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A B S T R A C T   

Worldwide, electronic waste represents the fastest-growing stream of waste. With an increasing number of 
connected devices, passive and eco-friendly environmental sensing solutions need to be developed. Wireless 
passive devices for RFID and sensing exist, however, most of them rely on non-biodegradable materials. Willing 
to produce entirely green radio-frequency (RF) resonators on a paper substrate, we identify potential biode
gradable materials to be used as encapsulation and humidity sensing layers. Resonator encapsulation is 
mandatory to prevent humidity interaction with the transducer while a sensing layer above the resonator enables 
a good response to humidity. In this work, the radio-frequency behavior of these materials was characterized 
when implemented on a 3.3 GHz resonating microstrip structure made of copper on FR4 substrate. The response 
in resonance frequency while varying the relative humidity (RH) from 20% to 80% was monitored. Beeswax- 
coated resonators exhibited no change in resonance frequency when exposed to humidity and therefore pro
vided excellent encapsulation properties. 10 μm-thick layers of psyllium, konjac and egg-albumin displayed 
suitable sensing behavior with suitable frequency shifts above 100 MHz from 20% to 80% RH. Konjac and 
psyllium showed the best compatibility when coated on the beeswax encapsulant, exhibiting reversibility and 
low hysteresis when exposed to humidity variations.   

1. Introduction 

According to the 2020 report from the United Nations [1], electronic 
waste represents the fastest-growing stream of waste. It is reaching 8 kg 
per person annually. Worldwide, with the rise of the Internet of Things 
(IoT), the number of connected devices, that are mainly composed of 
toxic and environmentally harmful elements, is increasing [2,3]. 
Simultaneously, the number of sensors deployed increases at a high 
pace, due to the exploiting rise of smart products, facilitating ubiquitous 
sensing [4]. Notably, most of these systems applied for tracking tem
perature and humidity in the field of logistics are discarded [5]. 
Therefore, having biodegradable systems would reduce their environ
mental impact. 

Relative Humidity (RH) sensors implementing eco-friendly materials 
have been reported using the substrate as moisture responsive material 
or by adding a specific sensitive coating. Cellulose is a biodegradable, 
renewable and widely available [6] resource and has been commonly 

used as humidity sensitive substrates. These paper-based sensing devices 
have relied on capacitive [7–11] and resistive [12] detections mecha
nisms where the presence of moisture modifies the dielectric and elec
trical properties between interdigitated electrodes patterned on the 
substrate. But, using paper which exhibit a slow diffusion rate can lead 
to slow response times and hysteresis [7,11,13]. Other recyclable and 
compostable substrates such as polylactic acid (PLA) [14], chitosan 
[15], polyethylene terephthalate (PET) or starch [16], have also shown 
sensitivity to humidity in air. An approach pursued to enhance sensing 
performances has been to implement an eco-friendly moisture-sensitive 
coating on the transducer. Humidity sensing characteristics of egg- 
albumin [11,17], starch and onion membranes [18], salt [19], silk 
[20] and graphene oxide [21] were analyzed when coated on capacitive 
platforms made on various types of biodegradable substrates while hy
droxyapatites [22] and wheat gluten [23] were tested on FR4. An eco- 
friendly self-powered humidity sensor has also been demonstrated 
based on a Cu/NaCl paper/Al primary battery structure [24]. Wireless 
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configuration based on recyclable or biodegradable substrates have been 
reported in the literature for moisture monitoring [25–27]. Despite 
involving eco-friendly materials, all those humidity sensing platforms 
still necessitate the use of silicon-based components for signal read-out 
and data communication [7,9]. To prevent the use of silicon elec
tronics targeting more sustainable sensing systems, researchers have 
notably adopted a chipless approach. 

