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Abstract: Air pollution is directly related to both the cause and aggravation of various diseases and the cause of
ecological damage to the environment. According to the World Health Organization (WHO), 4.2 million deaths
are attributed to air pollution each year and 91 % of the World's population lives in places that exceed the indicated
air quality limits. In this work, an intelligent and compact wireless sensor for air pollution monitoring is presented
having as main target to alert the population and to allow certain control of pollutants emissions by governing
authorities. The proposed wireless intelligent sensor monitors Particulate Matter (PM) using the cheap and
compact PPD42NS sensor, which uses light scattering to measure particles concentration. To consider the
PPD42NS sensor as the PM sensor to the proposed wireless sensor, a calibration process was conducted using as
the reference equipment the HiVol HVS 3000, fabricated by the Ecotech and approved by the EPA as a Federal
Reference Method. After the calibration process, the PPD42NS shows to be very effective to measure PM
concentration in real time allowing the proposer wireless sensor to compute the Air Quality Index (AQI) in the
area it is deployed. Another result takes the PPD42NS power consumption in consideration and points out a
possible approach to reduce it, namely, eliminating its electronic circuit. The conclusion is that just 5% of power
consumption is achieved with this solution since the most responsible for the consumption is the heater resistor.

Keywords: Air quality, Particulate matter, PPD42NS sensor, HiVol HVS 3000.

1. Introduction

Air pollution is a major environmental issue
associated with several diseases in humans and being
the cause of millions of deaths worldwide annually [1].
In addition, air pollution also is responsible for
ecological damage to the environment [2]. The World
Health Organization (WHO) has estimated that 4.2
million deaths are attributed to air pollution each year

http://www .sensorsportal.com/HTML/DIGEST/P_3213.htm

and 91 % of the World’s population lives in places that
exceed the indicated air quality limits [3].

Outdoor air pollutants have complex chemical and
their physical features are direct dependent on their
sources, which can be from human activities, such as
industrial and vehicles emissions, agricultural
activities or natural hazards [4].

The pollutants presented as inorganic forms that
cause the greatest health concerns are Particulate
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Matter (PM), Ozone (O3), Nitrogen Dioxide (NO,),
Sulfur Dioxide (SO;), Lead (Pb), and Carbon
Monoxide (CO) [3]. In developing countries, due to
their huge industrialization, the main sources of
atmosphere pollutants including the means of
transport, such as cars and trucks, and industries [5].

Several studies have demonstrated the negative
health effects related to PM emissions [6, 7]. PM can
cause numerous health damage as it can be deposited
in various sites of the respiratory system and in the
bloodstream, and, as a result, it is associated with
serious respiratory and cardiovascular problems [8]. In
addition, emissions of PM into the atmosphere have
been contributing to global warming, climate change
and air pollution increase [8].

PM is formed by solid and liquid micro-sized
particles from different sources, such as carbon-
centered and secondary inorganic combustion.
According to the U.S. Environmental Protection
Agency (EPA), PM can be classified in three different
categories according to its diameter:

- TSP (Total Suspended Particulate Matter):
particles with aerodynamic diameter less than or equal
to 50 um;

- PMjo: Inhalable Particles with aerodynamic
diameter particles less than or equal to 10 pm. When
inhaled, they can pass through the body upper airways;

- PM,s: Fine Inhalable Particles with aecrodynamic
diameter less than or equal to 2.5 pm. When inhaled,
they can pass through the body lower airways, settle in
the lungs and cause great health risks.

For average concentration of PM,s, PM,, and
TSP, EPA defines the 24-hour reference period as the
basis for assessing the risk for PM.

In general, PM measuring devices are based on the
following methods: gravimetric, microbalance, and
optical [9] as shown in Fig. 1. The gravimetric method
consists of a quantitative analytical method based on
the difference between the final and initial value of the
mass of the particles collected by a filter in a pre-
defined sampling period [10]. The gravimetric method
is defined as the reference method for measuring PM
concentration by EPA.

In the microbalance method, the particles are
deposited on the surface of an oscillating device and
the MP concentration value can be obtained based on
the modified oscillation period [11].

Considering the optical method, there are three
types for measuring concentration of MP according to
the interaction of the light behavior through the
particles, namely: light scattering, light absorption,
and light extinction, as pictorially shown in Fig. 2. In
the light scattering method, when the incident light
beam hits the particles, they are dispersed in several
directions. In light absorption, a part of the light on the
particles is absorbed and can be transformed into
another form of energy, such as heat, and the PM
concentration can be measured by particles heating
and light attenuating [11]. Finally, light-extinction
based PM concentration measurement is obtained
from the difference between the incident and the
transmitted light through the particles and the PM

concentration is obtained from the fraction of the
incident light that hits the receiver (opacity meter) [9].

