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ABSTRACT: An eco-friendly, biodegradable, flexible, and facile fabricated interdigital
electrode-based capacitive humidity sensor with applications in health and medicine has
been reported here. Several sensors use copper tape as electrodes on the polyethylene
terephthalate (PET) substrate, with non-woven paper as the sensing layer. Two different
configurations of sensors were tested, i.e., with and without pores in the PET substrate. The
sensing performance of both sensors has been tested for relative humidity ranging from 35 to
100% at temperatures ranging from 20 to 50 °C. The capacitance of the sensor varies linearly
in response to the change in humidity. The sensor with pores shows a response from 28 to 630
pF as the humidity varied from 35 to 100%, whereas the sensor without pores responded from
22 to 430 pF. The response and recovery times of the fabricated sensor are observed as ∼2.4,
and ∼1.8 s, respectively, and the sensitivity is 9.67 pF/% RH. The sensors are tested multiple
times, and repeatable results are achieved each time with an accuracy of ±0.22%. Further, the
sensor’s response is also stable for different ranges of temperatures. Finally, to demonstrate an
application of the proposed sensor, it has been utilized to monitor respiration through nose and mouth breathing. The low-cost,
stable, repeatable, and highly sensitive response makes our fabricated sensor a promising candidate for practical field applications.

1. INTRODUCTION
Humidity sensors are enormously used to monitor the moisture
content or water vapor concentration in the surrounding
environment; nowadays, these sensors are used in different
fields and commercial applications, including agricultural, food,
medical, non-contact sensing, and space applications.1,2 Differ-
ent types of humidity sensors have been reported previously
depending on their working principles, like resistive, impedance,
capacitive, heater, or thermal techniques, and the change
observed in their physical parameters after exposure to
humidity.3−5 The most commonly used humidity sensors are
resistive or capacitive. Resistance-based sensors have low cost,
but the response is non-linear, has low performance, and cannot
be used for sensitive applications. On the other hand, capacitive-
based sensors are of remarkable interest due to their linear
response with high performance and an easy-to-fabricate
structure.6 In a capacitive-based sensor, the sensor’s response
is observed either by using a parallel plate (PP) design of the
sensor or an interdigital electrode (IDE)-based design. In PP
sensors, the sensing layer is between the upper and lower
electrodes. The sensing material, which is usually a dielectric
material, is a vital part of the capacitive sensor, as the response is
observed when it interacts with humidity and a change in its
dielectric constant occurs. Dielectric materials have a lower
dielectric constant value at room temperature than water, which
has a dielectric constant value of about 80.7 IDE-based

capacitive humidity sensors are of great interest in environ-
mental humidity monitoring systems because of their high
sensitivity and stable response when their sensing layer absorbs
or detects vapor or moisture.8 The IDE-based sensors are easily
fabricated, with comb-shaped metal electrodes patterned on the
substrate.9

Researchers and scientists strive to enhance the parameters of
humidity sensors, like response time, recovery time, physical
dependence, temperature effects, sensitivity, linearity, and
sensor stability, for long durations.8 For a single sensor, having
the highest values of all these parameters is most likely
impossible, so different designs are studied to enhance the
parameters. The parameter improvement depends on the
materials used in the sensor, mainly the metal electrode and
sensing layer. Previous works reported electrodes, like Ag, Au,
and Al, and different sensing layers, like two-dimensional
materials, hydrophilic polymers, and cellulose paper.10−14 The
response and recovery time associated with operation at high
temperatures are challenging for humidity sensors.15,16
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Cellulose-based sensors are designed to achieve better response
and recovery times. Cellulose is a good moisture absorber
because of a hydroxyl group in it; it becomes swollen due to the
absorption of humidity.17 Also, the size of the sensor can play a
key role in enhancing parameters like sensitivity, response, and
recovery time as large areas are in contact with environmental
moisture.18 But the tradeoff is non-compactness. Recently,
studies have been conducted on an array of compact and
effective sensors regarding sensitivity, response, and recovery
time; the same sensor is replicated.19

