitivity (0.385 Q-°C™" for bulk Pt100 and 3.85 Q-°C™" for bulk
Pt1000) [11, 13, 18], linear resistance changes with temperature
over a broad range, and stability against oxidation owing to high
melting point [6, 12, 15, 19]. Though conventional bulk Pt sen-
sors (e.g., rigid wire-wound elements) exhibit bulk-like density
and electrical conductivity [18, 20], they are resource-intensive,
require high-temperature processing, and are incompatible with
flexible substrates. The ability to process nanoparticle Pt at low
sintering temperatures enable lightweight and cost-effective
route for flexible sensing. To the best of our knowledge, there
is hardly any known studies on printed nanoparticle Pt ink-based
RTSs reported in the literature. Timothy et al. [21] have reported
RTSs for wearable sensors using a particle-free Pt precursor ink
on polyimide substrates, and a nearly linear response observed
for resistance as a function of temperature between 28°C and
80°C with a sensitivity of 0.255Q-°C™' and a TCR of
0.000576°C™". Therefore, this unexplored direction is particularly
significant, as it enables the translation of the superior accuracy
and stability of bulk Pt RTSs into low-temperature processable,
lightweight, and flexible sensing elements that are scalable for
automotive applications. Within this context, achieving a stable
TCR and linear sensitivity remains a key challenge for accurate
and reliable temperature sensing, which we address in this work.

Conventional subtractive processes such as vacuum-based phys-
ical vapor deposition (PVD), chemical vapor deposition (CVD),
and photolithography are widely employed for RTS fabrication
[7, 13, 22, 23]. In contrast, additive processes are advantageous
in printed electronics (PE) compared to the aforementioned pro-
cesses, in fulfilling the demand for the production of such sensors
due to low-material waste, rapid yield, and cost-effectiveness
[3, 7, 19, 24-26]. Several digital additive printing techniques
including aerosol jet, electrohydrodynamic, and inkjet printing
are utilized for sensor fabrication in recent times [18, 26-28].
Among the additive printing techniques, the inkjet is preferred
because it offers a mask-less, noncontact, drop-on-demand, and
high precision printing process that is suitable for sensor fabri-
cation on a wide range of substrates [7, 14].

Flexible substrates such as polyethylene terephthalate (PET),
polyethylene naphthalate (PEN), and polyimide (PI) are predom-
inant in printed electronics because of their low manufacturing
cost, lightweight, and flexibility [2, 4, 8, 29]. Among the flexible
substrates, the PI is suitable for this work due to its superior ther-
mal stability and mechanical flexibility, which make it particu-
larly relevant for RTS fabrication [7, 29, 30].

In this study, we employ inkjet printing for fabricating low-
temperature processed, nanoparticle Pt-based sensing element
in the form of two types of RTSs, targeting bulk Pt100 and
Pt1000 resistors, on PI substrates. The novelty of this work to
establish a proof-of-concept route that spans nanoparticle Pt
ink processing, sintering temperature optimization, standalone
RTS fabrication, and electrical as well as mechanical characteri-
zation, designed to operate reliably in the 20°C-80°C range with
stable TCR and linear sensitivity relevant for flexible and auto-
motive sensing applications.

2 | Materials and Methods
2.1 | Inks and Substrates

In this study, two types of inks, namely Pt and Ag were used to
fabricate the temperature sensors on PI substrates. The Pt nano-
particle (NP) ink (as a sensing element) with a concentration of
30 mg/mL was synthesized through a multistep process, initiated
by the fabrication of Pt NPs employing a bottom-up approach.
Initially, 360 mg of platinum (II) bis(acetylacetonate) and 1.5g
of branched polyethyleneimine (with molecular weight:
25kDa) were introduced into a solvent mixture of 48 mL of
2-(2-ethoxyethoxy) ethanol and 12 mL of ethylene glycol. The
solvent system was selected due to its capability to modulate
nanoparticle size during synthesis. With an increased proportion
of ethylene glycol, larger NPs are formed. To prevent rapid sedi-
mentation in the ink, Pt NPs with an average size of approxi-
mately 20 nm were targeted. The mixture was heated to 200°C
at a heating rate of 10°C per minute. This temperature was main-
tained for 30 min to ensure that platinum (II) bis(acetylaceto-
nate) was fully reduced and the nanoparticles could form.
Afterwards, the Pt NPs were isolated from the reaction medium
via centrifugation at 10 000 rpm for 60 min. The supernatant was
decanted, and the resulting Pt NPs were collected. Figure 1 shows
a transmission electron microscopy (TEM) image of the Pt NPs,
showing well-dispersed clusters with average particle size is in
the range of ~15-25nm.