PM Measurements

Method

I I

Gravimetric

Optical Microbal

I 1

lABSQ RT[ONJ [E XTINCTI ON]
LIGHT
SCATTERING

o=
1

' §
(14 w o =
| SE|| ¥
= Q E £ S
2] (5|2
= = zo|| &
o

INSTRUMENTS |

Fig. 1. Methods and instruments for measuring PM
concentration [9].
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Fig. 2. Optical methods for PM measurement [11].

In a practical point of view, acquiring envi-
ronmental data by monitoring techniques are needed
to assess air pollution in the environment and the
results of such actions are very important to
government for environmental policy making.
However, particularly in developing countries, air
pollution monitoring stations are rare since they are
very expensive to deploy and to maintain. Low-cost
sensor-based approach can be of helping in this
context. In addition, despites their precision, a large
amount of them deployed around a given area, for
instance, a city or a portion of it, can form a spatially
distributed air pollution monitoring making possible to
identify specific places and times with higher levels of
emissions and, then, adopt local strategies to reduce
the levels of pollutants. In this scenarios, Internet of
Things (IoT) may be a very interesting approach.

IoT is a paradigm that allows several kinds of
interaction actions between real-life objects (called
“things”), embedded with sensors, microcontrollers
and radio transceivers, share data wirelessly to the
internet [12] making them able to communicate
autonomously with each other and also with the users
[13] for getting data and, optionally, make decisions.
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For distributed environmental monitoring, loT is a
solution for sharing data of environmental variables in
real time [14] such as PM concentration, temperature,
atmospheric pressure, humidity, harmful gases
concentration, etc. and also computing the Air Quality
Index (AQI).

A limitation of an IoT solution for real-time air
quality monitoring systems is the calibration of the
used sensors [15], mainly, when low-cost sensors are
taken in consideration to guarantee some level of
data quality.

Although, low-cost sensors have low accuracy for
certain applications, they can be considered suitable to
provide information on levels of environmental
pollution [16]. In this way, low-cost sensors must be
evaluated according to the applications and the
application needs for high or low precision. On the
other hand, air quality can be assessed in several sites
covering a large area by using an adequate number of
low-cost sensors [17].

There are some alternatives for low-cost
environmental monitoring and several commercial
sensors for measuring PM. One of them is the PM
sensor model PPD42NS, which is based on light
scattering method. However, the use of such a sensor
has to be validated through calibration against to a
Reference Method approved by an environmental
agency, like the EPA/ EUA, to verify the quality
of the data.

The main objective of this work is to evaluate the
performance of the PPD42NS sensor as the PM sensor
to a proposed wireless sensor for distributed PM
monitoring where a calibration process was conducted
using as the reference equipment the HiVol HVS
3000, fabricated by the Ecotech and approved by the
EPA as a Federal Reference Method. In addition, some
considerations about the PPD42NS power
consumption are taken and possible solution to reduce
it is addressed.

2. PPD42NS PM Sensor

A low-cost PM sensor unit fabricated by SHINYEI
Technology is the PPD42NS that is based on the light
scattering method [18]. The sensor is capable to detect
particles continuously and consists of three main parts:
an Infrared LED (IRED) and a phototransistor (PT), as
seen in Fig. 3, and a signal condition electronic circuit,
shown in the Fig. 12. The air flow is self-aspirated by
means of a built-in heater resistor that drive external
airborne particles into the sensor enclosure from the
bottom inlet towards the top outlet, as seen in Fig. 3,
and when the IRED emits infrared light beam that hits
the particles, they scatter the incident light and part of
them are sensed by the PT.

The signal condition electronic circuit of the
PPD42NS converts PT output signal into a pulse
output that corresponds to the concentration per unit
volume of particles measured. Specifically, to get the
PM concentration from the sensor, it is needed firstly
to compute the ratio between the LPO (Low Pulse

Occupancy) time, which corresponds to the
cumulative time at low level, and the a given time
period, normally, 30 seconds, as shown in Fig. 4. After
this and using the computed ratio, it is possible to find
the corresponding PM concentration value using the
characteristic curve provided by the manufacturer.

ﬁ Particle Flow

Fig. 3. Light scattering method used in the PPD42NS

sensor [19].
4,0V ‘
07V J

all
e

LPO Time / Time Unit (30 s) [%]

Fig. 4. Low Pulse Occupancy (LPO) [20].

The smallest particle diameter that can be detected
by the PPD42NS is 0.5 pm and it is an adequate
alternative to estimate PM concentration levels in
environments exposure to air pollution when
calibrated against a reference equipment [21]. As
humidity can influence measurements from PPD42NS
sensor since at humidity levels above 90 %, its
measurement is affected [19] as the water particles
absorb part of the infrared radiation, reducing the light
intensity received by the phototransistor and
interfering with the operation of the sensors circuit.
For this reason, the das sensor BME680 from Bosch
Sensortec was used as it measures relative humidity
and other variable: barometric pressure, ambient
temperature and some Volatile Organic Compounds
(VOC) gases.