This paper presents a highly sensitive, flexible, and eco-
friendly biodegradable IDE-based humidity sensor using a
polyethylene terephthalate (PET) with pores as the substrate,
non-woven paper as the sensing layer, and copper tape as
electrodes. The sensor is garage-fabricated without any complex
and expensive equipment requirements like an inkjet printer, a
screen printer, or a gravure printer.20 Also, the performance of
two sensor designs has been compared. These designs are PET
substrates with and without pores. The sensing layer is the same
for both designs: non-woven paper and copper tape used as
electrodes. The response of both the sensors is observed; the one
with PET having small pores as a substrate has better response
and recovery time with high sensitivity, repeatability, and
stability compared to the sensor with normal PET having no
pores as the substrate. The sensor with PET as the substrate has
the accumulation of capacitance observed above the comb,
below the comb, and in between the comb as the humidity is
absorbed by the sensing layer from all sides, i.e., from top and
bottom. The drawbacks of the sensor with the substrate as a
normal PET with no pores are that of its sensitivity and recovery
time are not stable from repeatable experiments. It has been
attributed that the exposed area that interacts with humidity in
normal PET substrate is much smaller than the other. The
sensor is tested for the relative humidity range of 35 to 100%,
and the response of the sensor in terms of capacitance varies
from about 28−650 pF linearly with RH. The response and

recovery times of the sensor are observed as ∼2.5 and ∼1.8 s,
and the sensitivity is 9.67 pF/% RH. The sensor is also tested for
breathing applications. The variation of sensor performance
with changing temperatures from 20 to 50 °C is also studied in
this work. The effect of temperature on sensor response is
negligible, as seen in the experimental result.

2. EXPERIMENTAL SECTION
2.1. Sensor Fabrication and Characterization.The IDE-

based humidity sensor is designed in Corel Draw software with
exact dimensions. It is then fabricated using PET with small
pores as a substrate, non-woven paper as a sensing layer for both
the top and bottom sides, and copper tape as a sensing layer for
both the top and an electrode because of its high electrical
conductivity toward humidity. The sensor is garage-fabricated,
as simple hands-on fabrication is done without the need for any
such complex tools or devices, such as an inkjet printer, gravure
printer, screen printing, or spin coating, which makes our sensor
cost efficient in terms of electricity savings which are utilized by a
fabrication process through these printers.5,19 The comparison
of normal PET and PET with small pores as a substrate is done,
and it is experimentally verified that the sensor with the substrate
having small pores is highly sensitive compared to the normal
PET substrate. Figure 1 shows the fabrication steps of the sensor,
with PET having small pores as a substrate. The pores play an
important role in the sensitivity because the sensor contact area
with humidity is increased by sensing through both the top and
bottom sensing layers.
The overall dimension of the sensor is L × W, which is 50.8 ×

38.1 mm, as shown in Figure 2a, “El” is the electrode length,
which is 42 mm, “Ew” is the width of the electrode, which is 5
mm, “Fw” is the width of the comb, which is 2 mm, and “FL” is
the length of the comb, which is 2 mm. Copper was used as an
electrode because of its highly conductive properties. The gap
“g” between the comb is 0.6 cm; the sensor electrode’s
dimensions are shown in Figure 2b. The thickness of the

Figure 1. IDE capacitive humidity sensor. (a) PET plastic, (b) PET plastic with holes, (c) lower sensing layer non-woven paper, (d) copper electrodes
IDE, (e) upper sensing layer non-woven paper, and (f) Fabricated sensor.
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sensing layer, copper tape, and PET with pores is 0.02, 0.037,
and 0.2 mm, respectively. The response of the different
dimensions-based sensors was studied by testing, and it was
observed that a sensor with a large size is more sensitive than a
sensor with a small size because of the large area of the sensor
toward moisture. But a very large size is a tradeoff of non-
compactness. To deal with such a challenging situation as
compactness with better results, we designed a sensor using a
double sensing layer above and below a substrate with pores for
sensing humidity by the sensing layer. The proposed sensor has
acceptable dimensions, high sensitivity, stability, repeatability,
and better response and recovery times.
The fabricated sensors are shown in Figure 3. Both sensors are

the same in structure and design, as well as in sensing layer and

electrodes; the only difference is in the substrate. The sensor’s
working principle is based on the change in capacitance with a
change in humidity. In IDE-based humidity sensors, the
capacitance above the sensor comb and in between the comb
is of main interest. In our proposed sensor, the capacitance
below the comb is also of high interest because the pores in the
substrate the water molecules are easily absorbed by the bottom
sensing layer, which increases the sensitivity of the sensor.
2.2. Experimental Setup. The experimental setup

comprises a homemade chamber with a humidifier, dehumidi-
fier, heater, Arduino Mega 2560 board, and reference sensor, as
shown in Figure 4. The humidity inside the chamber is
controlled through a humidifier, dehumidifier, and heater. The
fabricated humidity sensor was integrated with an ArduinoMega
2560 board with analog input ports, and the data were extracted
through the serial monitor. The reference sensor, DHT22
sensor, is also integrated with Arduino Mega to compare the
results. Through an electric heater, the effect of temperature is
studied for different values of temperature. The sensor response
is studied, and for comparison, a reference sensor, DHT22, is