Monitoring of relative humidity using a wireless and chipless 
approach based on a resonator is of interest since it does not require the 
use of any silicon components [28] and can be applied for disposable 
sensing tags [29]. Those sensing resonators are made of a metallic 
resonating transducer, forming an RLC circuit, using the substrate itself 
or a specific coating as humidity sensitive layer. Their resonance fre
quency depends on the capacitance of the structure, and this capacitance 
is proportional to the permittivity of the sensing material [30]. These 
types of devices function at high frequencies (3–30 MHz) or ultra-high 
frequencies (300 MHz - 3 GHz), which gives them an operational 
range of a few centimeters up to meters [28,31,32]. Typically relying on 
standard FR4 printed circuits, with copper for high signal transmission, 
resonance and quality factor [33,34], researchers have started adopting 
the chipless configuration and combining it with biodegradable sensi
tive materials to monitor humidity. Wireless and chipless humidity 
sensors have been developed using paper as a substrate and an RLC 
resonating structure made of copper [35], silver [36,37] or aluminium 
[38]. Polyvinyl-alcohol-coated [33,39,40] and a keratin-coated [41] 
resonators demonstrated humidity sensitivity in a chipless and wireless 
setup. However, despite implementing green materials in their config
uration, the transducing layers are not biodegradable [42]. To our 
knowledge, only a zinc and polylactic acid resonator to measure volu
metric water concentration in soil has been made fully biodegradable 
[43]. 

Envisioning a fully biodegradable chipless resonator functioning in 
the S-band (2 GHz – 4 GHz) for monitoring humidity in air would require 
to implement paper or biopolymer substrates coated with degradable 
functional materials, metallic (i.e. Zn or Mg) and sensing layers. To 
prevent water sorption that could potentially affect the RF transducer’s 
performances and lead as well to its degradation, its encapsulation 
would need to be considered as well. 

In this study, we have focused on evaluating for the first time various 
biodegradable dielectric materials in the S-band for future imple
mentation in eco-friendly wireless and chipless humidity sensors. Two 
types of dielectric materials, encapsulant to protect the transducer 
against moisture and humidity-sensitive materials, are considered. 
Those biodegradable materials are coated on a microstrip resonator to 
assess their humidity response in S-band microwave frequencies, from 
2.5 GHz to 3.5 GHz, characterizing their shift in resonance frequency 
when exposed to variations in humidity. Using simulation, we investi
gate the optimal coverage area of the microstrip line resonator with the 
functional materials and the effect of the encapsulation on its resonance 
frequency. We demonstrate for the first time that super absorbent 
polymers like konjac and psyllium display good sensitivity to humidity 
in the S-band (3 GHz) with induced frequency shift of >100 MHz for a 
change in humidity of 20% to 80% RH. Combining them with a beeswax 
protective coating provided encapsulation to the underlying substrate 
and microstrip resonator while maintaining suitable sensing 
capabilities. 

2. Material and methods 

2.1. Device 

2.1.1. Microstrip line and sensing mechanism 
The humidity test platform presented in this work is composed of a 

microstrip line resonator. The device is made using a 1.55 mm thick FR4 
board with a 12 μm thick copper top and ground layer. The 50 Ω pristine 
copper/FR4 microstrip line is 3.3 mm wide and incorporates a spiral- 

shaped resonator with a resonance frequency at 3.3 GHz without 
coating. The dimensions of the microstrip line are summarized in 
Fig. 1A. 

A spiral configuration embedded within the microstrip line was used 
as it allows to create a resonating structure without increasing the 
coverage area of the electrically conductive material comprising the 
microstrip line. The spiral resonator acts as a stopband filter [31,44] that 
introduces attenuation in the transmitted signal at its resonant 
frequency. 

Microstrip transmission lines can be modeled by an equivalent RLC 
circuit [45]. A simplified expression of the frequency of resonance is f0 =

1̅̅ ̅̅
LC

√ in which the capacitor C depends on the permittivity ε of the ma
terials composing the resonator [46]. The loss tangent of the structure is 
defined by tan δ = εr

εim 
where εr and εim are the real and imaginary part of 

the relative permittivity [47]. As the relative humidity increases, so does 
the adsorption of water molecules. The water sorption with a much 
higher permittivity of 80 will induce an increase in the real permittivity 
of the humidity sensitive materials composing the resonator. Both the 
equivalent capacitor of the system and the loss tangent will rise. This 
will lead to a drop in the resonance frequency which is depending on the 
capacitance value of the system as seen in the schematic of Fig. 1B. With 
an increase in the dielectric loss, the quality factor of the resonator Q 
will drop leading to a reduction in the amplitude of the signal. By adding 
a humidity sensitive coating over the resonator, this phenomenon can be 
enhanced. Additionally, biodegradable materials tend to be hygroscopic 
and can exhibit swelling at high humidity. Swelling might modify the 
geometrical properties of the resonator increasing the dielectric losses 
[48]. However, we will investigate the overall response to relative hu
midity changes as analyzing the contribution of humidity on the 
swelling would require quantifying the change in dimensions of the 
layers in real-time. 

