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Abstract— This work presents conformal capacitive
humidity sensors printed directly onto non-planar polymers
used in automotive components. Silver interdigitated electrodes
were fabricated through Aerosol Jet Printing and photonic
sintering and subsequently coated with a spray-deposited
cellulose acetate butyrate (CAB) hygroscopic layer. Four
representative automotive polymers, such as polyvinyl chloride
(PVC), polypropylene (PP), polyethylene (PE), and PP random
copolymer (PP-R), were investigated as substrates.
Morphological inspection confirmed uniform line definition on
all materials, while impedance analysis demonstrated a
predominantly capacitive response consistent with a
parallel-RC equivalent model. Controlled climatic-chamber
tests at 25 °C showed substrate-dependent performance, with
PP yielding the highest sensitivity and the most stable behavior
across humidity steps. Dynamic cycling between 20 % and 90 %
relative humidity (RH) revealed a monotonic and repeatable
capacitance response, reduced hysteresis over successive cycles,
and high linearity between 20 % and 70 % RH (R?>>0.9921).
The PP-based sensors also exhibited excellent repeatability, with
a maximum cycle-to-cycle deviation of 0.6 % at 90 % RH. These
results demonstrate the feasibility and robustness of printed
capacitive humidity sensors for distributed monitoring on
curved automotive components, highlighting PP as a
particularly suitable substrate for integration in Heating,
Ventilation, and Air Conditioning (HVAC) ducts and
condensation-prone surfaces.
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I. INTRODUCTION

Humidity plays a significant role in passenger comfort [1],
[2], safety [3], [4], and system reliability inside road vehicles
[5], [6], and its monitoring is therefore essential in several
automotive subsystems. Human occupancy affects humidity
levels inside the cabin, influencing thermal comfort, perceived
air quality, respiratory comfort, and overall Indoor
Environmental Quality (IEQ) during driving conditions [1]. In
the cabin, humidity directly affects visibility, and driver
alertness, since it contributes to windshield fogging [3], which
remains a key safety concern for climate-control operation [7].
Beyond the cabin, humidity is also relevant near Heating,
Ventilation, and Air Conditioning (HVAC) ducts, defrost
channels, and window interfaces, where local vapor
accumulation and condensation can impair defogging
efficiency and climate-control performance [4], [8]. Modern
vehicles therefore increasingly rely on humidity sensing not
only to manage passenger comfort but also to guarantee
optimal HVAC performance and prevent safety-critical
conditions related to condensation.

While many commercial vehicles already include
humidity sensors integrated into HVAC modules or intake
ducts, these packaged devices provide only localized
measurements and are typically constrained to planar or

semi-planar mounting interfaces within the climate-control
assembly. At the same time, many interior automotive
components — such as door trims, pillar covers and dashboard
structures — are manufactured from molded polymers with
complex geometries, curved profiles, and textured surfaces.
These characteristics make it challenging to integrate rigid,
encapsulated humidity sensors, which generally require fixed
mounting hardware and flat support surfaces, adding weight
and assembly complexity while limiting design flexibility,
factors that contrast with current lightweighting and
modular-design objectives in automotive engineering [9].

Printed electronics offers a promising alternative for
embedding sensing functionalities directly onto non-planar
components. Additive manufacturing techniques enable the
selective deposition of conductive traces and functional films
on curved, textured, or flexible geometries, reducing or
eliminating the need for separate sensor packages [10].
Several reviews highlight how printing technologies —
including inkjet, screen printing, and aerosolized deposition
— provide a low-cost, material-efficient route to integrating
humidity, temperature, and strain sensors onto complex
polymeric structures that cannot be processed using traditional
microfabrication. Within this technological landscape,
Aerosol Jet Printing (AJP) is particularly suitable due to its
high resolution (~10 um), compatibility with a wide range of
inks, and capability of printing on non-planar and highly
curved surfaces thanks to aerodynamic focusing of
nanoparticle aerosols. State-of-the-art reviews describe AJP
as an enabling platform for conformal printed sensors on 2.5D
and 3D components—surfaces ranging from curved optical
housings to structural parts where traditional deposition would
be infeasible [11].