also used for monitoring humidity and temperature. The relative
humidity inside the chamber ranges from 35 to 100% RH, and
the temperature varies through the heater from 20 to 50 °C.
2.3.Working Principle.Theworking principle of the sensor

and the humidity interaction with the sensor are shown in Figure
5. The sensing layer absorbs the humidity, and the change in
capacitance is observed between the finger of the sensor and
from both sides, i.e., top and bottom. In most of the previously
presented studies about IDE-based humidity sensors, the most
concerning capacitance lies on the top and in between the
fingers of the sensor. The change in capacitance as humidity
changes is the principle of capacitive-based sensors; this
phenomenon is explained in the diagram, as shown in Figure
5a. In our proposed sensor, we have designed the IDE sensor in
such a way that humidity is exposed to all parts of the sensor
easily. As the dielectric constant of water molecules is about 80
at room temperature, which is much higher than that of
dielectric material. The higher the concentration of water
molecules in the air, the higher the humidity and absorption of
the dielectric material from the surrounding area will be. The
absorption of the water molecules changes the dielectric
constant of the dielectric material,21 which greatly impacts the
capacitance, as capacitance depends on the dielectric constant,
number of unit cells, and length of the IDE electrode, as
explained by eqs 1 and 2. ε is the permittivity of the sensing layer,
ε1 is the permittivity of the material between the copper
electrodes, and ε2 is the permittivity of the PET substrate. For
the PP-based sensor, the capacitance depends on “εo”, which is
the dielectric constant of vacuum, “εr” is the relative permittivity
of the material, “A” is the area, and “d” is the distance between
the plates. For increasing the contact of the sensing layer with
humidity, we designed an array of meshes in the substrate so that
water molecules can be easily absorbed, desorbed, and sensed by
the sensing layer from both sides, resulting in a fast change in
capacitance, which shows the sensor is highly sensitive toward
humidity. The formula for the calculation of capacitance in an
interdigitated capacitive based (IDC) sensor is as follows

=C C N L( 1)UC

= + +C C C CUC u i b

+ = +i
k
jjj y

{
zzzC C

K G W
K G W2

( (1 ( / )
( / )u b 0

2
2
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Figure 2. Dimensions of the sensor. (a) Overall sensor and (b) copper
electrodes IDE.

Figure 3. Fabricated sensors. (a) PET substrate with pores and (b)
PET substrate without pores.

Figure 4. Experimental setup for the measurement of humidity.
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=C h G/i 0 1 (2)

where C is the capacitance of the IDC sensor, CUC is the
capacitance of a unit cell, N is the number of unit cells, L is the
length of the sensor electrode, G is the spacing between the
electrodes, andW is the width of a unit cell, as shown in Figure 3.
The capacitance of the IDC sensor increased with the increase in
the width of the electrode.

=C A d/ro (3)

= + +C C C Ct u b i (4)

Figure 5b,c shows the proposed sensor’s cross-sectional view
and circuit diagram. In eq 4, “Ct” is the total capacitance of the
sensor, which is equal to “Cu”, which is the top capacitance, “Cb”
is the bottom capacitance, which is observed due to the bottom

sensing layer absorbing water molecules through pores in the
substrate, and “Ci” is the capacitance in between the sensor’s
fingers/combs. “W” represents the width of the sensor finger,
which is 2 mm, “g” is 3 mm, which is the gap between the comb,
and “h” is 0.036 mm, which is the height of the electrodes. The
sensor is flexible, cost-efficient, biodegradable, has high
sensitivity, a stable response, and repeatable results for a longer
time.

3. RESULTS AND DISCUSSION
The proposed sensor’s response toward staircase humidity
response and its comparison with normal PET substrate are
shown in Figure 6. The results show that the sensor with a PET
substrate having small pores is more sensitive than the sensor
with PET having no pores. This is because there is less contact

Figure 5. IDE-based sensor. (a) Working and sensing principle, (b) cross-sectional view, and (c) circuit diagram.