3. HiVol 3000 Reference Equipment
for PM M easurement

The HiVol HVS 3000 equipment is fabricated by
Ecotech Pty Ltd and is a particulate sampler and
performs remote unattended sampling of MP, s, MPj,
or PTS and others basic meteorological parameters. It
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presents the following dimensions: 380 mm (W) x
380mm (D) x 1200mm (H), and is shown in Fig. 5.
The HiVol 3000 allows to sample MP, s, MPo or PTS
depending on the particle separator mechanism [22]
and holds approval of the U.S. EPA as a Federal
Reference Method.

The first stage of the HiVol 3000 is the air
sampling where an electronic volumetric flow control
system, using acceleration nozzles, maintains a
constant air flow to collect a representative sample of
particulate matter. In the acceleration process, the
heavier particles gain greater momentum and are
trapped on an impact plate with a greased surface to
stick them. After this first stage, only the smallest
particles are left and dragged to the second stage
through a porous-material filter that collect the
remainder particles [22].

Fig. 5. A picture of the HiVol HVS3000 particulate
sampler [22].

T ((T))

After a pre-determined sampling period, generally,
24 hours, the filter, with the accumulated particles
deposited on it, is weighed to measure the final mass
of the filter after the sampling period, My, and
the PM concentration, PM, can be computed by the
following equation:

_ (Mp—M;)-10°
- vol

PM , M

where PM is the PM concentration in pg/m?, and M;,
the initial mass of the filter before the sampling period,
10° means the conversion to ug and vol is the total
volume of air sampled in m®.

It is important to highlight that the weighting
process and the computation of the PM concentration
by wusing the HiVol HVS 3000 is manually
accomplished.

4. Thelntelligent Sensor for PM
Monitoring

The developed compact and low-cost intelligent
sensor scheme for PM monitoring and measurement of
others basic environmental parameters is presented in
Fig. 6. The intelligent sensor is composed of PM
sensor PPD42NS and the BMEG680 sensor for
environment variables, such as ambient temperature,
humidity, barometric pressure, and VOC gases. An
ARM Cortex MO+ is used to process the sensor
signals and a LoRa-communication transceiver (TX)
is used to transmit sensor data to a receptor module
(RX), which can be interconnected to a PC computer
by a USB connection.

Both the processor and the transceiver are part of a
development board from Adafruit, called Feather
MO RFM95. The intelligent sensor is powered
by a battery charged by a 6 V /2 W solar panel. LoRa-
communication solution has been chosen because it
allows the sensor to be deployed in a very large
distance (= 3 km) from the receptor module.

((T))

Eensor
1
- PM 2.5 pm
Transceptor
Radio
BMEDSE0 SX1276
Bensor
Temperature
Pressure
- Humidity
oo
Aitude
Feather M0

Soﬂa_nel Battery
-+ E\_E—/g 1

| Transceptor —
adio —
SX1276
LoRa -
e
Feather M0
RX PC

Fig. 6. Transmitter and receiver connections.

The sensors (PPD42NS and BME680) are
enclosed into a climate shelter formed by a pile of
plates to let air flows thought them and protect them

from rain. The electronic parts of the intelligent
sensor are enclosed IP66-protection-level case, as
shown in Fig. 7.
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Fig. 7. Portable sensor for monitoring particulate matter
and environmental variables.

In the Table 1, it is described the basic algorithm
running in the sensor processor to acquire a set of
measuring data along 3 minutes with steps of
30 seconds.

This approach has been used to reduce the number
of transmissions and, consequently, reduce
power consumption decreasing the use of the
LoRa radio. In this way, after each 3 minutes, the set
of data is transmitted: PMsy, PMgoy, PMggy, PM;5,
PM,50, PM,go, where PM, is the PM2.5 concentration
at the time t = {30, 60,90,120,150,180} and the
BME outputs (ambient temperature, humidity,
barometric pressure, and VOC gases) in a single LoRa

package. However, despite this transmission rate, the
sampling rate is 30 seconds.

Table 1. Algorithm for Sensors Reading and Transmission.

Algorithm: Sensors Reading and transmission.

1:  {Step 1} Reset the Timer

2: Wait 30 seconds

3:  {Step 2} Read the PPD42NS and save as PM3

4: Wait 30 seconds

5:  {Step 3} Read the PPD42NS and save as PMg,

6: Wait 30 seconds

7:  {Step 4} Read the PPD42NS and save as PMy,

8: Wait 30 seconds

9: {Step 5} Read the PPD42NS and save as PM

10: Wait 30 seconds

11: {Step 6} Read the PPD42NS and save as PM, 5,

12: Wait 30 seconds

13: {Step 7} Read the PPD42NS and save as PM, g,

14: Read the BME680

15: {Step 8} Transmit PM3qy, PMgo, PMog, PM15g
PM 54, PM,g, and BME outputs

16: {Step 9} Go back to Step 1

Fig. 9 shows the obtained PM2.5 data obtained
during 4 days. As can be observed the higher PM2.5
concentration values occur from 6 am to 3 pm,
approximately, and the highest near 12 noon when the
local temperature is the highest and humidity is the
lowest. The field experiment took place in the city of
Jodo Pessoa in northeastern Brazil. On the weekend, it
is possible to observe that the PM2.5 concentration
decreases compared with the other days and even more
notable on Sunday when the movement of people and
vehicles is reduced.

