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ABSTRACT: A lack of sustainability in the design of electronic components 
contributes to the current challenges of electronic waste and material sourcing. 
Common materials for electronics are prone to environmental, economic, and ethical 
problems in their sourcing, and at the end of their life often contribute to toxic and 
nonrecyclable waste. This study investigates the inkjet printing of flexible humidity 
sensors and includes biosourced and biodegradable materials to improve the 
sustainability of the process. H umidity sensors are useful tools for monitoring 
atmospheric conditions in various fields. Here, an aqueous dispersion of black soldier 
fly m elanin w as o ptimized f or p rinting w ith a  c osolvent a nd d eposited onto 
interdigitated silver electrodes on flexible s ubstrates. I mpedance spectroscopy 
demonstrated that adding choline chloride increased the ion concentration and AC 
conductivity by more than 3 orders of magnitude, resulting in a significant 
improvement in sensing performance and reduced hysteresis. The devices exhibit 
fast detection (0.8 ± 0.5 s) and recovery times (0.8 ± 0.3 s), with a 170 ± 40-fold
decrease in impedance for relative humidity changes from 30% to 90%. This factor is lowered upon prolonged exposure to high 
humidity in tests over 72 h during which a stable operation is reached. The low embodied energy of the sensor, achieved through 
material-efficient deposition and the use of  waste management byproducts, enhances it s sustainability. In  addition, approaches for 
reusability and degradability are presented, rendering the sensor suitable for wearable or agricultural applications.
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1. INTRODUCTION
The growing demand for Internet of Things (IoT) devices for 
use in various fields c ould l ead t o u nsustainable u se of 
resources and challenges in electronic waste (e-waste) 
management.1,2 In addition, many of these electronic 
components often require resource and energy-intensive 
fabrication and even the use of toxic materials or rare earths.3 

In response, global efforts a re u nderway t o a dopt circular 
economy principles and minimize environmental impact.4,5 

However, to realize truly greener electronics, holistic 
approaches based on the use of sustainable raw materials and 
with a greater emphasis on the reusability and recyclability of 
products are still required. These approaches must address 
improvements throughout the manufacturing process, from 
material sourcing and device fabrication to the lifecycle of the 
final application.
In this context, the use of biobased low-cost byproducts 

from various industries as value-added products for electronic 
components has become a focus of intensive research in recent 
years.4,6 This approach can help both to minimize the 
embodied energy of the devices and increase the circularity 
of resources.4 While this selection may result in compromises 
in device performance compared to conventional materials, the

sustainability benefits may dominate the overall impact and
usefulness of the devices depending on the specific
application.4 In particular, products designed for short-term
applications must offer the possibility of sustainable end-of-life
management such as harmless disposal (e.g., biodegradability),
recyclability, or reusability of all its parts. These characteristics
are often featured in biobased materials.1,7−10 The combina-
tion with energy-efficient manufacturing tools can also be
beneficial in reducing the environmental impact. Printing
techniques, such as inkjet printing (IJP), offer low-temperature
processes and high material efficiency.11 Due to its digital
nature, IJP deposits ink only where and when needed,
minimizing the generated waste and providing scalability to
industrial standards.11,12 However, the fabrication of printed
green electronic systems from the ink formulation step to the
final device is complex.13,14 Expanding the understanding of
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the complex interactions between eco-friendly functional
materials, solvents, substrates, and processing steps (e.g.,
drop ejection, drying, annealing, etc.) is still necessary to
optimize intended device characteristics.
Using the aforementioned approaches, this work focuses on

the fabrication of sustainable humidity sensors. Humidity
monitoring plays a critical role in various fields, from
environmental monitoring for agriculture and climatol-
ogy,15−17 healthcare and life sciences,18,19 to quality control
for logistics, water management, and industrial processes.20,21

IoT sensor networks for these applications will require an
enormous number of devices that can accurately determine
humidity levels, with specific requirements for detection speed
and sensor lifetime.1,17,21 Generally, three types of material
classes are considered for resistive or capacitive humidity
sensing: ceramics/semiconductors, organic polymers, and
organic/inorganic hybrids.17 Literature examples with full
range sensitivity for each material class can be found in
Table 1. While hybrid and ceramic sensors offer advantages in

mechanical strength and thermal capability,17 they present an
increased energy consumption due to high-temperature
processes and material requirements for their production.20,22

In comparison, organic polymer-based sensors can face
disadvantages in detection speed, stability, temperature range,
and hysteresis effects.17,20,23 However, their performance can
be improved by utilizing polymer:salt electrolyte blends in the
active layer by increasing the ion concentration and thereby
decreasing the overall impedance.17,24,25 These ions experience
an increased ion mobility with increasing humidity supporting
the device performance.17,26 With that, cost-effective, flexible,
and lightweight sensors can be achieved.18,19

Here, we investigate a sustainable approach to fabricate
inkjet-printed humidity sensors by combining the biopolymer
black soldier fly (BSF)-Melanin and the salt choline chloride
(ChCl) as a sensing layer. The BSF-Melanin was extracted as a
byproduct from the pupal exuviae of BSF, whose larvae are
used for food waste management,27 while ChCl is a
biodegradable salt that finds application as a nutritional

Table 1. Overview of the Sensitivities, Detection Ranges, and Detection (t90,det) as well as Recovery Times (t90, rec) of Sensors
with Different Compositions of This Work Compared to Literature Work and the EFS-10 Referencea

sensitivity
(30−90%) t90, det [s] t90, rec [s]

fabrication
method comment and reference

reference EFS-10 200 ± 30 4 ± 2 15 ± 3
ChCl only 10 3 ± 3 3 ± 2 IJP
BSF-Melanin only 2.3 ± 0.9 2.1 ± 0.7 1.4 ± 0.8 IJP sensitivity >60% RH only
BSF-Melanin-ChCl 170 ± 40 0.8 ± 0.5 0.8 ± 0.3 IJP
dopamine-melanin ∼30−70 6−10 s 6−9 s drop casting 42
dopamine-melanin ∼700−900 0.42−0.47 0.43−0.49 drop casting 41
silica nanocomposite ∼15,000 110 170 coating 22
cellulose-KOH ∼30 6 10.8 drop casting 23
egg-albumin ∼1.5 >40 ≥12 drop casting capacitive; sensitivity and speeds calculated for 35% to 65%;45

graphene oxide ∼1400 2.7 4.6 IJP capacitive;46

aThe t90-times of this work are defined as the duration until the device reached 90% of Δ|Z| between stable wet and dry states (or vice versa). All
values of sensors from this work are reported as mean and standard deviation with n ≥ 5 (except ChCl).