Capacitive humidity sensors are particularly well-suited to
printed fabrication approaches. Their operating principle
relies on monitoring changes in the permittivity of a
hygroscopic dielectric, enabling stable response, low power
consumption, and reduced susceptibility to leakage or
contamination compared to resistive sensors [12]. A wide
variety of materials has been explored for capacitive humidity
detection, including synthetic polymers such as polyimide
[13], poly(methyl methacrylate) (PMMA) [14], and polyvinyl
alcohol (PVA) [15], as well as inorganic or hybrid dielectrics
based on metal-oxide thin films [16] and sol-gel structures
[17]. These families of materials offer distinct advantages:
polyimide-based layers ensure good thermal stability and
chemical durability; PMMA-derived films provide
mechanical robustness and low-hysteresis behavior; and
porous sol-gel oxides or hybrid composites can be engineered
with tailored microstructures that enhance water-adsorption
kinetics and improve sensitivity in the low-relative humidity
(RH) regime. Both polymeric and inorganic dielectrics can
reach high gravimetric and permittivity-based sensitivities
when processed as thin, porous, or nanostructured films
through printing or solution-based deposition [12].
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In parallel, cellulose-based materials have attracted
substantial attention as hygroscopic dielectrics for capacitive
humidity sensors, due to their natural hydrophilicity,
reversible water-uptake capability, and compatibility with
low-temperature deposition. Cellulose acetate, in particular,
has been shown to undergo predictable humidity-induced
changes in structure and dielectric properties, enabling its
integration into humidity-responsive architectures and
flexible devices. Building on this foundation, cellulose acetate
butyrate (CAB) has demonstrated stable film-forming
behavior, mechanical flexibility, and reproducible dielectric
variation with absorbed moisture, supporting its adoption in
both classical and more recent printed capacitive
humidity-sensor designs. Blended formulations such as
PVA/CAB composites can further enhance sensitivity or tailor
the humidity-response curve by modifying polymer
interactions and water-uptake pathways [18], [19].

Compared to these existing approaches, the present work
integrates a CAB-based capacitive sensing layer directly onto
non-planar automotive polymer substrates using Aerosol Jet
Printing, enabling the fabrication of conformal interdigitated
electrodes and uniform dielectric coatings on curved surfaces.
While previous studies have focused on planar devices or
flexible films, the combination of AJP patterning and
spray-deposited CAB demonstrated here allows the
realization of humidity sensors that can adhere seamlessly to
molded polymer components commonly found inside vehicle
interiors. This integration capability supports distributed
humidity monitoring over complex geometries—such as door
panels, pillar trims, and dashboard structures—where
commercial packaged sensors cannot be mounted, and where
localized condensation or moisture ingress may occur but
remain undetected by traditional point-based sensing
approaches.

II. HUMIDITY SENSORS FABRICATION

A. Materials and Design

Four commercially available polymer tubes were selected
as substrates for the fabrication of the conformal humidity
sensors: a light-gray polyvinyl chloride (PVC) tube with an
outer diameter of 25 mm and a wall thickness of 3 mm, a gray
polypropylene (PP) tube with a 32 mm outer diameter and 2
mm wall thickness, a black polyethylene (PE) with a 32 mm
outer diameter and 3 mm wall thickness, and a green PP
random copolymer (PP-R) tube having a 20 mm outer
diameter and 3.4 mm wall thickness. Each pipe was cut into
7-cm-long samples to provide a proper surface region for
sensor deposition. Silver interdigitated electrodes (IDEs) were
fabricated using a silver nanoparticle ink (Geneslnk
SmartAero), specifically formulated for aerosol jet printing.
This ink provides high adhesion to polymeric substrates and
maintains mechanical compliance after deposition. Its
formulation also enables efficient photonic sintering, allowing
the formation of a conductive metallic network while avoiding
excessive thermal exposure to the underlying polymers.
Electrical contacts were realized by bonding 24-AWG copper
wires to the printed pads using a silver-filled conductive epoxy
(Chemtronics CW2400), ensuring mechanically robust and
low-resistance interconnections. As dielectric material,
cellulose acetate butyrate (CAB, CAS 9004-36-8) was
employed. A 1 wt% CAB solution in acetone was prepared by
magnetic stirring at room temperature until complete
dissolution. This concentration was selected to obtain a
solution suitable for spray deposition, ensuring adequate