[wg/m7] Temperatura, Umidade e Concentracdo de MP2,5 ao Longo dos Dias de Experimento
3s0 WeeKend %0
300 P s0
' ¥ o
_'5; 250 "
£ 200 60 — MP Concentration in 30s
E O MP Concentration in 80s
3 1s0 —— MP Concentration in 1min0s
w0 - 40 —— MP Conccntration in 2min
E 100 30 — MP Concentration in 2min3os
—— MP Concentration In 3min
o 20 —— Temperature [°C]
= = Humidity [%]
i 10
e . o
0@
& &

Fig. 9. Concentration data of PM2 s during the days of the field experiment.

5. Resaults and Discussion

The HiVol 3000 provides data on a daily base, that
is, a PM2.5 measurement is obtained every 24 hours
as preconized by EPA that defines 24-hour reference
time period for PM risk. In a practical point of view,
the filter of the HiVol3000 is weighted and changed at
5 pm every day of the experiment and the considering

24-hour time period if from 5 pm of the day to 5 pm of
the other coming day. Therefore, the same time period
was considered to compute the 24-hour-basis PM2.5
concentration using the PPD42NS.

To convert the 30-seconds measurement values
during 24 hours to a 24-hour-basis PM2.5
concentration, PM,,, the Eq. (2) was used:
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PM24=

where n represents the number of receiver packets in
24 hours and PMF, the PPD42NS reading as describes
in Table 1, at a k sample.

The experimental results for the average daily
PM2.5 concentration of the HiVol3000 and the
PPD42NS sensor are in the Table 2.

Table 2. Experimental obtained measurement values.

Day Equ?perrneernetnﬁiVOI PPD42NS Eensor
3000 (ug/m?) (Hg/m?)
1 10.345 7.558 £0.725
2 10.681 7.347 £0.715
3 7.838 5.057 £0.763
4 10.969 8.112 +0.881
Average 9.958 6.483 £0.771

5.1. Calibration Curve

Taken in consideration the data from the Table 2,
the calibration curve was obtained by using the polyfit
function of Octave tool, in which returns the
coefficients of the polynomial that best fits the data.
The obtained calibration curve was the first-order
polynomial y = 1.278x 4+ 0.983 and the curve is
shown in the Fig. 10.

Calibration Curve - PPD42NS x HiVol 3000

% 12 -
o o y=1.278% +0.983
= o
2 10
r 9
ES s {
£~
o] 5
> 1}
8 s
2 3
=
5 35 6 6,5 7 13 8 85

PM CONCENTRATION PPD42NS [yg/m’]

Fig. 10. Obtained calibration curve: PPD42NS sensor
versus HiVol3000.

5.2. Air Quality Index (AQI)

The obtained PM2.5 concentration measurement
values obtained from the calibrated PPD42NS sensor
can be used to compute the Air Quality Index (AQI) to
provide the people a simplified air quality information
at a given site, and varies from 0 to >200, which is
categorized in 5 Quality Level: N1, N2, N3, N4, and

Y1 (PMy + PM§y + PME, + PMi5, + PMiso + PMfyo) 2

N5. The higher the AQI value, the worse the air
quality, for example, N5 indicates poor air quality, and
N1 means good air quality, that is, no impact on health.
The categories of AQI and its different impacts on
human health are summarized in Table 3.

Table 3. Air Quality Index categories and their different
health impacts [23].

Quality
Level AQI Health Effects
N1
0-40 | It has no effect on health.
Good
People from sensitive groups
(children, elderly and people
with respiratory and heart
N2 . .
41-80 | disease) may  experience
Moderate
symptoms such as dry cough
and tiredness. The population,
in general, is not affected.
The entire population may
experience symptoms such as
N3 81- dry cough, tiredness, burning
Bad 120 eyes, nose and throat. People in
sensitive groups can have more
serious health effects.
The entire population may
experience worsening
symptoms such as dry cough,
N4 121- | tiredness, burning eyes, nose

and throat and shortness of
breath and wheezing. Even
more serious effects on the
health of sensitive groups.
The entire population may
present  serious risks  of
N5 manifestations of respiratory
>200 . ;
Hazardous and cardiovascular diseases.
Increase in premature deaths in
people from sensitive groups.