For the RF characterization, the microstrip line is connected to a 
vector network analyzer (E5071C Agilent) using SMA connectors and 
the S12 transmission signal is recorded. 

2.1.2. Coating materials 
Two different types of biodegradable coatings have been investi

gated: encapsulating and humidity-sensitive layers. The role of the 
encapsulation layer is to prevent moisture interaction with the trans
ducer, here the copper/FR4 microstrip, which ultimately, in a fully 
biodegradable configuration, would be replaced by paper and a biode
gradable metal. 

A proper encapsulation should be hydrophobic in order to prevent 
water adsorption. The thickness should not be too thick in order to limit 
RF losses and maintain permittivity shift near the resonator when 
stacked with a humidity sensitive layer. An encapsulation too thin would 
not protect the transducing layer and substrate from water permeation. 
Over a resonator, this encapsulation should prevent any shift in resonant 
frequency when relative humidity is changing. 

The biodegradable materials investigated for encapsulation are 
POMaC, PGS and Beeswax. These materials have been used in 
implantable wireless high-frequency applications [49,50] but their 
moisture protective capabilities were never studied on resonators. 

POMaC, a stretchable elastomeric biomaterial, was synthesized 
following [51] using citric acid, maleic anhydride and 1,8-octanediol. 
Two POMaC versions were tested, one using UV-curable photo
initiators and one without. The solutions were blade casted onto the 
resonator and either photocured at room temperature for 1 h or oven 
cured at 130 ◦C for 24 h. PGS, a biodegradable elastomer, is synthesized 
following [52] recipe. This polyester is drop casted onto the resonator 
and cured at 130 ◦C for 24 h. The targeted thickness for the PGS and 
POMaC encapsulants was 100 μm. Beeswax is a natural wax that is used 
as a waterproofing agent in transient electronics [49]. It was considered 
due to its hydrophobic properties obtained from the poly- and mono- 
saturated esters and fatty acids composing their molecular structure. 
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Beeswax, from Sigma Aldrich, was weighted and melted at 80 ◦C in an 
adhesive well surrounding the resonator (Tg = 62–67 ◦C). 3, 5 and 15 mg 
of wax was used to obtain a thickness of 50, 100 and 300 μm respec
tively. The wax was then cooled down on a flat surface to ambient 
temperature. 

Following passivation, the humidity-sensitive coating will enable the 
response of the resonator to the ambient humidity and important 
characteristics to consider are its pattern definition, its adhesion, its 
sensitivity, reversibility, and hysteresis when exposed to variations in 
relative humidity. 

We selected promising humidity-sensitive biodegradable materials 
(alginate, amylopectin, egg-albumin, PLGA, psyllium and konjac) and 
evaluated their behavior in the S-band for the first time. 

Sodium alginate from brown algae is a biodegradable material with 
good hydrophilic behavior for humidity sensing [53]. Alginic acid so
dium salt from Sigma Aldrich was dissolved in deionized water (DIW) in 
a 5 wt% and cast onto the resonator. Amylopectin, a polysaccharide 
sensitive to humidity [54], is one of the main components of starch. A 5 
wt% DIW of amylopectin from maize from Sigma Aldrich was drop cast 
in the well, 25 μL using a pipette, and dried overnight. Egg-albumin, a 
class of water-soluble protein found in egg white, is composed of 
crosslinked amino acids with hydrophilic molecular bonds and exhibits 
excellent sensitivity to moisture [55]. Albumin from chicken egg white 
at 62–88% purity was ordered from Sigma Aldrich and mixed with DIW 
in 5 wt%. The solution was pipetted into a well and left to dry at 4 ◦C in 
the fridge to prevent layer cracking. As humidity sensitive layer, PLGA 
(85%PLA/15%PGA) was considered as it is water-soluble [56]. PLGA 
was prepared using PURASORB PLG 8531 pellets from Corbion and 
dissolved in 1,4dioxane (5 wt%) over 12 h and cast on the structure. 
Blond psyllium and konjac glucomannan are high-molecular weight 
polysaccharides abundant in nature with excellent film-forming abilities 
and extremely high water-absorption capabilities [57]. In the presence 
of water, psyllium and konjac take up to 50 and 100 times their weight 
in water producing a protein-rich mucilage [58]. Thanks to this hygro
scopic nature, they have been used as swelling colorimetric sensors for 
humidity detection [57]. However, these interesting materials were 
never studied at ultra-high frequency or as coatings for humidity sen
sors. Konjac and psyllium seeds were obtained from a local pharmacy. 
They were mixed at 5 wt% in DIW. After water intake, the solutions were 
sonicated at 10000 rpm over 1 h to enable mucilage extraction. 50 μL 
from the mucilage solution was pipetted into the well and dried at room 
temperature. 