Figure 6. Response of sensors. (a) Using PET substrate with and without pores, (b) Fabricated sensor response with % RH, (c) bars plot at different
ranges of humidity for comparison purposes, and (d) linear relationship between capacitance of the sensor with pores and humidity.
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with the sensor’s sensing layer from the bottom side, as shown in
Figure 6a. Figure 6b shows the fabricated sensor’s response. In
Figure 6c, the sensor’s responses for different humidity levels are
shown through a bar graph that differentiates the sensor
sensitivity between sensor with and without pores. The sensor is
tested multiple times in the chamber for RH ranging from 35 to
100% at normal room temperature. Initially, the capacitance at
35% RH is 28 pF, which increases by increasing the RH through
a humidifier. The sensor response is observed for different values
of RH, which are 35, 55, 75, and 95%. The sensor response
increases for each value of RH as the sensing layer is exposed to
humidity. This high increase in response results in high
sensitivity of the sensor, repeated experimental results showed
a stable and repeatable response of the sensor. A linear response
of the sensor with pores is observed, as shown in Figure 6d,
through which the determination of RH becomes obvious from
the sensor’s capacitance.
The important parameters in any field- or commercial-

application-based humidity sensor are their response and
recovery time. The response and recovery time of the sensor
aremeasured by rapidly changing the RHwithout equilibrium or
delay. A sensor’s response time is when 90% of the total
capacitance change is achieved during absorption, whereas it
takes a sensor’s recovery time to achieve 90% of the total
capacitance change during desorption.22 Therefore, we can
predict the sensor’s sensitivity toward humidity from the
response and recovery time. The response time “Tres” and
recovery time “Trec” for our fabricated IDE-based sensor are
∼2.5 and ∼1.8 s, respectively, as shown in Figure 7b. These
values are much better than those from previous work
performed using different sensing layers and electrode materials
because of the design, we implanted pores in the substrate, due

to which the sensing layers used above and below absorb and
desorb the humidity easily.22 The response and recovery time,
which occurs due to the sudden humidification and dehumid-
ification, the humidity is suddenly increased through the
humidifier from 35 to 100% and for dehumidification, an
electric dehumidifier is used, the response and recovery time is
extracted for a short duration from the transient response of the
sensor, as shown in Figure 7a, which shows the highly sensitive,
stable, and repeatable results. Sensitivity is a key parameter in the
design of a humidity sensor which shows the sensor’s
performance. In most capacitive-based sensors, the sensitivity
is affected by higher temperature.23 In general, the sensitivity of
capacitance-based sensors can be calculated using eqs 5 and 6

= CSc ( ( )/ (% RH)) (5)

=
i
k
jjjjj

y
{
zzzzz

C C
Sc

RH RH
h l

h l (6)

where Ch, Cl, RHh, and RHl are the highest and lowest values of
capacitance and relative humidity of the sensor, which are 650
and 28 pF at 100% RH and 35% RH in our case, respectively.
Δ(% RH) is the change between the percentage relative
humidity values when measuring values for sensor capacitance.
The sensitivity is calculated as 9.67 pF/% RH.
The repeatability and stability tests are performed by placing

the sensor in a chamber for consecutively 21 days at different
relative humidity values, which are 35, 55, 75, and 95%, and at
two different values of temperature, that is, 25 and 45 °C. The
repeatable and stable results of the sensor are shown in Figure
8a,b. Temperature has a tremendous effect on humidity sensor,
as with an increase in temperature, the kinetic energy of water
molecules increases, and therefore the concentration of water

Figure 7.Response and recovery of the sensor. (a) Transient and repeatable result for response and recovery and (b) one cyclic response of the sensor.

Figure 8. Stability and repeatability of the sensor at different values of RH at (a) 25 and (b) 45 °C.
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molecules in the air also increases.24,25 These water molecules
when come in contact with the sensor cause an increase in the
capacitance of the sensor. Further, the conductance of the
electrodes also changes with the temperature, thus causing a
change in the performance of the sensor.26 By keeping in mind
these effects, the sensor is tested for different temperature values.
The temperature is changed through the heater inside the
chamber Figure 9. Shows the response of the sensor for different

ranges of temperatures. The humidity concentration due to the
temperature decrease, but on the other hand, air can easily hold
the humidity at higher temperature, which is absorbed by the
sensor through the sensing layers. The sensing layer we use in
our design is porous and thick, which easily absorbs the water
molecules, and the pores in the substrate can help absorb and
desorb humidity from the bottom side through, where sensitivity
is increased. The pores in PET substrate play an important role
in dealing with the temperature effect by enabling higher
absorption, unlike sensors with normal PET and PI substrate. In
Figure 9, the sensor performance for temperatures of 20, 30, 40,
and 50 °C is shown, and for all these temperatures, the response
of the sensor is stable. Even the response and recovery time are
minutely affected by the temperature. The sensitivity of the
sensor for temperatures ranging from 20 to 30 °C saw a minute
change of about 0.62% for a temperature range of 30−40 °C, and
for a temperature range of 40 to 50 °C, the sensitivity is affected
up to 0.32%. The performance of the sensor is barely affected by
the temperature. From this result, it is clear that the overall
performance of our sensor for a wide range of temperatures is
good. The response of the sensor for every 10 °C increase in
temperature is affected by up to 1.2%, which is far less than other
reports. Our fabricated sensor has advantages in terms of low
cost, easy of fabrication, flexibility, and environmental friend-
liness with repeatable, stable, and highly sensitive performance.
Respiration monitoring using the humidity sensor is one of