Very Bad 200

The AQI is a dimensionless value that represents
the concentration of pollutants in the atmosphere and
is computed using the Eq. (3) given as follows:

_ fin—lini
=l + 5 ——(C = Ci), A3)
fin—lini

AQI
where

- Iini: Index value that corresponds to the initial
concentration of the range;
- In: Index value that corresponds to the final
concentration of the range;
- Cini: Initial concentration of the range where the
measured concentration is located;
- Csin: Final concentration of the range where the
measured concentration is located;
- C: Measured pollutant concentration.
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The AQI was also computed considering the
PM2.5 data of the PPD42NS sensor obtained during
the 4 days of experiment shown in the Fig. 9.

Fig. 11 shows the computed AQI calculated during
the days of the experiment and the colored horizontal
lines indicates the AQI quality levels. It can be
observed that the great majority of the time the air is
good or moderate, and sometimes the air is very
unhealthy (above he purple line).

6. PPD42NS Power Reduction

The circuit diagram of the PPD42NS is shown in
the Fig. 12 where can be seen the Infrared LED

(LED1), the phototransistor (PIC1), and the heating
resistor (RH1=100 Q). The PM sense signal is at the
test point, TP16, that is input to the signal conditioning
circuit based on operational amplifiers forming
filtering stage (a and b) and 2 comparators (C and d).
The outputs of these comparators are P1 and P2 that
digitally indicate the PM concentration of particles
whose size is around 1 um or larger and 2.5 pm or
larger, respectively, as shown in Fig. 4.

The attempt to reduce the PPD42NS power
consumption came from the premise that the OpAmp-
based signal conditioning circuit can be bypassed or
eliminated since normally the PPD42NS is
interconnect to an embedded ADC of the used
microcontroller-based SoC (System-on-Chip).

Air Quality Index

350

300

250

200

—AQl

Hazardous

Very Bad

Bad

& & & & &
& - &
o & o ¥ “$§\
S Ky KA 8
N 3 i o
K o = o

e +5V
I I. o
:I: na ;1: 23

T thresh

NINEI2 qd 9 0%9 mpeoi

TP16 Point

Fig. 12. Schematic diagram of the PPD42NS [24].

In this way, the TP16 signal is directly connect to
a 12-bit ADC input and the filtering stage and
comparators can be digitally processed by the
microcontroller using a first-order type IIR digital
filter and comparator code.

To evaluate the PM2.5 concentration measurement
based on the TP16 signal with digitally processing and
compare it with the PPD42NS Sensor Response.

In laboratory, in order to create different levels of
PM2.5, an amount of some paper sheets was burned to
generate the particulate. This laboratory experiment
began with a certain amount of paper sheets burned at
a determined distance from the PPD42NS sensor.
After this, the same experiment is conducted but with
the double amount of paper sheets. This last step was
carried out more three times. Table 4 describes the
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amount of paper sheets in the four stages of PM
generation. Between the end of a stage to the following
one, 10 minutes was waited to clean the air.

Fig. 13 shows the TP16 signal with digitally
processing (blue line) and the PPD42NS Sensor
Response (red line). As can be observed, the signals
are very similar and, as a result, to eliminate the
PPD42NS signal conditioning circuit is possible
option to reduce power consumption or even its cost.

90 mA and it without the signal conditioning circuit is
84.8 mA, result in power reduction of 5.8 %. It can be
concluded that the most power consuming part is the
heating resistor and any solution of power reduction
needs to consider it.

Table 4. Number of burnt paper sheets per stage.

The issue after proving that it is possible to Stage Number of Papers
eliminate PPD42NS signal conditioning circuit and 3 paper sheets
still be possible to accomplish PMZ.S megsurement.is 2 6 paper sheets
to evaluate the power consumption reduction. For this, 3 o hoot
the PPD42NS sensor was simulated using the software : Paper shects
Proteus, as seen in Fig. 14. The simulation result 4. 24 paper sheets
showed that the current of the PPD42NS sensor is

[uaimd] Concentration of PM2.5 - After Calibration
T 24 Papers
120 +
12 Papers

100

B0 -+

© & Papers — TP16 Output

—— PPD42NS Sensor
3 Papers Response

40 -+

°1 A
\

B

o+

15:07:12 15:21:36 15:36:00 15:50:24

16:04:48 16:19:12 16:33:36

Fig. 13. Concentration curve of PM2.s5 obtained by the TP16 signal with digitally processing (blue line)
and the PPD42NS Sensor Response (red line).

Fig. 14. Schematic diagram of the PPD42NS in Proteus.