Spiral copper resonators are coated with the various encapsulating 
and sensing materials. To confine the coated material into a homoge
nous active area, a rim of removable adhesive is used. The thickness of 
the humidity-sensitive layer was targeted to be 10 μm for all coatings 
investigated. 

Finally, microstrip line resonator with encapsulation and humidity- 
sensitive layers stacked on each other were tested. A representation of 
the various types of tested devices (e.g: pristine microstrip line resonator 
used as reference, resonator coated with humidity sensitive layer, and 
the encapsulated resonator with the sensitive layer on top) is given in 
Fig. 1C. 

2.2. Test setup and humidity profiles 

The materials on the microstrip resonator were characterized using 
an in-house gas mixing system allowing the variation of the relative 
humidity in a test chamber [13]. The system consists of a pressurized dry 
air bottle and a bubbler linked to a climatic chamber where the micro
strip resonator is placed. Valves allowed for the rapid switching and 
control of various relative humidity levels from 0% to 90%. The tem
perature and relative humidity have been monitored in real-time using 
an SHT30 sensor (Sensirion AG, Switzerland). A calibrated virtual 
network analyzer (E5071C Agilent) was used to measure the S12 signal 
(represents the power transferred from Port 1 to Port 2) of the microstrip 
line inside the chamber for frequencies between 2.5 GHz and 3.5 GHz. 

Two humidity profiles were considered. First, a test to determine the 
sensor response and hysteresis was performed from 20% to 80% back 
down to 20% RH with 1 h steps and increments of 20% RH for a total of 
7 h. Each measurement has been repeated 3 times with different samples 
for each configuration. A second test was conducted from 0% to 85%, 
cycled five times to evaluate the sensor recovery. A representation of the 
humidity profiles and elements of the testing setup is available in sup
plementary Fig. S1. 

2.3. Simulation 

To evaluate the influence of the addition of functional materials, 
encapsulant and sensing layer, over the active area of the microstrip 
structure, electromagnetic FEM simulations were performed using 
ANSYS HFSS. Standard FR4 parameters were set in the model using a 
dielectric constant of ε = 4 and a loss tangent of 0.02. The conductivity 
of bulk copper μ = 5.8e7 S/m was used to model the transducing layer. 

Fig. 1. A) Dimensions of the microstrip line platform. B) Theoretical humidity response behavior of a microstrip line resonator C) Schematic cross-sections and top 
view images of the devices used in this study. Top: pristine FR4/Cu reference, middle: Relative humidity sensitive coated resonator (psyllium), bottom: resonator 
with encapsulating and sensitive layers (beeswax and konjac). 
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The model was evaluated from 2.5 GHz to 4 GHz. The simulation 
investigated the influence of the thickness of the encapsulation layer in 
dependence on its placement relative to the resonator allowing to 
conclude on an optimal coverage area for the sensing layer. The pa
rameters of interest were the resulting frequency of resonance of the 
coated structure and its transmission signal S12. 

3. Results and discussion 

3.1. Preliminary materials screening and simulations 

To define the influence of the area of the coating materials on the 
resonator characteristics, two simulations were performed. Firstly, 
simulation was applied to understand the effect of an increase of coating 
thickness on the frequency response of the resonator. Secondly, different 
coating dimensions were simulated to identify the minimal area at 
which we start seeing an influence over the frequency of resonance of 
the resonating spiral. 