Figure 1. (a) Schematic representation of IJP melanin onto a silver IDE on a carrier substrate. (b) Photograph of the printed humidity sensor. (c)
Photograph demonstrating the flexibility of the final, printed humidity sensor. (d) SEM image of BSF-Melanin-ChCl layer. (e) Dependency of |Z|
on RH for different humidity sensors.
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additive in animal feed.28,29 Melanins have gained interest in a
variety of applications due to their abundance, biocompati-
bility, conductivity, and optical properties, and can be extracted
or synthesized from different sources varying in amounts of
dihydroxy indole and dihydroxy indole-2-carboxylic acid.30−36

While the exact origin and mechanism of conductivity
(electrical or ionic) is still under investigation, the dependence
of conductivity on the hydration of the hygroscopic melanin is
well established.37−40 The use of melanin as a humidity sensor
has been reported in the literature.41,42 The sensors, which
utilized melanin synthesized from dopamine, responded to a
broad range of relative humidity (RH) values and showed
ultrafast detection/recovery times of around 0.4−0.5 s.41

However, they were deposited by drop casting onto vacuum-
deposited gold interdigitated electrodes (IDE) and no fully
inkjet-printed melanin humidity sensors are reported. To
explore the potential of melanin humidity sensors using
industrially relevant fabrication techniques and sustainable
materials, we investigated the deposition of biosourced BSF-
Melanin via IJP. ChCl was introduced as an additional ion
source in the active layer to improve sensor sensitivity,
resulting in absolute impedance changes of the BSF-Melanin-
ChCl sensors by a factor of 170 ± 40 when measured over a
wide range of RH from 30% to 90%. Furthermore, fast
detection and recovery times of 0.8 ± 0.5 s and 0.8 ± 0.3 s,
respectively, were achieved, which are an order of magnitude

faster than those of a commercial humidity sensor. As for other 
polymer-based humidity sensors, the sensor exhibited insta-
bilities upon the prolonged exposure to high humidity. Long-
term tests over ∼3 days show a stable sensitivity of 27 ± 1. In 
addition to high performance, we demonstrated up to five 
times reusability of the printed metal electrodes and flexible 
plastic substrate with negligible performance losses. Finally, we 
demonstrated the sensing capabilities of the device in potential 
sensor applications.

2. RESULTS AND DISCUSSION
The fabrication of the BSF-Melanin humidity sensor involved 
the printing of two successive layers. Figure 1 schematically 
shows the fabrication as well as morphological and functional 
characterization of the inkjet-printed BSF-Melanin humidity 
sensor. First, an Ag IDE was deposited onto a polyethylene 
naphthalate (PEN) substrate. Subsequently, a layer of an 
optimized ink based on BSF-Melanin was inkjet-printed on 
top, as depicted in Figures 1a and 1b, using an optimized 
water-based eco-friendly ink formulation comprising of ChCl, 
BSF-Melanin and the cosolvent triethylene glycol monomethyl 
ether (TGME). The latter was used as a biocompatible, and 
biodegradable ink additive with low toxicity that allows better 
drying and printability due to its higher boiling point (∼250 
°C) as well as suitable surface tension (γ) and (dynamic) 
viscosity (η).43,44 ChCl was used to increase the ion

Figure 2. (a) Representation of inkjet printability with the optimal range marked in purple. The Re and We of three different combinations of
melanin, ChCl, and TGME are indicated in the plot. (b) Contact angle (mean values with standard deviation) of the inks on PEN and cellulose
diacetate (CA) with and without prior Ar-plasma treatment (1 min). (c) Photographs of contact angle measurements on PEN for melanin-ChCl-
TGME ink without and with Ar-plasma. (d) FTIR transmission spectra of material combinations of melanin, ChCl, and TGME. Peaks assigned to
ChCl and BSF-Melanin are indicated with orange dotted and blue dashed lines, respectively.
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concentration and thus the AC conductivity σAC. The humidity
sensing layer (i.e., BSF-Melanin plus ChCl) was homoge-
neously printed over several mm while the devices exhibited a
large degree of mechanical flexibility (Figure 1c). Other salts
such as NaCl and CaCl2 led to the formation of less
homogeneous films (Figure S1). Next to the benefits of
freedom of pattern design, IJP could control the layer thickness
and drying speed, which helped to reduce the cracking of the
layer. For comparison, Figure S2 shows a drop cast film of a
BSF-Melanin layer from high-concentration ink that cracked
and detached from the substrate during the drying process.
The micromorphology of the films was investigated by
Scanning Electron Microscopy (SEM). Figure 1d shows that
the composite formed a porous film providing a large surface
area for the sensor to interact with the surrounding
environment. The performance of the BSF-Melanin-ChCl
humidity sensor is presented in Figure 1d where we compare it
to the performance of the single component sensors as well as
a commercially available electrolytic reference sensor (EFS-
10). The characterization of the sensors was carried out by
recording their absolute impedance |Z| (at 1 kHz) inside a
climate chamber held at 25 °C while cycling RH from 30% to
90% in steps of 10% to allow for the investigation of hysteresis
effects.
The fabricated sensor exhibited an exponential decay in