To prepare the final ink formulation, the isolated Pt NPs were
redispersed at a concentration of 30 mg/mL using an ultrasonic
tip in a binary solvent mixture consisting of deionized water and
ethylene glycol in a 1:1 volumetric ratio, resulting in a final solid
content of approximately 2.9 wt% of Pt in the ink. The viscosity of
the synthesized Pt ink was estimated to be 10 cP required for ink-
jet printing. However, the conductivity of Pt film, calculated from
the measured sheet resistance, was ~8.47 X 10°S-m~", corre-
sponding to about 8.5% of bulk Pt [11, 13]. By comparison, higher
concentration Pt inks (20wt%) have been reported to reach
~1.6x10°S-m™*, (~17% of bulk Pt) [18, 31]. The discrepancy
can be attributed to variations in Pt loading and constituents, film
thickness and morphology, sheet resistance, and differences in
printing as well as postprocessing parameters, all of which
strongly affect the microstructure and electrical performance
of the printed Pt films. However, the conductivity of Pt film
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FIGURE 1 | TEM image of the synthesized Pt nanoparticles.
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(~8.5% of bulk Pt) is sufficient for sensor operation, as it provides
reliable current flow (e.g., ~1 mA) and stable resistance, which
are essential for temperature sensing.

A commercially available Ag ink [viscosity 13 cP, Sigma-Aldrich
GmbH, Germany] was used to print outer contact pads, providing
stable and low-resistance electrical probing, while the Pt layer
formed as the sensing element between the contact pads
(Figure 2). This approach is employed to improve measurement
reproducibility and sensor handling, particularly on flexible sub-
strates. Similarly, the conductivity of the Ag is estimated to be as
0.95x10” Sm™* (15% of bulk Ag) [13].

A PI substrate [thickness 300 pm, DuPont GmbH, Germany| was
used for printing the sensing Pt elements. The PI substrate was
selected because it provides light weight, high glass transition
temperature up to 360°C, high stability, and flexibility that are
essential for flexible sensing [4, 24, 29].

2.2 | Design of RTSs

In this work, two types of RTSs were designed using an open-source
CAD software (Inkscape, GIMP and Bitmap Monochrome file for-
mat) compatible with inkjet printer. The objective was to print these
RTSs on PI substrates to compare nominal resistance, TCR, and
sensitivity with bulk Pt100 and Pt1000. The RTS design incorporates
meander structures [4, 5, 32], where both the linewidth and the
effective meander length were adjusted to achieve the required
nominal resistances, while ensuring uniform temperature sensing
and mechanical flexibility on polyimide substrates. The meander
structure and dimensions of the RTS type A (target Pt100 resistor)
and type B (target Pt1000 resistor) are depicted in Figure 2.

For RTS type A (Pt100), the meander structures had dimensions
of 5mm X 0.5 mm, whereas for RTS type B (Pt1000), the mean-
ders were narrower (5mm X 0.2mm) and included a greater
number of turns, resulting in a longer effective trace length
and higher resistance. The Ag contact pads were identical for
both types of RTSs with a dimension of about 3 mm X 3 mm.

2.3 | Fabrication of RTSs on Flexible Substrates
The Pt RTSs and Ag contact pads were printed on PI substrates by
using an inkjet printer [DMP-2850, Fujifilm Corporation, Japan].

Sensor : Contact Meander Dimension : Contact |
Type | Pad | ) L_ P |
3 mm Length: 5 mm 3 mm

Type A

Width: 0.5 mm

3 mm Length: 5 mm 3 mm
»

Type B 3 mm

Width: 0.2 mm

FIGURE 2 | Design of two types of RTSs.

The printer provides piezoelectric-based drop-on-demand jetting
where the fluid is ejected from the printer nozzle onto the sub-
strates by applying a voltage signal, to build up printed structures
in a droplet-by-droplet approach reported elsewhere [3, 24, 33].
The success of the inkjet printing is attributed to factors such as
specific viscosity (e.g., low viscous), surface tension, adhesive-
ness, and wetting characteristics between functional inks and
PI substrates [8, 29, 34].