7. Conclusions

A portable and wireless intelligent sensor was
introduced, which is composed by the environmental
sensor BME680 informing data of temperature,
humidity, among others, and the PPD42NS sensor,

providing concentration data of PM,s from light
scattering method. In order to analyze the data quality
of the PPD42NS, the PPD42NS sensor was calibrated
using the reference equipment Ecotech HiVol 3000.
The low cost, the linear correlation above 0.9 observed
in the calibration process, and the dispensability of
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daily filter changes, as need when HiVol 3000 is used,
suggests that the proposed PPD42NS-based intelligent
sensor can assist in sampling PM 5 for monitoring the
quality of the air. In addition, aiming to reduce the
current consumption, the electronic part of the
PPD42NS was replaced by digital processing, but the
observed power reduction was not significant.
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Abstract: Pressure sensors are used in a wide range of applications with a significant market share in the industrial
sector. The piezoresistive pressure sensor is quite popular due to its low production cost. It is normally made up
of sensing elements attached to a deformation membrane. The analysis of the mechanical deformation in the elastic
element of the sensors plays a critical role in its design. In this paper, the design of a pressure sensor with
semiconductor piezoresistive elements was tested and validated via simulation with the COMSOL software. The
emphasis was put on the evaluation of the membrane thermal expansion effect on the overall pressure sensor
operation. This observation allowed the conduction of a study to minimize the observed thermal effect. Through
the simulation it was also possible to evaluate different arrangements and positioning of the semiconductor sensors
in order to obtain the best sensitivity and less non-linearity. The best adhesive for the semiconductor resistors
attachment was determined through experimental sensitivity and creeping tests. The complete pressure sensor was
then prototyped and fully characterized. The final experimental results confirmed the simulated data and the

proposed method for reducing the sensor temperature sensitivity.

Keywords: Pressure sensor, Piezoresistor, Displacement analysis.

1. Introduction

In industrial applications, pressure is one of the
most popular variables measured in process control
systems. Its widespread usage is mainly due to the
relative ease of measurement and versatility. It is also
possible to infer other process variables, such as level,
volume, flow, and density from the pressure values.
Considering their wide range of applications, pressure
sensors are routinely submitted to the most diverse
working conditions and environments while keeping
in compliance with the industry performance and
reliability requirements.

The piezoresistance effect in silicon was
discovered by C. S. Smith in 1954 [1]. The first
piezoresistive semiconductor sensors used in strain
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measurement were reported in the early 1970s in
applications for the automotive industry. Pressure
sensors based on silicon piezoresistive devices have
been the subject of intense research and used in
commercial applications ever since [2]. Its main
advantages are the high sensitivity and the high
resistance value, as well as the small size.

Currently, pressure sensors based on the
phenomenon of piezoresistivity in silicon are widely
used not only due to their good performance figures,
but also for its low production cost. However, the
process of encapsulating these pressure sensors is still
delicate [3].

The pressure sensor presented in this work was
designed to operate in the industrial environment and
its principle of transduction is the piezoresistivity

http://www.sensorsportal.com/HTML/DIGEST/P_3214.htm
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effect in the semiconductor material. The sensor
design seeks to create and optimize a low-cost
solution. The device uses silicon sensors, but the
semiconductor substrate is not directly exposed to the
material on which the pressure is exerted. Instead, the
sensors are fixed on a stainless steel membrane,
which guarantees contact compatibility with a wide
range of materials.

Usually, the sensor output signal needs correction
and compensation. Some non-linearities and/or
influences of other physical quantities, such as
temperature, must be corrected for achieving its best
performance. Hence, the characterization of the sensor
is essential to describe its behavior and evaluate the
main factors affecting its operation.

2. Piezoresistive Pressure Sensors

Most piezoresistive pressure sensors nowadays are
intended for the automotive and healthcare sectors,
however, the industrial area also has a relevant market
share [4].

The piezoresistive effect is a phenomenon
observed in metals and semiconductors, which relates
the variation in the electrical resistance of the material
with the applied mechanical strain. A useful variable
used to quantify the piezoresistive effect is the Gauge
Factor (GF), defined as the ratio of the relative change
in resistance (R) to the relative change in material
length (1). The GF value in semiconductor materials
can be up to two orders of magnitude higher than that
of metals. This high sensitivity allows the use of a
lower excitation voltage. It also permits the
mechanical structure deformation to remain in a region
further away from the point of plastic deformation [5].

In many applications, the piezoresistive pressure
sensor consists of two basic elements: a deformation
membrane and the piezoresistive deformation sensor
[6]. There are many techniques to carry out the sensor
construction and manufacture. The most common
ones involve fixing the piezoresistors on a membrane
which undergoes a tension (stress) proportional to the
pressure applied to it. The piezoresistive deformation
sensor will change its electrical resistance as a
result of the mechanical deformation generated by
the pressure.

The piezoresistive deformation sensors must be
positioned on the membrane surface taking into
account its deformation condition. In addition, the
piezoresistors are commonly connected in an electrical
configuration based on the Wheatstone bridge. The
Wheatstone bridge can be fed either by a current
source or by a voltage power supply. There are three
basic configurations for the construction of the
Wheatstone bridge: quarter bridge, half bridge, and
full bridge. Among these possibilities, the full bridge
is usually the most widely used, because it provides
good pressure response and low sensitivity to
temperature variations. Fig. 1 shows the configuration
of a full Wheatstone bridge.