impedance from 570 kΩ to 3 kΩ with negligible hysteresis at
0.6 V, closely overlapping with the response of the commercial
device and outperforming the pure BSF-Melanin and pure
ChCl sensors. To quantify the difference among devices, we
define the sensitivity value as the ratio from the maximum and
minimum |Z| at 30% and 90% RH. Their average value and
their humidity detection range are presented in Table 1. It is
observed that our BSF-Melanin-ChCl sensor reached a
sensitivity value of 170 ± 40 which is comparable to that of
the EFS-10 reference (200 ± 30). As Table 1 presents, ceramic
or silica nanocomposite and graphene oxide sensors show
significantly higher sensitivities (∼15000 and ∼1400, respec-
tively) than the BSF-Melanin-ChCl sensor, while other
biodegradable or melanin-based humidity sensors reach similar
orders of magnitude for changes from 30−90%
RH.22,23,41,42,45,46 Most of these humidity sensors are not
fabricated using scalable printing techniques with drop casting
being the most common method. The inkjet-printed BSF-
Melanin-ChCl demonstrates a combination of sensitivity with
fast detection (see below) and controlled deposition. The BSF-
Melanin single-component devices reached substantially lower
sensitivities compared to the BSF-Melanin-ChCl sensors by an
order of magnitude. In the case of pure BSF-Melanin, the
overall sensitivity reached 2.3 ± 0.9 with significant changes
occurring for >60% RH. In this range, |Z| decreased from ∼1.2
MΩ to 335 kΩ and showed a hysteresis that would further
impair the precise reading of a sensor. Pure ChCl could not be
processed into a reproducible, mechanically stable layer. Only
one pure ChCl device showed a response in the climate
chamber so no statistics could be collected. Therefore, the
combination of BSF-Melanin and ChCl was not only beneficial
to achieve a higher sensitivity but also to improve the structural
resistance of the material and thereby fabrication yield.
Inkjet printing from water-based solutions is typically

challenging because of high γ, low η, and low boiling points
which commonly result in nozzle clogging and nonideal film
drying (e.g., coffee ring formation).14,47,48 Adding a suitable
cosolvent is therefore often used to improve the printability of

the ink by tuning η, γ, and/or contact angle on the
substrate.47,49 A graphical representation of the printability of
an ink formulation is shown in Figure 2a where its Weber
number (We = v2·ρ·a·γ−1, v: drop velocity, ρ: density, a: nozzle
diameter) is plotted against its Reynolds number (Re = v·ρ·
a·η−1).50 Potentially printable inks should fall into the colored
box whose top and bottom boundaries are set by the onset of
splashing at We1/2·Re−1/4 > 50 and minimum energy for drop
formation at We > 4.50,51 The right and left boundaries are
given by the Ohnesorge number (Oh = We1/2·Re−1). A typical
range for stable droplet formation in IJP is defined as 10 > 1/
Oh > 1.52 Using values for a = 16.5 μm and v = 5 m s−1 and the
measured properties of the inks (Table 2), both water-based

formulations (i.e., pristine BSF-Melanin and BSF-Melanin-
ChCl) fell outside of the optimal area. During our printing
experiments, we could not achieve stable drop formation with
either of these inks. The addition of the high boiling point,
nonhazardous, and biodegradable solvent TGME in a 1:2 ratio
to water increased η and decreased γ of the ink moving its Re
and We numbers into the optimal area (Figure 2a) and
allowing for successful drop formation.44

When ejected drops reach the substrate, a suitable
interaction with the substrate is needed to yield a low contact
angle that allows for drop coalescence and homogeneous film
formation through controlled drying. The formulated inks
exhibited contact angles on PEN between 50° and 65°. We
achieved lower contact angles <25° by a 1 min Ar-plasma
treatment of the substrate, as shown in Figures 2b and 2c. The
successfully printed layers in Figure 1b were achieved by
additionally raising the temperature of the substrate table to 40
°C during printing. The elevated temperature helped to hold
the ink in place during printing and reduced shrinkage effects
after water evaporation.
To exclude chemical interaction between the counterparts of

the sensing layer deposited from pure water or water-TGME,
Fourier-Transform Infrared (FTIR) spectroscopy measure-
ments were conducted (Figure 2d). The spectrum of BSF-
Melanin deposited from water solution showed characteristic
absorption peaks located at 3300 cm−1 (NH- and OH-
stretching), 2925 cm−1 (CH-stretching), 1640 cm−1 (C = C
and C = N bending of aromatic ring and aromatic system, C =
O of carboxylic group), 1392 cm−1 (aliphatic C−H), and 670
cm−1 (alkene C−H). The position of the absorption peaks are
indicated in Figure 2d as blue dashed lines and agree with
values reported for melanins extracted or synthesized from
other sources.53−56 Pure ChCl showed its characteristic peaks
in the range from 850 to 1500 cm−1 (C−N, C−H and C−O
stretching) and 2650 to 3600 cm−1 (-H and C−H stretching)
with the most prominent peaks at 960, 1090, 1350, 1480, 3030,
and 3230 cm−1 (orange dotted lines).57−59

The dominant peaks from both spectra could be identified in
the composite film deposited from a purely water-based
solution, where no changes in their positions or relative

Table 2. Overview of Ink Propertiesa

η [mPa s] γ [mN m−1] ρ [kg m−3]

BSF-Melanin 1.28 ± 0.09 43 ± 4 1007 ± 2
BSF-Melanin-ChCl 1.2 ± 0.2 46 ± 3 1010 ± 2
BSF-Melanin-ChCl with
TGME

3.6 ± 0.2 41 ± 1 1030 ± 10

aAll inks are water-based.



absorption strength were observed. Similarly, the spectrum of
the layer deposited from a water-TGME-based formulation
showed neither peak shifts nor the appearance of new peaks.
No dominant contributions of TGME to the absorption of the
composite were observed. According to the literature, the
strongest absorption from TGME would be detectable around
1108 and 2877 cm−1.60,61 Thus, we concluded that the
addition of TGME had no structural effect on the composite
and thereby no impact on sensing performance. It solely served
to enable the IJP process. Also, in UV−vis spectra, no distinct
changes were observed (Figure S3). It can be noted, that this
addition was also successful for the printing of BSF-Melanin-
water-TGME dispersion without ChCl (Figure S4).
The influence of ChCl on the sensitivity of the sensors was

investigated using electrical impedance spectroscopy (EIS)
measurements. Figures 3a and 3b compare the frequency

dependence of |Z| of inkjet-printed sensors with pure BSF-
Melanin and BSF-Melanin-ChCl sensing layers as a function of
RH at 0.3 V. Both devices were deposited from water-TGME-
based ink formulations. The Bode plots showed the typical |Z|
frequency response of an RC circuit with a plateau at low
frequencies and a corresponding decrease at higher values. For
both samples, the maximum value of |Z| decreased with an
increase in RH, suggesting an increase in σAC. For the pure
BSF-Melanin sensors, significant changes in all measured RH
values were observed at frequencies <1 Hz. Above this
frequency, we detected a reduction in dynamic range until all
curves overlapped above ∼1 kHz. This explains the smaller
detection range observed for this sample (see Figure 1e) by the
LCR meter, which has an operational frequency of 1 kHz. The
addition of ChCl (Figure 3b) led to a reduction of |Z| down to
values between 104 and 106 Ω. The composite device exhibited

Figure 3. (a) The frequency response of a pure melanin sensor at different humidities. RH was ramped from 30% to 90%. The vertical line
indicates frequencies below which a full detection range is possible. (b) The frequency response of a melanin-ChCl sensor. (c) Calculated μ (dark
solid line) and nion (light dashed line) of the BSF-Melanin-ChCl sensor plotted against RH. The data is shown for increasing (ramp up) and
decreasing (ramp down) RH. (d) Calculated σAC of the sensing layers plotted against RH.