Fig. 2A shows the S12 recorded and the simulated response of the 
resonator coated with beeswax. The data was recorded at ambient 
temperature. Measurements at 0% and 80% RH on pristine FR4/Cu 
designs were used to model and fit the recorded values. The parameters 
for the simulated copper strip line on FR4 were tuned to fit with the 
recorded resonance value of 3.26 GHz. Similarly, using the recorded 
values for two different thicknesses of wax, 100 μm and 300 μm, the 
simulation was matched at 0% RH to reduce the simulation time. The 
frequency response was then simulated for various thicknesses as seen in 
shades of green in Fig. 2A. For the 300 μm thick wax coating, the 
recorded and simulated resonance frequencies perfectly matched at 3 
GHz, while it slightly changed for a wax thickness of 100 μm, at 3.14 
GHz, with a disparity of 15 MHz. As the coating thickness increases, the 
resonance frequency decreases. This can be explained by an increase in 
the capacitance surrounding the spiral resonator [45]. Higher radio- 
frequency losses are also introduced across a thicker wax layer which 
is represented by the reduction in the S12 signal in dB as the coating 
thickness is increased. In the frame of wireless applications, minimizing 

losses is important to enable long-range communication. 
By tuning the simulation parameters to match the recorded samples, 

a permittivity for the beeswax coating of ε = 3 was extracted, corre
sponding to those reported in the literature [59]. This extracted 
permittivity was used to model the effect of the coverage area on the 
spiral resonator characteristics. In Fig. 2B, we can see a 3D representa
tion of the simulated RF structure with the coating on top. Dimensions in 
the transversal direction lower than 5 mm lead to a shift in the resonance 
as the coating no longer fully covers the resonator spiral of size 4.4 × 5.4 
mm2. All coating dimensions bigger than 5 × 6 mm2 did not have a 
significant impact on the resonance frequency. To ensure a reproducible 
and uniform coverage, a coated area of 6 × 8 mm2 was considered to 
bypass any risk of misalignment of the adhesive well when depositing 
the various materials. 

A preliminary selection of sensitive materials was conducted by 
evaluating the shift in resonant frequency for a relative humidity change 
of 20 to 80%. The thicknesses for the passivation and sensitive materials 
were established at 100 μm and 10 μm, respectively. 

Beeswax has been identified as a good barrier to humidity (Fig. 3). A 
cover layer of 100 μm thick beeswax minimizes the susceptibility of the 
assessed signal to changes in relative humidity, even outperforming the 
pristine FR4 reference. The small change in resonance of the copper 
reference structure can be due to oxidation of the metal as no solder 
mask was applied when designing the circuit board. In comparison to 
beeswax, both bioresorbable polymers (POMaC and PGS) exhibit poor 
passivation properties despite extensive curing times. 

For humidity sensing, among all materials tested, psyllium, egg- 
albumin and konjac were identified with the potential to provide a 
shift in resonance frequency exceeding 100 MHz for 60% change in 
relative humidity. The large frequency shift is obtained due to their rich 
hydrophilic protein concentrations [55]. Amylopectin and alginate 
induced a comparable shift of 29.35 and 44 MHz, respectively. PLGA 
displayed a very small response and acted more as an encapsulation than 
a sensitive coating, even outperforming POMaC and PGS. The methyl 
groups in the PLA portion slow down degradation but confer to it higher 
hydrophobic properties than PGA [56]. 

Fig. 2. A) Recorded and simulated effect of beeswax on resonator at 0% RH. B) 3D rendering and resonance dependency on coating dimensions along the longi
tudinal and transversal direction. 
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Further studies were performed using only beeswax as encapsulant 
film and psyllium, egg-albumin and konjac as sensing layers (Fig. 1C) 
with results to be presented in the next section. 

3.2. Biodegradable materials humidity response 

3.2.1. Response and hysteresis 
Sensing layers of konjac have been tested with a thickness of 10 μm 

and 20 μm. The resonance frequency shifts from 3.23 GHz at 20% RH to 
3.12 GHz at 80% RH for a 10 μm coating (Fig. 4A). As the humidity 
increases, the sharpness of the resonance is reduced due to an increase in 
the loss across the microstrip line. A coating thickness of 20 μm leads to a 
non-distinguishable resonance frequency at 80% RH due to RF losses 
(Fig. 4B). Finally, the thickness of all humidity-sensitive layers (konjac, 
psyllium and egg-albumin) was fixed at 10 μm to prevent this loss in the 
resonance behavior. 

The resonance frequency and response of the resonator for the three 
selected humidity-sensitive materials were compared from 20% RH to 
80% RH with increments of 20% RH (Fig. 4C). The changes in resonance 
frequency for psyllium, konjac and egg-albumin were Δfpsy = − 109 ±

12 MHz, Δfkon = − 108 ± 28 MHz and ΔfEA = − 97 ± 34 MHz, 
respectively. The response does not follow a linear trend. This behavior 
can be explained by the non-linear mechanics of water sorption and 
swelling [60] at high relative humidity. For all three materials, the shift 
was in the similar range of 100 MHz, with psyllium displaying the best 
standard deviation across the samples. 