Prior to the printing, the PI substrates were cleaned with isopro-
panol to remove any residual particle or contamination on the
surfaces to improve wettability and adhesion, and the inks were
ultrasonicated to break large particles to prevent nozzle clogging.
Table 1 summarizes the process and jetting waveform parameters
optimized for inkjet printing of Pt and Ag on PI substrates, pro-
viding the necessary details to ensure reproducibility.

Upon applying the listed parameters in Table 1, Pt and Ag were
printed to structure RTSs and sintered [4, 27] to achieve conduc-
tive pattern. Figure 3 illustrates the schematic printing and sub-
sequent sintering processes of the Pt RTSs with Ag contact pads.

At first, Pt was printed and sintered at 250°C for 30 min, followed
by Ag printing as well as sintering at 100°C for 30 min. The
detailed studies on sintering the synthesized nanoparticle Pt
ink are included in Section 3.2.

TABLE 1 | Inkjet printing conditions for Pt and Ag.

Printing conditions Pt printing Ag printing

Jetting voltage 35V 36V
Jetting frequency 2kHz 2kHz
Cartridge temperature 30°C 35°C
Cartridge print height 0.5mm 0.5mm
Substrate temperature 35°C 36°C
Drop spacing 10 pm 20 pm
Number of printed layers 2,5 2

Inkjet Printing

ssssmmmmsm ss
JfﬁTypeAM / NN
|
[
I

[ Pt

2. Pt Sintering at 250°C

313

-
/ Ag Pt Ag

4. Ag Sintering at 100°C

/’/ i |

| Ag Pt Ag

3. Ag Contact Printing

FIGURE 3 | RTSs printing and sintering steps.
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3 | Results and Discussion
3.1 | Structure of RTSs

The inkjet-printed RTSs were geometrically characterized to
compare the two types of design with distinct meander struc-
tures, necessary to obtain nominal resistances of 100 and
1000 Q. Figure 4 shows the optical and atomic force microscopy
(AFM) image of the Pt-based RTSs printed on PI substrates.

The designed meander layout aligns with the printed RTS struc-
tures. The sensing Pt element is in well-contact to the measuring
Ag contact pads for RTS characterization as seen in Figure 4a. No
significant percentage of imperfections or errors on the printed
RTSs are visible from the microscopic images which means the
RTSs were sufficiently sintered and the solvents were evaporated.
The printed Pt RTS exhibits homogeneous surface with continu-
ously interconnected Pt NPs regardless of their sizes as in
Figure 4b, which enhances sensitivity by improving electrical con-
ductivity, TCR, and structural stability of the sensing element.

3.2 | Sintering of RTSs

To optimize processing conditions for the printed Pt RTSs, in situ
resistance measurements were performed during stepwise heat-
ing in Figure 5a. Initially, the temperature was set to 150°C and
after approximately 50 min, the electrical resistance decreased
from open connection (no conductivity) to around 2500 Q.
Subsequently, the temperature increased to 200°C, resulting in
a further drop in resistance to approximately 1230 Q within a
few minutes, where it stabilized. A sharp decrease to ~1110 Q
was observed at 250°C, where the resistance reached a stable pla-
teau, demonstrating that a continuous Pt structure had formed.
Raising the temperature further to 300°C produced only mar-
ginal improvement (~1044 Q) and a transient resistance increase
due to Pt’s intrinsic resistivity with temperature, highlighting no
significant advantage beyond 250°C.

Thermogravimetric analysis (TGA) was performed to evaluate
the thermal decomposition behavior of the Pt nanoparticle ink
and to guide the selection of an appropriate sintering tempera-
ture. As shown in Figure 5b, the TGA curves exhibits a gradual
mass loss of ~12% up to 800°C, which is attributed to the evapo-
ration of residual solvents (deionized water and ethylene glycol
binary mixture) and the removal of organic stabilizers in the ink

(@) Type A

Ag Contact
Pad

Pt Meander
Structure

Substrate

Type B

formulation. Considering the low Pt loading of 2.9 wt%, the
majority of the ink mass originates from the solvent and organic
constituents, and therefore the observed relatively small mass
loss is physically consistent. The dominant decomposition pro-
cesses occur primarily between 150°C and 300°C, which coin-
cides with the resistance stabilization observed in the in situ
electrical measurements. The first derivative of TGA curve (inset
of Figure 5b) reveals an increased mass-loss rate up to ~250°C,
indicating substantial removal of volatile solvents and a signifi-
cant fraction of organic stabilizers, although a limited number of
residual organics may remain at this temperature. The stabiliza-
tion of the curve above 300°C indicates near-complete removal of
the residual organics and limited additional mass loss at higher
temperatures. Although Pt is thermally stable within this temper-
ature range, further heating may promote unwanted surface oxi-
dation at nanoparticle interfaces. Thus, TGA results provide a
clear guideline for selecting a sintering temperature that enables
sufficient removal of organics while avoiding unnecessary high-
temperature exposure.