Figure 4. (a) Schematic representation of the dynamic measurement setup. Nitrogen gas was directed purely (dry) or via a water bottle (wet) to a
sample box. Valves were used to switch between the gas streams. |Z| of the sensor inside the box was monitored while alternating dry and wet
conditions. (b) Monitored |Z| over time for the melanin-ChCl and reference sensor. 20 s of dry and 10 s of wet nitrogen were cycled. c For faster
cycling, 3 s of dry and 2 s of wet nitrogen streams were used.
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a bandwidth that was 3 orders of magnitude larger than the
pristine BSF-Melanin device, which enabled full-range
measurements with high sensitivity at operational frequencies
up to 1 kHz.
The differences in performance after the addition of ChCl

could be explained by the variation in carrier mobility μ, σAC,
and ion concentration nion. These values can be estimated by
analyzing the EIS data to calculate the permittivity and σAC
considering the geometry of the device (for details, see Note
S1 in SI and Figure S5). Figure 3c shows the calculated values
for μ and nion of the BSF-Melanin-ChCl sensor, while data for a
pristine BSF-Melanin sensor is shown in Figure S6. Both
sensors exhibited a strong increase in μ with water uptake as
RH increased. Despite its lower μ compared to the pristine
BSF-Melanin, the observed |Z| reduction of the BSF-Melanin-
ChCl sensors could be explained by a 3 to 4 orders of
magnitude increase in nion up to ∼1018 cm−3 (Figure 3c, right
axis). This increase corresponded to the observed rise in the
calculated σAC (Figure 3d) when compared to the pristine
sensor. Again, a reduced hysteresis was observed for the
composite sensor with good agreement between the data
points of rising and falling RH. Overall, through the addition of
ChCl, we were able to increase σAC as well as the cutoff
frequency of the sensor and thus obtained faster devices with a
wider operational window.
The dynamic response of the sensors to rapid changes in RH

was investigated by exposing the sensor to wet or dry N2 gas
in a customized setup as schematically represented in Figure
4a. |Z| of the BSF-Melanin-ChCl sensor and the EFS-10
reference were monitored as a function of time and alternating
dry and wet N2 streams as shown in Figures 4b and 4c. It is
observed that the printed BSF-Melanin-ChCl sensor out-
performed the commercial device. To quantify this, we defined

a t90 value representing the time the sensor needs to reach 90%
of Δ|Z| between stable wet and dry states. The printed BSF-
Melanin-ChCl sensors rapidly adapted to changes in RH with
t90, det = 0.8 ± 0.5 s when changing from dry to wet N2, and
t90, rec = 0.8 ± 0.3 s for the opposite change. Assuming
negligible temperature difference for the laboratory and the
climate chamber (∼2−3 °C) and using an exponential fit to
the calibration of the used sensor in the climate chamber
(Figure S7), the wet and dry states were approximated to 84 ±
2% and 3 ± 1% RH, respectively. It could be observed that the
reference sensor did not reach a stable value within the 10s
exposure to wet-N2. In the datasheet, a t90 of <120 s is
provided, while in our measurements a t90, det of 4 ± 2 s and
t90, rec of 15 ± 3 s were determined (see Figure S8).
Faster cycling times (Figure 4c) showed that neither sensor

fully reached a stable detection level within 2 s of wet N2
stream. Yet, for the BSF-Melanin-ChCl sensor a quick and full
recovery was observed in the dry period while the reference
sensor could not detect or regenerate, leading to continuously
decreasing |Z|. We did not perform measurements at faster
rates since the utilized LCR meter had a maximum sampling
frequency of 2 Hz. While pure BSF-Melanin films exhibited a
t90, det of 2.1 ± 0.7 s and a t90, rec of 1.4 ± 0.8 s, their sensitivity
range was significantly lower as described above (Figure S9).
Sensors with pure ChCl gave unreliable and strongly varying
results (Figure S10). The average detection and recovery times
for all mentioned sensors are summarized in Table 1 and show
faster operation than most cited literature.
The fast detection and recovery of the BSF-Melanin-ChCl

sensor enable its potential use in dynamic RH sensing
applications. The biocompatibility of the BSF-Melanin, its
potential biodegradability, the wide range of detectable RH at
high speed, and the mechanical flexibility of the sensor make it

Figure 5. (a) Humidity sensor used as a breath sensor. The sensor was attached to the arm as can be seen in the inset and deep, slow breathing was
recorded. (b) Humidity sensor used as a finger proximity sensor. A finger was periodically moved close to the sensor (0.2 cm) and away (2 cm). (c)
Humidity sensor used for soil monitoring. The initially dry soil of a plant was monitored during the dry state, the watering, and the following days.
Shown is the recorded data in light green and the moving average in dark green. Sun symbols indicate the times of sunrise and sunset. Note the
change in scale for the time axis. (d) Temperature dependency of |Z| for different RH values. Values are means with their standard deviation.