Hysteresis was minimal in all 10 μm coated samples with the highest 
value of 15 MHz found for psyllium at 40% RH and 5 MHz and 4 MHz for 
konjac and egg-albumin, respectively, at 60% RH (Fig. 4C). 

The variability of the response from 20% to 80% RH across samples 
is presented in supplementary Fig. S3. The variability in resonance 
frequency near 3GHz for the egg-albumin device was the worse, with a 
variation between samples of 146 MHz at 80% RH (n = 3), followed by 
psyllium with a variation of 123 MHz (n = 3) and finally konjac was the 
most reproducible with a variation of 45 MHz (n = 3). These variations 
are due to some irreproducibility in the fabrication process. The S12 
data for each tested sample is reported in supplementary Fig. S4. 

3.2.2. Reversibility 
Fig. 5A represents the S12 signal at 0% and 85% RH for konjac, 

psyllium and egg-albumin after 5 cycles. We can see that at 0% RH, they 
all have excellent reversibility. Contrasting with previous results, when 
the humidity is increased to 85%, psyllium’s resonance remained stable 
moving by only 1 MHz after 5 cycles, while presenting a small change (7 
MHz) for konjac and moving by 34 MHz for egg-albumin. The more 
reversible response for psyllium and konjac was obtained due to their 
super absorbent properties at high humidity [57]. Konjac is mainly 
amorphous [61] with D-mannose and D-glucose connected in random 
order across the acetyl groups giving the ability to reorganize the 
polymer chains in response to water absorption [62]. Similarly, Psyllium 
exhibits an unusual linkage of xylose and arabinose resulting in a highly 
branched arabinoxylan network [63,64] which allows water to be 
trapped within the network voids upon wetting and to be released upon 
de-wetting [65]. Fig. 5B represents the normalized frequency response 
computed as NR = −

f − f0
f0 − f85 

where f is the resonant frequency and f0 and 
f85 are the resonant frequencies when saturation is reached at 0% RH 
and 85% RH. A Sensirion SHT35 sensor with a response time of 10 s and 
relative humidity accuracy of ±1.5% is used to record the dynamic of 
relative humidity in the chamber. Considering a response time at 63% of 
the saturation, the chamber’s response and recovery times from 0% to 
85% RH and from 85% to 0% RH are 60 s and 20 s. Similarly, for konjac, 
egg-albumin and psyllium where the frequency was recorded every 5 

Fig. 3. Initial material screening, shift in resonance frequency from 20% to 
80% RH. 

Fig. 4. Recorded S12 signal across 20% RH to 80% for (A) 10 μm and (B) 20 μm thick konjac. C) Humidity response and hysteresis for 10 μm of psyllium, konjac and 
egg-albumin represented by the resonance frequency shift as a function of the relative humidity. 
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min, we get a response time of <10 min for konjac and egg-albumin and 
<15 min for psyllium. For all three materials, the recovery is measured 
to be <5 min. Those response and recovery times were measurement for 
large and fast variations of humidity, going from a completely dry 
environment to a highly humid atmosphere. Therefore, for a large ma
jority of the applicative environments for such sensors, the measured 
response and recovery times are expected to be smaller than those 
aforementioned. 

3.2.3. Stacked configuration response 
The final experiment consisted of analyzing the frequency response 

of the humidity-sensitive materials over the encapsulated resonator. 
Similarly to previous samples preparation, konjac, psyllium and egg- 
albumin were drop casted onto a well over the beeswax-coated reso
nator. Egg-albumin coating failed to remain on the wax and underwent 
delamination despite treating the wax with oxygen plasma and/or 
APTES treatment. The peeling of egg-albumin over the wax can be 
explained by the incompatibility between the hydrophobic character of 
the wax and the hydrophilic nature of the protein in DIW during fabri
cation. The psyllium and konjac layers were able to adhere due to the 
sticky nature of the mucilage solution. Nevertheless, oxygen plasma was 
used before their drop-casting to ensure proper adhesion. 