Together with in situ resistance measurements, these results dem-
onstrate that 250°C represents a practical optimum for sintering
this low-solid-content (2.9 wt%) Pt nanoparticle ink. This temper-
ature balances sufficient solvent and organic removal to achieve
conductive Pt traces and stable nominal resistances, while avoid-
ing the possibility of Pt surface oxidation and remaining within the
thermal budget of polyimide substrate. Accordingly, all printed Pt
RTSs in this study were sintered at 250°C for 30 min prior to elec-
trical and mechanical characterization.

3.3 | Electrical Characterizations of RTSs

The sintered RTSs were electrically characterized at a constant
relative humidity (Rh 50%) in the ambient environment. The
temperature was regulated using a hotplate and varied between
20°C and 80°C with a step size of 20°C. The electrical responses of
the two types of RTSs sensors are shown in Figure 6.

Both printed RTSs type A and B exhibit a linear resistance-
temperature (R-T) characteristics over the investigated temper-
ature range (Figure 6a,b), enabling linear temperature sensitivity
between 20°C and 80°C. The nominal resistances of the RTSs
type A varied between 87 and 162 Q, while type B sensors resis-
tance varied between 911 and 1814 Q. Linear fitting yielded

9.49 nm

FIGURE 4 | Optical microscopy (a) and AFM image (b) of Pt RTSs on PI substrates.
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FIGURE 5 | (a)In situ resistance evolution of a printed Pt RTSs and corresponding (b) TGA analysis of the Pt ink with the derivative inset, identi-

fying 250°C as the optimal sintering temperature.
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FIGURE 6 | Resistance-temperature characteristics of inkjet-printed Pt100 (type A) and Pt1000 (type B) sensors measured between 20°C and 80°C.
The resistance and thickness measurements were carried out with uncertainties of +0.1 Q and +5 nm, respectively.

coefficients of determination (R?) of 0.9999 for both sensor types,
confirming excellent linearity. The nominal resistances of the
printed RTSs varied due to the dimension of the meander traces
of sensing Pt, number of inkjet printed layers, film thickness, and
printing process induced variations. The temperature depen-
dence of the printed RTSs is described by the following equation
with a small variation [4, 6, 16].

R(T)=Ryx [L+ax (T — Ty)] 1)

where R(T) is the resistance at a measure temperature T, R, is the
initial resistance at a defined temperature (T, =20°C in this
work), and « is the TCR of the RTSs in °C™". However, repeated
temperature cycling resulted in nearly identical resistance
changes, indicating negligible hysteresis in the printed Pt-based
RTSs (see Figure S1). Electrical probing of sensing element with
Ag contact pads introduced no discernible contact resistance, as
the Ag-Pt interface showed no measurable influence on the elec-
trical response.

For the Pt100 type sensors (type A), two printing configurations
were employed to assess the effect of number of layers, including
a two-layer structure (A2, ~135nm) and a five-layer structure
(A1, ~270 nm), enabling tuning of the nominal resistance toward
the Pt100 range through controlled film thickness in the meander
geometry of RTSs type A (5 mm X 0.5 mm). In contrast, all Pt1000
type sensors (type B, B1-B3) were printed using two layers, which
were sufficient to achieve Pt1000-level nominal resistance, result-
ing in film thicknesses between approximately 74 and 118 nm.
The relatively larger thickness variation observed among type
B sensors (e.g., B2 and B3), as well as the resistance differences
between B1 and B2 despite comparable thickness, is primarily
attributed to the narrow meander geometry used for type B
RTSs (5 mm X 0.2 mm). The narrow conductive traces are more
sensitive to local variations in droplet coalescence, wetting char-
acteristics, and sintering dynamics during inkjet printing, which
directly influence meander line-width uniformity, interparticle
connectivity, film densification, and hence the effective sheet
resistance. Such variability inherent to nanoparticle-based metal
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printing and sintering has been widely reported in the literature
[35, 36]. Consequently, even when average thicknesses values are
comparable, small microstructural variations inherent to
nanoparticle-based inkjet printing and subsequent sintering
can result in measurable resistance differences while maintain-
ing consistent linear TCR behavior. Overall, the higher resistance
of RTSs type B compared with type A is dominated by geometric
scaling of the meander structures, particularly the reduced line
width that increases the effective conductive path length and
sheet resistance. In all cases, the meander geometry governs
the nominal resistance and temperature sensitivity of the printed
Pt RTSs. The Ag contact pads (~500 pm thick) ensured stable
electrical contacts during thermal cycling and mechanical bend-
ing tests.