https://pubs.acs.org/doi/10.1021/acsami.4c06596?fig=fig5&ref=pdf
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ideal for wearables or agricultural applications. Furthermore,
the benefits of processing samples by IJP onto a flexible
substrate, such as freedom of design and the ability of
customization, lightweight, high throughput, and low cost,
facilitate the transfer to industrial processes.11,12,14 A selection
of potential applications was investigated.
Figure 5a presents a printed BSF-Melanin-ChCl breath

sensor. The sensor PEN substrate was attached to the subject’s
arm with medical tape. The sensor was held in front of the
mouth and nose at a distance of ∼5 cm. A calm, slow, deep
breath at rest was recorded via the DC change in the electrical
resistance of the humidity sensor. Starting at ∼4.5 MΩ, the
resistance drops <1 MΩ during the humid phase of exhalation.
During inhalation, the resistance increases back to values above
4 MΩ. From the detection on-set, the respiratory rate could be
determined to be ∼8.3 min−1. The inkjet printability of the
humidity sensors allows for greater design flexibility, enabling
them to be incorporated into face masks or tubes for
monitoring the breathing of sick or intubated individuals.
Another application for the humidity sensor can be proximity
sensing. A humidity cloud extending a few millimeters typically
envelops the human skin, making it possible to use a humidity

sensor as a proximity sensor.62 For this purpose, we recorded
the resistance of the sensor during the periodic movement of
the subject’s finger from a distance of 2 cm to ∼0.2 cm (Figure
5b) as the sensor’s reading showed the highest sensitivity in
this range. Variations between cycles could be due to slight
variations in finger movement as well as the influences of the
subject’s breathing and body temperature on the sensing
environment. Given the large variation in skin type and skin
moisture for different individuals or their physical states, a
proximity sensor for absolute readings seems difficult to
calibrate. Instead, the humidity sensor could be used for
human-machine interfaces, security mechanisms, or electronic
skins and adapted to necessities in shape or flexibility.
Next, our sensor was used to monitor soil humidity changes

in an indoor plant (Dracaena marginata). The sensor was
suspended closely above the soil while its |Z| was continuously
recorded. Figure 5c shows the collected impedance data (light
green) and its moving average (dark green; moving average
over 2 min in first 1 h, then over 50 min). After 10 min of
recording the initial dry state, the pot was watered and the
sensor impedance level was monitored over 3 days. A clear
decrease in |Z| of more than 100 kΩ could be observed after

Figure 6. (a) Long-term stability of a humidity sensor evaluated under hourly cycling RH conditions. Top panel: Data from the built-in sensor of
the climate chamber. Bottom panel: Recording of |Z| of the BSF-Melanin-ChCl sensor. (b) From top to bottom: Removal of the sensing layer. The
sensor was immersed in a water bath (top) and taken out (center images) so that a cleaned IDE on PEN was obtained (bottom). (c) Cycling
experiment: printing sensors, washing the active layer, and reusing the same substrate and IDE for subsequent printing in five cycles. (d)
Characterization of the sensor shown in panel c in the climate chamber after different printing cycles and after the washing step. (e) Humidity
sensing of a potentially biodegradable BSF-Melanin-ChCl sensor. The active layer is printed onto printed gold electrodes on a CA substrate.

https://pubs.acs.org/doi/10.1021/acsami.4c06596?fig=fig6&ref=pdf
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watering the plant. |Z| continued to decrease over the next 6 h,
indicating an increase in humidity on the top of the soil. The
trend of |Z| then reversed and increased continuously in the
next days, indicating slow drying of the soil and reduced
humidity at the sensor. However, small peaks of about half a
day were observed. Possible variations in the office environ-
ment might have affected the recording. In addition, it is
known that plants undergo diurnal patterns that could
influence the humidity of the soil through water uptake or
release by the plant. These changes occur at the same
frequency as the oscillations detected by our sensor.63,64 The
exact origin of these peaks was not investigated further.
Nevertheless, it was demonstrated that the sensor could be
used as a tool for smart farming and precision agriculture to
monitor the humidity levels of crops and other plants. Future
work could investigate environmental aspects (rain, temper-
ature, UV exposure, ...) in these scenarios and their influence
on device performance and long-term stability.
For many applications, the temperature dependency or

stability of the sensor and its reading is important. The |Z|
change of the sensor as a function of temperature and RH can
be found in Figure 5d. It can be observed that the printed BSF-
Melanin-ChCl sensors showed a uniform dependency of |Z| on
temperature for all RH values. A calibration to temperature
changes through parallel temperature readings could therefore
be possible.
The long-term stability of the BSF-Melanin-ChCl sensors

was investigated through a stress test over ∼67 h (Figure 6a).
For this, the climate chamber was programmed to alternatingly
hold the extreme values of 30% or 90% RH for ∼30−40 min
each. The upper panel of Figure 6a shows the recorded data
from the chamber’s built-in sensor. It can be seen that
humidifying the chamber takes a much shorter time than
drying to 30% RH. The bottom panel of Figure 6a shows the
recording of |Z| of a printed BSF-Melanin-ChCl sensor. The
sensor closely reproduced the dynamics of the climate
chamber. However, the sensitivity of the sensor decreased
from 182 ± 15 in the first cycle to 29 ± 1 in the last due to the
harsh exposure to 90% RH. The strongest changes in
sensitivity were observed between the first cycles while they
got weaker after around 40 h. Harsher conditions (no full
recovery to 30% RH) led to a faster settlement of the
sensitivity and resulted in the comparable final sensitivity of
26.9 ± 0.8 that did not significantly change within additional 3
days of continuous exposure to 90% RH (27 ± 1, Figure S11).
The instability of the sensors was also reflected in
morphological changes of the layer after measurements as
could be observed under the microscope (Figure S12). The
reason for the changes was most likely due to the persistent
water solubility of the deposited layer and reflects a common
issue for polymeric humidity sensors.17

Yet, the biosourced materials, ease of fabrication with low
embodied energy, and biocompatibility open the door for the
aforementioned, suitable applications with short life cycles in a
circular economy. To this end, two concepts of reusability of
sensor parts and biodegradability are discussed below, which
could increase the sustainability of the use of the devices.
Reusability reduces the burden on precious metals for
electrodes and substrate materials even for recyclable plastics
(e.g., PEN). To demonstrate the direct reusability of sensor
parts, a sensor was printed and characterized as described
above, placed in a water bath for approximately 1 min (top
image Figure 6b), and then retrieved (bottom three images