wettability, uniform film formation, and conformal coverage
of the curved tube surfaces.

The sensing structure consists of a capacitive IDE
geometry (Fig. 1), whose impedance varies with ambient
humidity due to modulation of the dielectric properties of the
overlying hygroscopic layer. The active area corresponds to a
region of 10.3mmx525mm. The dimensions were
intentionally designed to yield a baseline capacitance
exceeding 1 pF, ensuring a robust signal-to-noise ratio, while
keeping the sensing footprint sufficiently small to support
comparative studies across different substrates and potential
implementation on a variety of curved or space-constrained
components. The IDE geometry was kept identical for all
substrates to isolate the effect of the underlying polymer on
the sensor response and avoid geometry-dependent bias in the
comparison. The extremely low consumption of ink and
dielectric material results in an estimated material cost of only
a few tens of euro cents per sensor.
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Fig. 1. Schematic representation of the IDE geometry with main
dimensions (in mm).

B. Fabrication Method

Fig. 2 illustrates the main steps of the fabrication process.
Prior to printing, the tube surfaces were cleaned with
isopropyl alcohol and dried with compressed air.

IDE AJP printing Drying (@ 70°C, 1 h

x 2 times FLA

Drying
Cellulose acetate @ 60°C, 15 min

spraying

Fig. 2. Schematic representation of the fabrication process for the
printed humidity sensor on a polymeric pipe.



The AJP system (Optomec AJ-300) was programmed
using a CAD layout of the IDE geometry. The silver ink was
atomized in a nitrogen carrier stream and focused through a
nitrogen sheath flow. Printing was performed with a 750 um
nozzle (the effective linewidth is determined by aerodynamic
focusing of the aerosol stream by the sheath gas rather than by
the nozzle diameter, allowing features much smaller than the
nominal nozzle size to be deposited) at a speed of 2 mm/s and
anozzle-to-surface distance of 4 mm. Owing to the cylindrical
shape of the tubes, the printer maintained a constant standoff
distance along the entire pattern. Process parameters were
optimized to achieve uniform line definition, with linewidths
of approximately 0.35 mm. Each pattern was printed twice to
increase trace thickness and reduce electrical resistance.
Solvent evaporation was carried out in a static oven at 70 °C
for 1 h. The tubes were then transferred to a photonic curing
system (PulseForge 1300, NovaCentrix), where high-energy
light pulses were applied to sinter the metallic ink. The
selected pulse profile enabled efficient curing while avoiding
thermal deformation of the polymeric tubes. Electrical leads
were attached via silver-filled epoxy cured at room
temperature. Finally, the CAB solution was spray-coated onto
the printed IDEs to form the hygroscopic dielectric layer.
Representative printed sensors on PP-R, PVC, PP, and PE
substrates are shown in Fig. 3.

C. Morphological and Electrical Analysis

The morphology of the printed silver traces was examined
using an optical microscope (Orma Scientific) operating at 2x
magnification and equipped with a USB digital camera. This
inspection, performed prior to the deposition of the
cellulose-acetate-butyrate (CAB) layer, enabled verification
of line continuity, uniformity, and lateral spreading on the
curved polymer surfaces. Across all substrates (PVC, PP, PE,
and PP-R), the printed linewidth was measured as
(0.36 + 0.02) mm, consistent with typical Aerosol Jet Printing
tolerances, which are generally between 10 % to 15 % of the
nominal feature size. Fig. 4 provides a representative
microscopic image of the IDE pattern printed on the PP tube,
illustrating the good edge definition and continuity of the
deposited features.