To prevent too many losses and ensure proper passivation, beeswax 
coatings with a thickness of 50 to 100 μm were implemented, onto 
which, 10 μm of konjac and psyllium were deposited. The response of 

the stacked-microstrip line was measured from 20% and 80% RH. 
Fig. 6A depicts the transmission signal of psyllium-coated wax. As the 
thickness of wax increases, the initial resonance at 20% RH is reduced. 
When the wax is present, the response to an increase in humidity is 
reduced. This is expected as the sensitive layer is now further away from 
the resonating structure. The shift in frequency from 20% to 80% for 10 
μm/50 μm and 10 μm/100 μm psyllium/wax resonators was measured 
to be very close at 23 MHz and 22 MHz, respectively. Compared to a 
resonator not coated with wax, this represents a reduction in sensitivity 
by a factor of 4.7 and 4.9, respectively. In this case, the encapsulation 
acted dominantly on the S12 signal. Alike, Fig. 6B shows the response for 
konjac/beeswax devices. The dominating effect of the wax was less 
pronounced, with a frequency shift for a 60% RH variation of 56 MHz 
and 88 MHz for 10 μm/50 μm and 10 μm/100 μm konjac/wax combi
nations, respectively. This different response behavior between konjac 
and psyllium needs to be further investigated. One assumption could be 
the difference in swelling between both sensing materials at high hu
midity levels. The sensitivity was also higher for konjac and only 
reduced by a factor of 2 and 1.25 for a wax thickness of 50 μm and 100 
μm, respectively. The hysteresis data for both configurations are avail
able in supplementary Fig. S5. A hysteresis of only 3 MHz and 4 MHz 
was measured for psyllium and konjac, respectively. The sensor response 
becomes non-linear at higher levels of humidity (>60% RH) due to 
changes in the humidity adsorption behavior within the biopolymers as 
already notified in the literature [11,66]. 

Fig. 5. A) Averaged S12 signal of the sensitive coatings, egg-albumin (EA), psyllium (PSY) and konjac (KON), at 0% and 85% RH, shaded area represents the 
standard deviation envelope of 5 cycles. B) Normalized resonant frequency response, NR = − (f-f0)/(f0-f85) as a function of time for konjac, egg-albumin and psyllium 
compared to the humidity dynamic of the chamber measured with a humidity sensor from Sensirion. 

Fig. 6. A) S12 signal for 50 μm and 100 μm beeswax stacked with 10 um psyllium. B) S12 signal for 50 and 100 um beeswax stacked with 10 μm konjac.  
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In the end, both psyllium and konjac over beeswax displayed 
promising responses to relative humidity at high frequency and low 
hysteresis with konjac being more sensitive. 

4. Conclusions 

Using a copper/FR4 microstrip line resonating at 3.3 GHz, we 
studied the humidity interaction in the S-band frequency band of various 
biodegradable materials from 20% to 80% relative humidity. For the 
first time biodegradable moisture sensitive layers were analyzed over a 
resonator operating at ultra-high frequency and then combined with a 
passivation. With the support of electromagnetic simulations, the 
optimal area to cover the resonator was defined for the encapsulant and 
humidity-sensitive materials. As encapsulation, beeswax was identified 
to provide excellent protection against moisture with a stable resonant 
frequency of the resonator over the whole humidity range tested. Egg- 
albumin and the super absorbent polymers, konjac and psyllium, pro
vided the best responses to humidity with sensitivities higher than 1.75 
MHz/RH% and the lowest hysteresis. Reversibility of the response over 
multiple humidity cycles was the best for psyllium and konjac with a 
maximum change of only 5 MHz. The response times for a 0% to 85% 
humidity change was of 15 min for psyllium, down to 10 min for konjac 
and egg-albumin and the recovery time from 85% to 0% RH of all three 
materials was <5 min. An original RF humidity-sensitive stack config
uration is finally proposed with those super absorbent polymers being 
coated over a beeswax encapsulant layer. The combination involving 10 
μm konjac and 100 μm beeswax showed the highest sensitivity of 1.46 
MHz/RH% with only 4 MHz hysteresis in the resonance across the full 
humidity range. 

We demonstrate that performing eco-friendly humidity-sensitive 
materials can be implemented over an encapsulated S-band resonator 
for humidity monitoring. The next step is to implement this stacked 
configuration in a fully biodegradable microstrip line made on paper. 
This biodegradable humidity sensitive layer / encapsulant stack can 
pave the way for fully biodegradable paper-based wireless sensors. 
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