Figure 6b), after the BSF-Melanin-ChCl layer had visibly 
dissolved. Nevertheless, the cleaned substrate with IDE could 
be reused for IJP of the BSF-Melanin-ChCl layer as 
demonstrated in Figure 6c. Thus, almost unchanged sensor 
performance was achieved for the second-generation sensor, 
saving substrate and electrode material. Without the sensing 
layer, the remaining electrodes showed no response to changes 
in RH compared to the initial sensor, as shown in Figure 6c. 
The entire experiment was repeated five t imes a s a  p roof of 
concept with negligible variations in the |Z|-RH dependence. 
Finally, defects in the silver electrodes or substrate could 
eventually end the reusability of the sensor. In such a case, the 
sensor could eventually be washed, the thin electrode material 
recovered and the PEN substrate recycled.65,66
Finally, a potentially fully biodegradable inkjet-printed 

sensor was demonstrated using printed gold as the electrode 
and cellulose diacetate (CA) as the biodegradable substrate 
material. The compatibility of the substrate with the inkjet 
process of BSF-Melanin was demonstrated in Figure 2, where 
the contact angle of CA was determined to be <50° without 
and <20° with prior plasma treatment. The sensor showed a 
decrease in |Z| with higher RH following an exponential decay 
and a sensitivity of 19 ± 1 (Figure 6e). The overall lower |Z|
values compared to the sensor on PEN and Ag IDEs could be 
explained by the different e lectrode d imensions a nd material 
conductivity (see Note S2 in Supporting Information for 
details on fabrication differences). Such a sensor could be used 
for agricultural monitoring and could potentially be fully 
degradable in the soil, reducing the environmental impact. 
Further improvements in biodegradability and reduced 
environmental impact could be achieved with carbon-based 
electrodes. In addition, future work could also concentrate on 
chemical modifications of the active layer to prolong, enhance, 
or trigger its controlled degradation via specific s timuli (e.g., 
temperature, UV illumination). For the final c hoice of 
biodegradability and reusability or the use of both, a life 
cycle assessment for the specific application can be performed 
and the most appropriate technique applied for increased 
sustainability.

3. CONCLUSION
In conclusion, a sustainable approach for inkjet-printed, 
biobased BSF-Melanin-ChCl humidity sensor was demon-
strated. The addition of ChCl enabled sensors with a high 
sensitivity of 170 ± 40 in a wide range of RH (i.e., 30% to 
90%). Compared to a commercial reference sensor, the printed 
BSF-Melanin-ChCl sensors showed about an order of 
magnitude faster detection and recovery times down to 0.8
± 0.5 s and 0.8 ± 0.3 s, respectively. Long-term measurements 
in high humidity demonstrate a settlement to a stable 
sensitivity of 27 ± 1. Potentially, cross-linking of the polymer 
could improve the device in further studies, where the 
biodegradability of the cross-linked material and electrode 
should be considered. To increase sustainability by reducing 
material consumption, we have shown that the polymer 
substrate and metal electrodes of the sensor can be reused at 
least five times. Additionally, the sensor could be processed on 
a biodegradable substrate and demonstrated potential use for 
applications in agriculture, healthcare, or proximity sensing. 
Future work on inkjet-printed melanin sensors could also 
investigate their response and sensitivity to other analytes. By 
using BSF-Melanin as a high-performance sensing material, we 
showed that a low-cost byproduct from the biowaste



management chain can be transformed into a value-added
material for electronics. Therefore, our approach represents a
viable route to address sustainability and e-waste issues while
still meeting the requirements for IoT sensors.

4. EXPER IMENTAL SECTION
Materials. BSF-Melanin was kindly provided by Insectta Pte Ltd.

The BSF-Melanin powder is extracted from BSF pupal exuviae−a
byproduct of BSF farming−yielding dispersible nanoparticles.27
TGME, silver nanoparticular ink (Silverjet), and choline chloride
(ChCl, 99%) were purchased from Merck. As substrates, PEN
(Teonex Q5100, Pütz GmbH+Co Folien KG) or CA (150 μm,
Rachow-Kunststofffolien GmbH) were used. Gold ink (DryCure Au-
J, 1010B) was purchased from C-ink.
Ink formulation. First, pure BSF-Melanin films were prepared by

dissolving BSF-Melanin powder in deionized water at a concentration
of 4 wt %. For BSF-Melanin-ChCl films, 3 wt % of ChCl (relative to
water) were added. For optimized inks, 50 vol % TGME (relative to
water) was added. After mixing all components, all inks were vortexed
for 15 s, filtered (polyvinylidene fluoride filters, 0.45 μm pore size, 13
mm diameter; Whatman Puradisc), and degassed in an ultrasonic bath
for 15 min before further use. For high loadings of BSF-Melanin and
ChCl, more than one syringe filter could be required to filter all the
ink.
Device Fabrication. The substrates were treated with 20 s of Ar-

plasma (Nano and Pico, Diener electronic GmbH & Co. KG) to
ensure wettability. IDEs were inkjet-printed with filtered Ag
nanoparticle inks on PEN using a PiXDRO LP50 (Süss MicroTec
SE) inkjet printer with a Dimatix Materials Cartridge Samba
printhead. The layers were cured at 120 °C for 10 min. The IDEs
had a line spacing of 282 ± 5 μm, a finger length of 1.84 ± 0.05 mm,
and a finger width of 228 ± 3 μm. The thickness of the silver IDEs
was 58 ± 7 nm when printed at 800 dpi. The print resolution and
finger spacing of the IDE have been selected due to conductivity and
performance optimization (see Figure S13).
Inkjet-printed deposition of rectangular BSF-Melanin layers was

done with DMC Samba printheads (Fujifilm) heated to 35 °C at a
resolution of 4000 dpi and onto a heated substrate at 40 °C. Next, the
wet layer was dried on a hot plate at 120 °C for 5 min resulting in
∼1.5 ± 0.3 μm thickness.
Crimping contacts (CrimpFlex, Nicomatic SA) were used to

establish electrical connections to the flexible sensors. To ensure the
electrical connection, a conductive silver paint (Ferro GmbH) was
manually applied to the printed contact pad-crimp contact interface.
For recycling experiments, BSF-Melanin-ChCl sensors were printed

and measured in the climate chamber as described below. After the
characterization, the sensors were washed via immersion in a water
bath for ∼1 min. Afterward, the cleaned IDE on PEN was dried and
then used without further modification for the second and subsequent
cycles of printing, characterizing, and washing.
Ink Characterization. The viscosity of inks was determined with

an m-VROC Viscometer (RheoSense). The contact angle and surface
tension of inks and the free surface energy of substrates were
measured with a KRÜSS DSA 100 drop shape analyzing system.
Film Characterization. For film characterization, a stylus