3.4 | Temperature Coefficient of Resistance and
Sensitivity

The TCR and the sensitivity are the two most important param-
eters for RTS characterization. The TCR is described by the RTS
linear changes in resistance as a function of temperature. The
TCR can be mathematically derived from Equation (1) and
expressed by Equation (2) [1, 6, 16].

1 R-R, 1 AR [
oar = — = — I
TR, T-T, R, AT

oC - 1] (2)

where ar is the TCR of the RTSs in °C~! and R denotes the resis-
tance at maximum reference temperature (T, =80°C in this
work). AR and AT denotes difference between resistance and
temperature respectively.

The sensitivities of the RTSs are defined as a factor of resistance
change per degree Celsius changes in temperature by the follow-
ing equation [4, 6, 16].

Rmax—Ro _ AR
§= 2= [Q-°C 3)

Tmax - TO a

The sensitivities of the printed RTSs are linked to TCR by
Equation (4) [4, 16] and computed from the slope of Figure 6.
The higher TCR value determines the higher sensitivity of the
RTSs.

S=apXRy[Q - °C] 4

where S is the term used to define sensitivity in Q - °C~1.

The estimated TCR and sensitivity for the inkjet-printed RTSs are
listed in Table 2.

The printed RTSs type A exhibit a maximum sensitivity of
0.277Q-°C™" with a TCR of 0.00172°C™" between 20°C and
80°C, which are sufficiently higher than that of reported by
Timothy et al. [21] for Pt100. To date, there is hardly any known
report on Pt-based RTSs operating in the similar temperature
range available in the literature. Compared with bulk Pt100
standards [11], the TCR and sensitivity of type RTSs A corre-
spond to ~48% and ~72%, respectively. Likewise, the printed
RTSs type B show a maximum sensitivity of 3.335Q-°C™" and
a TCR of 0.00205°C™" over the same range, representing ~57%
and ~87% of bulk Pt1000 [37]. These results highlight the poten-
tial of inkjet-printed Pt RTSs on polyimide substrates. Reports
directly comparing TCR and sensitivity of printed RTSs type B
remain scarce, with most benchmarks limited to bulk Pt1000 sen-
sors. This scarcity of data highlights the novelty of our results and
their relevance as new benchmarks for printed Pt-resistive tem-
perature sensors.

However, the data in Table 2 show that a direct comparison
between the TCR and sensitivity of the inkjet-printed RTSs (type
A and B) and bulk (Pt100 and Pt1000) is not straightforward, pri-
marily due to differences in RTS nominal resistance values and
meander dimensions, which directly influence AR/AT and the
effective TCR. The deviation can be attributed to factors intrinsic
to the Pt composition, printing process parameters, and sintering
conditions. First, the Pt ink constituents, particularly the nano-
particle distribution (e.g., 15-25 nm in size, solid content 2.9 wt%,
organic residues, and inter particle distance), could play a crucial
role. Nanoscale Pt particles possess high surface-to-volume
ratios, leading to enhanced surface scattering and size-dependent
effects that inherently reduce electrical conductivity and modify
the effective TCR as well as sensitivity. Second, the Pt ink formu-
lation and solvent residuals can also influence the microstructure
after printing and sintering, which together lead to reduced film
density and conductivity. The partial organic residuals persist
after sintering at 250°C (confirmed by TGA) and therefore also
contribute to the lower TCR observed for both RTS types
(Table 2). Third, inkjet printing process variations such as droplet

TABLE 2 | Comparison of inkjet-printed Pt100 (type A) and Pt1000 (type B) RTS properties with literature, where the bulk Pt values correspond to

conventional Pt wire-wound RTSs, widely used as standards.