the fundamental ways to diagnose diseases related to the human
body, whether physical or psychological. In recent years, due to
the COVID-19 pandemic, the use of non-contact humidity
sensors has been in demand for knowing the condition of
affected persons. This led scientists and researchers to design a
humidity sensor that monitors the breathing rate.27,28 Also, a
TENG-based self-power nanogenerator sensor is designed for
breathing monitoring.29,30 The breathing rate of the human
body increases due to physical work load and also due to fear or
anxiety.31 The breathing rate is also different for different ages.

For normal adults, the breathing rate is about 14−20 bpm; for
children, about one year of age, the breathing rate is 29−31 bpm.
Our proposed sensor is tested for human respirationmonitoring,
i.e., through nasal and mouth breathing. Figure 10 shows the

sensor response toward no breathing, nasal with slow normal
breathing, fast breathing, and mouth breathing. The sensor is
found useful for human breath monitoring. At no breathing, the
sensor response is about 25−30 pF. During nasal breathing, the
sensor response is increased to 45−50 pF, which is lower than
oral breathing, which is about 65−70 pF because of the high
concentration of humidity in oral breathing.
The response of the sensor is observed through wireless

communication on the mobile app using the Bluetooth module
and Arduino Mega 2560. The sensor is attached to the inside of
the mask in front of the nose. The exhaled air from the nose has a
higher concentration of water molecules as compared to air. The
response is displayed through the app terminal, stored for each
minute, and the breathing is counted after every minute to
calculate the breathing rate (Figure 11).
The proposed sensor is eco-friendly and non-hazardous to the

environment as it becomes ash after burning, as shown in Figure
12.
Sensor parameters, such as response/recovery time and

sensitivity, are compared with other already reported sensors in
Table 1. From the table data, it is obvious that our presented
sensor exhibits superior performance compared to the
previously presented sensor in terms of response/recovery
time and sensitivity for the humidity range from 35 to 100% RH.

4. CONCLUSION
This work presents a flexible, highly sensitive, eco-friendly,
highly efficient, and low-cost IDE-based humidity sensor. Sensor
fabrication is done by using non-woven paper as the sensing
layer, copper tape as electrodes, and PET having small pores as
the substrate. Sensor performance is observed for the humidity
range of 35 to 100% RH and the temperature range of 20 to 50
°C. A humidity chamber with reference sensor DHT22 is used

Figure 9. Capacitance of the sensor at different values of RH with inset
temperatures.

Figure 10. Breathing monitoring with no breathing, nasal breathing
(slow, normal, and fast), and oral breathing.
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for testing the proposed, designed sensor response. The
designed sensor with PET having pores as the substrate shows
high performance in sensitivity, stability, repeatable results,
better response time, and recovery time. This sensor will be
efficient in reducing e-waste, which disturbs our environment.
Also, this sensor is tested for breath monitoring. Such sensors
can be used for various medical, field, and industrial applications.
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Figure 12. Disposal of the sensor. (a) Lighting up sensor and (b) sensor ashes.

Table 1. Comparison of the Response Time, Recovery Time, and Sensitivity of Different Sensing Materials with Their Sensing
Principle

sensing material sensing principle
response
time

recovery
time sensitivity

humidity range
(%) references

TDTBPPNimetalloporphyrin capacitive & resistive 35 s 58 s ∼102.61 pF/% RH and−333.07 kΩ/% RH 39−85 32
cellulose paper impedance 25 s 188 s _ 11−95 33
keratin/GO, & keratin/CF capacitive 39/21 s 80/56 s 633.12 pF/% RH 16−92 34
microporous copper chromite capacitive 3.6 s 128 s 640 pF/% RH 1−98 35
CNF/CNT resistive 321 s 435 s 11−95 36
CoCr2O4 capacitive 100 s 150 s 70 pF/% RH 5−100 37
A4 paper resistive 56 s 14 s _ 2−90 38
CAB/PET capacitive 290 s 193 s 1.2 pF/% RH 20−80 39
origami paper capacitive 47.3 s 138.6 s _ 10−80 40
PET resistive _ _ 0.1%/% RH 20−80 41
paper capacitive 250 s 175 s 2 pF/% RH 40−100 42
porous paper (PP) capacitive 1 min 2−10 min _ 20−100 43
non-woven paper/PET capacitive 2.4 s 1.8 s 9.67 pF % RH 35−100 this work
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