Vo
Fig. 3. Photographs of the four tubes made of PP, PE, PVC, and
PP-R, each equipped with a printed humidity sensor.
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Fig. 4. Photograph at the microscope ofa portion of the humidity
sensor on PP.

Electrical characterization was then performed to assess
the baseline impedance response and validate the expected
equivalent circuit. A Keysight E4990A impedance analyzer
was used to acquire complex impedance spectra in the 1 kHz
— 1 MHz range, with 1601 logarithmically spaced sampling
points, under ambient laboratory conditions (approximately
50% RH). The impedance magnitude exhibited an
approximately —20dB/decade slope, while the phase
remained close to —90°, confirming that the devices behave
predominantly as capacitive elements and follow a
parallel-RC model consisting of a geometric capacitance Cp
and a leakage resistance Rp.

The effect of the CAB hygroscopic dielectric was assessed
by comparing devices before and after the coating. The Bode
magnitude and phase diagrams of the sensors on PP tube with
and without the CAB coating are shown in Fig. 5 and Fig. 6,
clearly showing that the RC-like behavior is preserved after
deposition of the hygroscopic dielectric layer. Bare IDE
structures exhibited capacitances from 1.9 pF to 2.1 pF,
depending on the substrate. After deposition of the CAB
dielectric layer, the extracted equivalent capacitance Cp
showed substrate-dependent variations. The measured
capacitance was approximately 2.98 pF on the PVC tube,
2.73 pF on the PP tube, 2.68 pF on the PE tube, and 2.41 pF
on the PP-R tube.
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Fig. 5. Impedance magnitude of the PP-based capacitive humidity
sensor, comparing the device after deposition of the cellulose
acetate dielectric layer and the bare IDE structure.
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Fig. 6. Phase response of the PP-based capacitive humidity sensor,
comparing the device after deposition of the cellulose acetate
dielectric layer and the bare IDE structure.

These differences arise from the distinct dielectric
properties and surface characteristics of the underlying
polymers, which modulate the electric-field distribution
beneath the IDEs. The leakage resistance remained above
1 GQ for all substrates, indicating negligible conductive paths
and confirming the predominance of the capacitive behavior.
This preliminary electrical assessment demonstrates that all
printed sensors exhibit stable capacitive characteristics and
adhere to the parallel-RC model, establishing a consistent
baseline for the controlled humidity measurements described
in Section II1.

III. EXPERIMENTAL SETUP

The humidity-controlled characterization was performed
inside a Compact Benchtop Climatic Chamber DY200 C
(Angelantoni  Test  Technologies).  Throughout all
experiments, the chamber maintained a stable temperature of
25+ 1 °C, while both temperature and RH were continuously
recorded every 10 s by internal sensors and saved. These
environmental data were later synchronized with the electrical
data acquired by the impedance analyzer, enabling direct
time-domain correlation between the imposed climatic
conditions and the sensor response.

Two humidity-profiling procedures were implemented.

In the first procedure, referred to as Test#1, a single
representative sample for each of the four substrates (PE, PP,
PP-R, and PVC) was evaluated inside the chamber, under an
identical humidity profile. During this test, the chamber RH
was sequentially set to 20 %, 50 %, and 80 %, and then
decreased again to 50 % and 20 %, with each level held for
1000 s. The impedance of the devices was monitored using a
Keysight E4990A impedance analyzer connected to a laptop
that handled the data-logging operations. The impedance
analyzer performed repeated frequency sweeps in the 1 kHz —
1 MHz range, using 200 logarithmically spaced points, with
one complete spectrum acquired every 60s. These spectra
were both to examine the stability of the sensor response
across the humidity transitions and to extract the equivalent
capacitance Cp at multiple frequencies. This analysis enabled
the identification of the most suitable operating frequency
based on sensitivity, stability, and susceptibility to
low-frequency dispersion.