profilometer (Dektak 150, Bruker) was used to determine the layer
thickness. Micrographs were taken using an optical microscope
(Nikon Eclipse 80i) and a SEM (Zeiss Auriga System) at 1 kV in high
vacuum. FTIR measurements were taken under vacuum with a Bruker
Vertex 80v using a nitrogen-cooled mercury cadmium telluride
detector and an average of over 200 scans at a resolution of 4 cm−1.
Layers for FTIR were deposited via drop casting on silicon substrates.
Transmission results are shown relative to silicon.
Device Characterization. The electrical characterization of the

humidity sensors was performed in a climate chamber (MKF115,
Binder GmbH) that allows synchronous regulation of temperature
and RH. The temperature was kept constant at 25 °C and RH
changed in steps of 10%. The duration of measurement (especially
EIS) and the chamber’s stability at constant RH influence the real RH

and thereby values in this work are given within ±2% (especially for
>85% RH). The sensors in the chamber were connected via cables to
the kelvin test clips of a hand-held LCR meter (ST2822E,
Sourcetronic GmbH) to measure absolute impedance at 1 kHz and
0.6 Vrms once the climate chamber stabilized. For each RH, five
measurements were taken of which their average value and standard
deviation were used for the evaluation. Electrochemical impedance
spectroscopy (Autolab, Metrohm) was performed with sensors in the
same climate chamber for frequencies between 0.1 Hz and 1 MHz for
a 0.3 Vrms sine wave. For long-term measurements, the climate
chamber was programmed to cycle between 30% and 90% RH for
30−40 min each. Measurements were compared to a commercially
available, electro-analytic polymer sensor (EFS-10, B+B Thermo-
Technik GmbH).
Dynamic measurements to evaluate the detection and recovery

speed of sensors were done with a custom-built setup that allows for
dry or wet nitrogen gas flows toward a small sample chamber of
approximately 6 × 6 × 6 cm3 (see Figure 4a). Gas valves were used to
manually change between the gas streams. The LCR meter records
absolute impedance values at 1 kHz via a Python script (sampling
frequency ∼2 Hz). Resistance measurements were done with a
Keithley 2400 SMU. For application tests including a subject, written
consent was obtained prior to testing. The sensor was attached to the
arm using medical tape (3M Tegaderm Roll) with no direct contact of
the sensor to the skin.

AUTHOR INFORMATION 
Corresponding Author

Gerardo Hernandez-Sosa − Light Technology Institute,
Karlsruhe Institute of Technology, 76131 Karlsruhe,
Germany; InnovationLab, 69115 Heidelberg, Germany;
Institute of Microstructure Technology, Karlsruhe Institute of
Technology, 76344 Eggenstein-Leopoldshafen, Germany;
orcid.org/0000-0002-2871-6401; Email: gerado.sosa@

kit.edu

Authors
Peter Krebsbach − Light Technology Institute, Karlsruhe

Institute of Technology, 76131 Karlsruhe, Germany;
InnovationLab, 69115 Heidelberg, Germany; orcid.org/
0000-0002-6958-9226

Mikel Rincón-Iglesias − Light Technology Institute, Karlsruhe
Institute of Technology, 76131 Karlsruhe, Germany;
InnovationLab, 69115 Heidelberg, Germany; BCMaterials,
Basque Center for Materials, 48940 Leioa, Spain;
orcid.org/0000-0001-7401-7495

Manuel Pietsch − Light Technology Institute, Karlsruhe
Institute of Technology, 76131 Karlsruhe, Germany;
InnovationLab, 69115 Heidelberg, Germany

Carmen Henel − Light Technology Institute, Karlsruhe
Institute of Technology, 76131 Karlsruhe, Germany;
InnovationLab, 69115 Heidelberg, Germany

Senentxu Lanceros-Mendez − BCMaterials, Basque Center
for Materials, 48940 Leioa, Spain; IKERBASQUE, Bilbao
48009, Spain; orcid.org/0000-0001-6791-7620

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerardo+Hernandez-Sosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2871-6401
https://orcid.org/0000-0002-2871-6401
mailto:gerado.sosa@kit.edu
mailto:gerado.sosa@kit.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Krebsbach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6958-9226
https://orcid.org/0000-0002-6958-9226
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikel+Rinco%CC%81n-Iglesias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7401-7495
https://orcid.org/0000-0001-7401-7495
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Pietsch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carmen+Henel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Senentxu+Lanceros-Mendez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6791-7620
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Wei+Phua"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf


Jun Wei Phua − Insectta Pte Ltd., 139954, Singapore
Marianna Ambrico − National Research Council of Italy,

Institute for Plasma Science and Technology (CNR- ISTP),
70126 Bari, Italy

Author Contributions
P.K. fabricated the sensors, built experimental setups, and 
conducted experiments. M.P., M.R.-I., and C.H . conducted 
preliminary work and assisted in experiments. M.A. conducted 
the data analysis of the impedance spectroscopy data. J.W.P. 
provided the BSF-Melanin and contributed to data analysis 
and design of experiments. P.K. and G.H .-S conceived this 
study, analyzed data, discussed the results, and wrote the 
manuscript. All authors reviewed and approved the manuscript. 
S.L.-M. and G.H.-S. supervised and coordinated the research.
Notes
The authors declare the following competing financial
interest(s): J.W.P. holds shares in Insectta Pte. Ltd. and a
patent on the extraction of melanin from black soldier flies.
The authors declare that there are no other conflicts of
interest.

ACKNOWLEDGMENTS
This work was financially supported by the Deutsche
Forschungsgemeinschaft (DFG, German Research Founda-
tion) through grant HE 7056/4-1. G.H.S. thanks the DFG
(Heisenbergprofessur, HE 7056/7-1) for the financial support.
M.R.I. thanks the support of the “Programa de Perfecciona-
miento de Personal Investigador Doctor, Gobierno Vasco”
under Grant POS_2022_1_0050. Additionally, the authors
want to thank Kai Xia and Luis Ruiz-Preciado for the insightful
discussion.