Nominal resistance, Sensitivity, Sensing range,

Sensor label Rygec, Q TCR, «, °C! S, Q.°c! T, °C References
Pt100 107.7 0.00357 0.385 0-80 Bulk Pt100 [11]
R1 463 0.000576 0.255 28-80 Timothy et al. [21]
Al 87 0.00121 0.104 20-80 This work

A2 162 0.00172 0.277 20-80 This Work
Pt1000 1077.9 0.00358 3.850 0-80 Bulk Pt1000 [37]
Bl 911 0.00181 1.660 20-80 This work

B2 1814 0.00184 3.335 20-80 This work

B3 938.5 0.00205 1.922 20-80 This Work
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FIGURE 8 | Effect of bending cycles on the resistance of a single
printed Pt-line on a PI substrate.

coalescence, layer uniformity, film thickness, and substrate wet-
ting behavior inevitably introduce microstructural inhomogene-
ities that influence the meander traces resistance and TCR
values. Fourth, the sintering conditions (temperature and dura-
tion) govern the extent of nanoparticle necking, grain growth,

Before bending

and film densification. Insufficient sintering produces dis-
continuous films with reduced TCR values, whereas higher-
temperature sintering enhances particle connectivity and shifts
the TCR closer to bulk Pt values. However, the thermal limits
of polyimide substrates and oxidation of Pt restrict the maximum
sintering temperature to 250°C, creating a tradeoff between sta-
ble resistance and substrate compatibility.

Despite these variations, the printed RTSs exhibit linear sensitiv-
ity over the tested temperature range (20°C-80°C) and perform
effectively at a low sintering temperature of 250°C, which is
advantageous for compatibility with polyimide substrates for
automotive applications where integration, low-cost processing,
and substrate compatibilities are prioritized over absolute equiv-
alence with bulk Pt properties. Although the sample-set is mod-
est in this work, all printed RTSs consistently demonstrated
linear resistance-temperature characteristics and stable TCR val-
ues, confirming standalone RTS-level reproducibility within this
proof-of-concept study. While this proof-of-concept demonstrates
the feasibility of inkjet-printed Pt RTSs, statistical studies with
larger RTS sample-set would provide access to comprehensively
quantify variability, reproducibility, and process yield for rigor-
ous benchmarking with bulk Pt and to assess scalability.

3.5 | Effect of Bending on RTSs

The bending test of the printed RTS on PI substrates was con-
ducted to evaluate resistance changes at room temperature under
mechanical stress. The RTS was attached to a cycling bending
machine, which pulled the printed resistor over a spherical object
with a radius of 8 mm. During bending, the resistance was con-
tinuously recorded (Figure 7).

As shown in Figure 7, the resistance increased slightly from 912
to 920 Q during a single bending cycle (drift of <1%), while the
nominal resistance remained nearly constant throughout 400
cycles. These observations confirm that the meander geometry
of RTSs helps to mitigate strain localization and crack formation
during bending, allowing the printed RTSs to retain mechanical
stability under repeated bending.

This was further confirmed by comparing meander-type RTSs
with single printed Pt-line structures (Figure 8), where the latter
exhibited more pronounced resistance changes during the first 50
cycles. Beyond this initial phase, the resistance increased linearly
with a small, nonzero slope, corresponding to a drift of less than

After bending

FIGURE 9 | SEM images of the Pt meander structure (a) before bending, (b) during bending, and (c) after bending.
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1% of the nominal resistance between 100 and 400 cycles, con-
firming that the structural integrity of the printed Pt films.

In comparison, the resistance changes across the 20°C-80°C
range of the printed RTSs was approximately 10%-12% (~50%
of bulk change, depending on the sensor types), which is one
to two orders of magnitude greater than the bending-induced
drift. This demonstrates that the influence of bending-induced
drift on printed RTS functionality is negligible compared to
the resistance response to temperature.

To complement these electrical measurements, scanning electron
microscopy (SEM) images of the Pt meander structures before
and after repeated bending cycles are included in Figure 9.
The postbending image reveals only localized residual micro-
cracks that persist after strain release, rather than the transient
crack opening that occurs dynamically during bending. These
residual features do not significantly disrupt the meander con-
ductive pathway, consistent with the negligible resistance drift
observed during Pt RTS cyclic bending.