Vout

Fig. 1. Full Wheatstone bridge.

3. Pressure Sensor Design
and Fabrication

The piezoresistive deformation sensors were
manufactured using 6-inch Czochralski-grown silicon
(Si) wafer with a thickness of 625 pm and <100>
crystalline orientation. Originally, the wafer had a thin
native layer of silicon dioxide (SiO») on the surface,
which was removed during a cleaning step before any
processing. The wafer was subsequently oxidized in a
diffusion furnace, resulting in a thick layer of high
quality silicon dioxide (~850 nm). A polycrystalline
silicon (poly-Si) film was then deposited by LPCVD
(Low Pressure Chemical Vapor Deposition) on the
wafer using phosphorus (P) as the doping element. The
resulting poly-Si layer has a uniform n-type doping
concentration of 1.05x10%° ¢m™ and a thickness of
450 nm. This layer is the piezoresistive element in the
semiconductor structure. After the LPCVD step, the
wafer was submitted to a photolithography process, in
which the shape of the sensing element is defined by
an appropriate mask and the subsequent etching. The
aluminum (Al) pads for the poly-Si resistor were
deposited by PVD (Physical Vapor Deposition) and
defined by another photolithography step and
chemical etching. After annealing, the entire wafer
was grinded to a desired thickness (70 um). The final
step is the wafer dicing, producing the individual
resistors. The strain device has a length of 1 mm and a
width of 0.6 mm, as shown in Fig. 2.

Fig. 2. Piezoresistive strain sensor.
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At room temperature, the piezoresistor average
resistance is 3.7 kQ (without being submitted to any
deformation) which corresponds to an average sheet

resistance (Rs) of 17 Q/0O. According to the working
principle of the piezoresistance, the change in
resistance, caused by an induced change in the
resistivity (Ap), is related to the stress (o) by the
constitutive relationship presented in Eq. (1), where I1
is the piezoresistance tensor (SI units: Pa'-Q'm), a
material property.

Ap=1Ilco (1)

The piezoresistive tensor coefficients depend on
carrier concentration and operating temperature [7]. In
general, the relationship between them is inverse, i.e.,
the higher the temperature and/or the carrier
concentration, the lower is the value of the tensor
coefficients, thus decreasing the sensor sensitivity.

The other essential component for the construction
of the pressure sensor is the deformation membrane.
Several different deformation membrane shapes can
be used. The most common shapes are the circular, the
rectangular and the square ones. The circular
membrane shows the highest deformation under the
same applied pressure condition. Additionally, this
deformation happens with the lowest level of stress,
when compared to the other shapes [8]. However, the
square membrane has the highest sensitivity and the
best linearity. Considering membranes with the same
area, circular and square shapes produce the best
performance [9]. Although the square membrane is the
one with the highest sensitivity, a circular membrane
was chosen to develop the present work, because this
shape has a simple construction process with metallic
materials. This is aligned with the purpose of
developing a low-cost sensor.

The membrane thickness and radius settings have
been defined based on the sensor working pressure
range. These dimensions were determined in order to
obtain a pressure sensor with a working pressure of up
to 1 MPa. The working pressure of the sensor is
extremely important to design the mechanical system
of the pressure sensor. A displacement and stress
analysis must be done to check the behavior of the
mechanical deformation. The presence of plastic
deformation would compromise the proper work of the
sensor, since the piezoresistor element would remain
submitted to a deformation that is no longer related to
the applied pressure. Therefore, the maximum
operating pressure to which they could be subject must
not exceed the flow limit of the membrane material. In
order to determine the maximum pressure the
membrane can withstand without exceeding its flow
limit, a few factors must be taken into account, such as
the shape of the membrane, its material properties,
thickness, and surface roughness. In the case of the
circular membrane, Eq. (2) defines the maximum
pressure (Pb) that can be applied to it, where Fumax is
the flow limit of the membrane material, A is the area
of the diaphragm, h is the thickness of the diaphragm
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and vis the Poisson’s ratio of the material (supposing
the material membrane is ductile) [10].

 34Fyqh?

Pb_A(l—vz)

()

Defining the membrane material as 316 stainless
steel, the diameter as 8 mm, and the maximum
pressure as | MPa, Eq. (2) was used to determine the
diaphragm thickness as 220 pum. Fig. 3 shows a
deformation membrane with the four piezoresistors
placed in initial positions, since their precise location
has not yet been defined (the outer diameter is 18 mm).

Fig. 3. Deformation membrane
(upside and downside views).