REFERENCES
(1) Modarress Fathi, B.; Ansari, A.; Ansari, A. Threats of Internet-of-
Thing on Environmental Sustainability by E-Waste. Sustainability
2022, 14 (16), 10161.
(2) Asghari, P.; Rahmani, A. M.; Javadi, H. H. S. Internet of Things
Applications: A Systematic Review. Computer Networks 2019, 148,
241−261.
(3) Perkins, D. N.; Drisse, M.-N. B.; Nxele, T.; Sly, P. D. E-Waste: A
Global Hazard. Annals of Global Health 2014, 80 (4), 286−295.
(4) Cenci, M. P.; Scarazzato, T.; Munchen, D. D.; Dartora, P. C.;
Veit, H. M.; Bernardes, A. M.; Dias, P. R. Eco-Friendly Electronics�
A Comprehensive Review. Advanced Materials Technologies 2022, 7
(2), 2001263.
(5) Awasthi, A. K.; Li, J.; Koh, L.; Ogunseitan, O. A. Circular
Economy and Electronic Waste. Nat. Electron 2019, 2 (3), 86−89.
(6) Dessie, W.; Luo, X.; Wang, M.; Feng, L.; Liao, Y.; Wang, Z.;
Yong, Z.; Qin, Z. Current Advances on Waste Biomass Trans-
formation into Value-Added Products. Appl. Microbiol. Biotechnol.
2020, 104 (11), 4757−4770.
(7) Pietsch, M.; Schlisske, S.; Held, M.; Strobel, N.; Wieczorek, A.;
Hernandez-Sosa, G. Biodegradable Inkjet-Printed Electrochromic
Display for Sustainable Short-Lifecycle Electronics. J. Mater. Chem.
C 2020, 8 (47), 16716−16724.
(8) Irimia-Vladu, M. Green” Electronics: Biodegradable and
Biocompatible Materials and Devices for Sustainable Future. Chem.
Soc. Rev. 2014, 43 (2), 588−610.
(9) Irimia-Vladu, M.; Glowacki, E. D.; Sariciftci, N. S.; Bauer, S.

Green Materials for Electronics; John Wiley & Sons, 2017.
(10) Li, W.; Liu, Q.; Zhang, Y.; Li, C.; He, Z.; Choy, W. C. H.; Low,
P. J.; Sonar, P.; Kyaw, A. K. K. Biodegradable Materials and Green

Processing for Green Electronics. Adv. Mater. 2020, 32 (33),
2001591.
(11) Gao, M.; Li, L.; Song, Y. Inkjet Printing Wearable Electronic
Devices. J. Mater. Chem. C 2017, 5 (12), 2971−2993.
(12) Cruz, S. M. F.; Rocha, L. A.; Viana, J. C. Printing Technologies

on Flexible Substrates for Printed Electronics; IntechOpen, 2018. .
(13) Nayak, L.; Mohanty, S.; Nayak, S. K.; Ramadoss, A. A Review
on Inkjet Printing of Nanoparticle Inks for Flexible Electronics. J.
Mater. Chem. C 2019, 7 (29), 8771−8795.
(14) Castrejón-Pita, A. A.; Betton, E. S.; Campbell, N.; Jackson, N.;
Morgan, J.; Tuladhar, T. R.; Vadillo, D. C.; Castrejon-Pita, J. R.
Formulation, Quality, Cleaning, and Other Advances in Inkjet
Printing. Atomization Sprays 2021, 31 (4),.
(15) Elijah, O.; Rahman, T. A.; Orikumhi, I.; Leow, C. Y.; Hindia,
M. N. An Overview of Internet of Things (IoT) and Data Analytics in
Agriculture: Benefits and Challenges. IEEE Internet of Things Journal
2018, 5 (5), 3758−3773.
(16) Kodali, R. K.; Jain, V.; Karagwal, S. IoT Based Smart
Greenhouse. In 2016 IEEE Region 10 Humanitarian Technology
Conference (R10-HTC); 2016; pp 1−6. .
(17) Farahani, H.; Wagiran, R.; Hamidon, M. N. Humidity Sensors
Principle, Mechanism, and Fabrication Technologies: A Comprehen-
sive Review. Sensors 2014, 14 (5), 7881−7939.
(18) Tai, H.; Wang, S.; Duan, Z.; Jiang, Y. Evolution of Breath
Analysis Based on Humidity and Gas Sensors: Potential and
Challenges. Sens. Actuators, B 2020, 318, No. 128104.
(19) Duan, Z.; Jiang, Y.; Tai, H. Recent Advances in Humidity
Sensors for Human Body Related Humidity Detection. J. Mater.
Chem. C 2021, 9 (42), 14963−14980.
(20) Kulwicki, B. M. Humidity Sensors. J. Am. Ceram. Soc. 1991, 74
(4), 697−708.
(21) Kamaruidzaman, N. S.; Rahmat, S. N. Water Monitoring
System Embedded with Internet of Things (IoT) Device: A Review.
IOP Conf. Ser.: Earth Environ. Sci. 2020, 498 (1), No. 012068.
(22) Tomer, V. K.; Duhan, S.; Adhyapak, P. V.; Mulla, I. S. Mn-
Loaded Mesoporous Silica Nanocomposite: A Highly Efficient
Humidity Sensor. J. Am. Ceram. Soc. 2015, 98 (3), 741−747.
(23) Wang, Y.; Zhang, L.; Zhou, J.; Lu, A. Flexible and Transparent
Cellulose-Based Ionic Film as a Humidity Sensor. ACS Appl. Mater.
Interfaces 2020, 12 (6), 7631−7638.
(24) Wang, J.; Xu, B.; Liu, G.; Liu, Y.; Wu, F.; Li, X.; Zhao, M.
Influence of Doping on Humidity Sensing Properties of Nanocrystal-
line BaTiO3. J. Mater. Sci. Lett. 1998, 17 (10), 857−859.
(25) Yang, M.-R.; Chen, K.-S. Humidity Sensors Using Polyvinyl
Alcohol Mixed with Electrolytes. Sens. Actuators, B 1998, 49 (3),
240−247.
(26) Sadaoka, Y.; Sakai, Y.; Akiyama, H. A Humidity Sensor Using
Alkali Salt �Poly(Ethylene Oxdide) Hybrid Films. J. Mater. Sci.
1986, 21 (1), 235−240.
(27) Phua, J. W.; Ottenheim, C. J. H., US20230127563A1, 2023.
(28) EFSA Panel on Additives and Products or Substances used in
Animal Feed (FEEDAP). Scientific Opinion on Safety and Efficacy of
Choline Chloride as a Feed Additive for All Animal Species. EFSA
Journal 2011, 9 (9), 2353. .
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