Since the sensors printed on PP exhibited the most stable
and low-noise behavior, the second procedure, Test#2, was
performed exclusively on PP samples. In this protocol, the RH
was increased from approximately 20 % to 90 % in 10 %
increments, with each level maintained for 20 min, and then

decreased following the same sequence. This upward—
downward cycle was repeated three times. For this test, the
primary variable was the equivalent capacitance Cp extracted
at 20 kHz, sampled at 13 kS/s offering high-resolution
temporal tracking of the capacitance evolution.

IV. RESULTS AND DISCUSSION

Fig. 7 shows the relative humidity profile imposed by the
climatic chamber during Test#1, together with the
corresponding measured RH. The chamber accurately tracks
the programmed humidity levels, although small transients
appear at each transition. The figure also shows the
temperature setpoint and the temperature measured by the
chamber sensors, both of which remain confined within a
narrow band around the nominal 25 + 1 °C condition.

The impedance behavior of the sensor fabricated on PP,
selected as a representative case among the three substrates, is
reported in Fig. 8 and Fig. 9 in terms of its equivalent

capacitance Cp and parallel leakage resistance Rp,
respectively.
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Fig. 7. Relative humidity (RH) profile during Test #1, showing the
RH setpoint imposed by the climatic chamber (thick blue line) and
the corresponding measured RH values (blue line), as well as the
temperature setpoint imposed by the climatic chamber (thick red
line) and the corresponding measured temperature values (red line).
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Fig. 8. Equivalent capacitance (Cp) extracted from impedance
spectra of the PP-based sensor during Test #1.
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Fig. 9. Equivalent capacitance (Rp) extracted from impedance
spectra of the PP-based sensor during Test #1.

Analysis of Cp across frequencies reveals that the lowest
frequencies (<7 kHz) exhibit an inconsistent trend at
80 % RH, where the capacitance unexpectedly decreases
instead of increasing. This effect is attributed to
low-frequency dispersion and parasitic contributions that
distort the capacitive response. Above this region, the device
follows the expected monotonic behavior. The highest
sensitivity is observed between 20 kHz and 34 kHz, where the
capacitance increases consistently with RH. Among these,
20 kHz provides the best trade-off between sensitivity and
stability, with a steady-state dispersion (last 6 minutes of each
RH step) below 0.8 %. The sensor also demonstrates reduced
hysteresis when transitioning from increasing to decreasing
humidity levels. Quantitatively, the hysteresis remains below
15 % of the full-scale output (FSO), confirming that the
cellulose-acetate-coated IDE structure enables a reversible
and stable dielectric response. The extracted Rp values remain
above 100 kQ up to 25 kHz for all humidity levels, confirming
the predominantly capacitive behavior of the sensor in this
frequency range and supporting the selection of 20 kHz as the
operating frequency for Test #2.

Table 1 compares the humidity sensitivity of the sensors
printed on the four polymer substrates. Sensitivity (AC,/Cpru
- 20%), defined as the fractional capacitance change with
respect to the capacitance at the starting point (at RH =20 %),
increases with RH for all materials. The PP-based device
exhibits the highest sensitivity at both 50 % and 80 % RH,
whereas PVC and PE show comparable lower values, and
PP-R lies between these two groups. These differences arise
from substrate-dependent dielectric properties and surface
morphology, which affect the field distribution and the
effective permittivity experienced by the IDE structure. As
typical for polymer-based capacitive humidity sensors, the
response becomes nonlinear as RH approaches high values.
Hysteresis and variability at the same RH condition are similar
for all the samples.