While extended bending tests up to 1000 cycles would provide
additional long-term statistical validation, the results up to 400
cycles are sufficient to establish the mechanical robustness of
the printed sensors within this proof-of-concept scope, reinforc-
ing their suitability for flexible electronics applications.

4 | Conclusion

We reported a proof-of-concept demonstration of inkjet printed
nanoparticle platinum ink based, meander-structured, resistive
temperature sensors on flexible polyimide substrates. The opti-
mal sintering temperature of 250°C revealed by thermogravimet-
ric analysis and in situ resistance measurements, balancing
sufficient solvent removal for conductive structure formation,
platinum stability, and compatibility with polyimide. The printed
resistive sensors closely matched the target nominal resistances
of 100 Q (type A) and 1000 Q (type B), corresponding to bulk
Pt100 and Pt1000 standards, and exhibited reproducible, linear
resistance-temperature characteristics across 20°C-80°C range.
The effective temperature coefficients of resistance and sensitivi-
ties were ~48%/72% of bulk Pt100 for type A, and ~57%/87% of
bulk Pt1000 for type B, highlighting the influence of nanoparticle
platinum ink composition, sensing meander geometry, sintering
conditions, film thickness, nominal resistance values, and con-
ductivity on sensor performance. Mechanical stability was con-
firmed through bending tests at an 8 mm radius, where the
resistance change remained below 1% after 400 cycles. This drift
is negligible compared to the ~10%-12% resistance change of the
printed resistive temperature sensors over the 20°C-80°C, further
supported by SEM inspection showing only minor localized
microcracks without structural failure. Overall, this study
establishes a material to device level proof-of-concept for inkjet-
printed nanoparticle platinum-based resistive temperature sen-
sors, demonstrating stable temperature coefficients of resistance,
linear sensitivity, chemical stability, and mechanical robustness.
While detailed statistical validation and extended durability test-
ing to 1000 cycles remain a focus for future work, the present
results provide a strong foundation for translating the superior
properties of platinum as sensing element into low-temperature-
processable, lightweight, and flexible sensing for next-generation
automotive applications.

5 | Experimental Section
5.1 | Characterization of RTSs

The inkjet-printed RTSs were studied by a series of characteriza-
tion techniques. An optical microscope [Hirox Digital Microscope,
Tokyo, Japan] was used to verify the geometry of the printed
sensors and compare with the design to ensure quality by visual
inspection. The surface morphology of the RTSs were studied
using atomic force microscopy (AFM) [Bruker Physik GmbH,
Ettlingen, Germany]| technique. The core size of the Pt NPs was
measured by small-angle X-ray scattering [Xenocs SAS, Grenoble,
France] and by analyzing transmission electron microscopy
(TEM) [JEOL Ltd., Tokyo, Japan] micrographs. The thermogravi-
metric analysis (TGA) [TA Instruments TGA Q5000, New Castle,
USA] was utilized to determine the thermal decomposition profile
of the Pt nanoparticle ink. A hotplate in a probe station with semi-
conductor analyzer [Keysight Technologies, California, USA] was
used to characterize the temperature sensors between 20°C and
80°C, using a step size of 20°C. Sheet resistance was measured
using the four-point probe van-der-Pauw method, while the
film thickness was determined with a contact surface profilom-
eter [Veeco Dektak 6 M Surface Profiler]. The electrical con-
ductivity () of the printed Pt films was calculated from the
measured sheet resistance (R;) and the film thickness (¢), using
o= ﬁ. The printed Pt films used for conductivity estimation
were fabricated using the similar dimension as the RTS type B,
printed with two layers using optimized conditions described in
Section 2.3, an average dried film thickness of ~80 nm, and sin-
tered at 250°C for 30 min. An identically printed RTS type B
was also used for in situ resistance measurements in
Section 3.2. The experimental data of the printed RTSs were
graphically represented by using Origin 2019b software.
Finally, the bending test of the printed RTSs on polyimide sub-
strate were performed using a cylindrical surface with a bend-
ing radius of 8 mm.
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Supporting Information

Additional supporting information can be found online in the Supporting
information section. Supporting Fig. S1: Resistance-temperature char-
acteristics of inkjet-printed Pt resistive temperature sensors (a) Type A
(Pt100) and (b) Type B (Pt1000), measured between 20°C and 100°C.
The heating (black) and cooling (red) curves overlap, indicating negligi-
ble hysteresis and stable sensor response.
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