TABLE L. SENSITIVITY OF THE PRINTED SENSORS ON DIFFERENT
SUBSTRATES
Acp/ Cp, RH=20 %
RH=50 % RH=80 %
Substrate % %
PE 1.12 448
PP 2.13 547
PP-R 1.04 4.35
PVC 0.92 4.31

Polymeric substrates do not significantly contribute to
moisture absorption or desorption under the investigated
conditions, and their effect can be considered negligible
within the investigated humidity range. In all cases, the sensor
response is negligible for relative-humidity changes between
20% and 50 %, while characteristic response times of
approximately 4 min are observed for humidity increases from
50 % to 80 % RH. During humidity decrease, longer recovery
times are measured, on the order of 11 min for transitions from
80 % to 50 % RH and about 7 min for transitions from 50 %
to 20 % RH.

A deeper investigation on the behavior of the PP-based
sensors under repeated humidity cycling was evaluated in
Test#2. Fig. 10 shows the normalized capacitance change
AC,/Cy, ru - 20% as a function of relative humidity for three
consecutive humidity cycles. In all cycles, the capacitance
increases monotonically with humidity. The hysteresis
observed during the first cycle is approximately 16 % of the
full-scale output (FSO), decreasing to 11 %/FSO in the second
cycle and 4 %/FSO in the third, indicating progressive
stabilization of the CAB hygroscopic layer. Within the range
20-70 % RH, the sensor response exhibits high linearity, with
coefficients of determination exceeding R-squared = 0.9921
for all cycles. Overall, the results of Test#2 confirm that the
PP-based conformal sensor exhibits stable operation, fast
conditioning, good linearity in the mid-RH range, diminishing
hysteresis over consecutive cycles, and high repeatability,
reinforcing its suitability for reliable humidity monitoring in
real-world applications. In the same interval, the sensitivity
during humidity increase varies between 0.0752 pF/%RH and
0.0798 pF/%RH, stabilizing at 0.0788 pF/%RH in the third
cycle. During humidity decrease, the sensitivity is slightly
lower, ranging from 0.064 pF/%RH to 0.070 pF/%RH,
consistent with the observed hysteresis. Although nonlinearity
increases for RH values above 80 %, the overall shape and
amplitude of the response remain highly consistent across the
three cycles. The repeatability, quantified as the maximum
cycle-to-cycle deviation of the capacitance at the same
imposed RH, is excellent. Even at 90 % RH, where
hygroscopic materials typically show increased variability and
the slope of the curve dramatically changes, the dispersion
remains limited to 0.6 %, confirming the sensor’s robustness
under dynamic humidity conditions.
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Fig. 10. Humidity response of the PP-based sensor during
increasing and decreasing RH steps in Test #2.



V. CONCLUSIONS

This work demonstrates the feasibility of fabricating
conformal capacitive humidity sensors directly onto non-
planar automotive polymer tubes using Aerosol Jet Printing
and photonic sintering. The proposed printing process enables
the deposition of high-resolution silver IDE structures with
good uniformity across substrates of different curvature and
composition (PVC, PP, PE and PP-R), Although the
experimental validation was performed on cylindrical tubes,
the adopted fabrication method is broadly applicable to the
wide range of non-planar polymer components commonly
found in automotive interiors—such as door trims, pillar
covers, dashboard structures, and molded housings—where
localized moisture accumulation, condensation, or water
ingress may occur. Because the printed sensor architecture is
thin, lightweight, and inherently conformal, it can be
integrated directly onto these surfaces without the need for
additional packaging or mechanical fixtures. This enables
distributed humidity monitoring in areas that are difficult to
assess with conventional packaged sensors and supports early
detection of infiltration and condensation phenomena that
may compromise comfort, component integrity, or long-term
reliability. Overall, the results confirm that printed,
surface-conformal capacitive humidity sensors can be
effectively implemented on typical automotive thermoplastics
and represent a promising approach for embedding
environmental-sensing  functionality ~ into  complex,
three-dimensional interior components. Future developments
will focus on extending the conformal sensing approach to real
non-planar automotive components, enabling integrated
humidity monitoring wherever surface-mounted detection of
condensation or moisture ingress is required.
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