The silicon devices must be attached to the
membrane with an adhesive that can transmit the
deformation of the membrane to the piezoresistor
sensors in a reliable way. Therefore, different types of
adhesives must be tested to check which one has the
best performance. In this context, four adhesives were
chosen to be submitted to a test: two epoxy, one
cyanoacrylate and one phenolic-based material. For
each type of adhesive, 6 piezoresistors were fixed on a
200 pm thick stainless steel cantilever beam. The
electrical contact to the sensor terminals was provided
by 17 mm-thick gold wires soldered using a wire
bonding tool. This structure allowed the measurement
of the resistance behavior for each piezoresistor under
different deformation conditions. Fig. 4 shows one of
the beams with the piezoresistor sensors bonded on
its surface.

One of the ends of the beam was fixed, whereas the
other end received the application of a mechanical
force causing a deformation in the metal sheet. This
mechanical strain was created by calibrated masses
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suspended at the beams’ edge. Fig. 5 illustrates
the experimental arrangement used in the
deformation analysis.

/

Fig. 4. Piezoresistor elements attached to a cantilever beam
using different adhesives.

Beam clamping Piezoresistor
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Fig. 5. Experimental arrangement used
for the adhesives’ testing.

The resistance measurement was done using the
Keysight 34401A digital multimeter. For each weight
value applied to the beam, a series of 6 measurements
was performed. The experiment was carried out
applying 7 different weight values: 0, 20, 50, 70, 100,
120, 150 g. Hence, for each adhesive under test, a total
of 252 measurements were taken. In the graph shown
in Fig. 6, one can view the resistance behavior with the
different tested adhesives. Each point plotted in the
graph of the figure denotes the average of all
measurements taken in the 6 piezoresistors used for
the respective combination of adhesive and weight.
The phenolic and the cyanoacrylate-based adhesives
presented a very similar sensitivity performance
(-0.236 and -0.259 Q/g, respectively), however this is
not enough to warrant the choice of the best material
for sensor construction.

Another adhesive test was then executed to further
evaluate the adhesion performance of the piezoresistor
elements on the deformation membrane using the
same experimental setup. This additional experiment
is called the creeping test, a procedure based on the
observation of the piezoresistor resistance variation
over a long period of time while keeping the cantilever
beam under a constant deformation condition. The
numerical value of the creeping parameter is
calculated taking the total resistance variation value
(AR = Rinitia1 — Rfina) and dividing it by the initial
resistance value (Creeping = AR/Rnitiar)- This
provides a good tool for evaluating the entire adhesive

set performance comprising the adhesive itself, the
deformation membrane, and the piezoresistor element.
In the creeping experiment, the cantilever beams with
the attached piezoresistors were subject to a constant
deformation for a full week (168 hours). During this
time, the temperature of the samples was kept constant
and resistance measurements were periodically taken.
For each tested adhesive, a total of six piezoresistors
were again attached to the membrane, thus minimizing
the effects of possible construction variations on the
final results. The graph in Fig. 7 shows the average
resistance of the piezoresistors throughout the
creeping test for different adhesives. The best
calculated creeping values were shown by the phenolic
and the cyanoacrylate-based adhesives (72 and
130 ppm, respectively). In view of these results, the
phenolic adhesive was chosen to build the final
sensor prototypes.
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Fig. 6. Experimental resistance variation using
different adhesives.
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Fig. 7. Piezoresistors resistance during the creeping test.

Before building the transducer, the positioning of
the semiconductor sensors on the membrane must be
defined through a deformation study of the metallic
membrane. The purpose of the analysis is to position
the sensor elements at the points where the highest
tensile and compression deformation intensities occur.
The study was carried out using the physical
simulation software COMSOL. For a better
performance of the Wheatstone bridge, two of the
piezoresistors must be positioned in places where the
compression effort occurs and the other two where
there is a traction effort. In the circular membrane, the
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radial and axial stresses on its surface have the same
intensity when equidistant from its central point. The
points of the same radius, therefore, measured from
the center of the membrane, are submitted to the same
strain. During the simulations with the COMSOL
software, it was possible to verify the behavior of the
stress generated by the deformation along the
membrane. This allowed the optimization of the
piezoresistor positioning on its surface. The graph in
Fig. 8 shows the distribution of the mechanical stress
alongside the radius of the deformation membrane for
a wide range of pressure values. The regions with the
highest stress values are indicated in the figure (center
and edges).

Line Graph: ven Mises stress (MPa) Line Graph: (MPal
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Fig. 8. Distribution of the mechanical stress along the
radius of the deformation membrane (simulation).

In addition to the sensitivity, the positioning of the
semiconductor sensors on the membrane can also
affect its linearity. Another study was then carried out
to evaluate the response of the pressure sensor as a
function of the different positions where the strain
sensors are fixed on the membrane. Distinct
arrangements and positions of the strain sensors were
simulated, and, in turn, their responses were evaluated.
During the simulation, the pressure was varied from
0OMPa to 1 MPa. Fig. 9 shows the proposed
positioning arrangements.

For each arrangement shown in Fig. 9, a simulation
was done in which the sensor's output signal was
checked for different pressure values. During the
simulation, the Wheatstone bridge was excited with a
current of 2 mA and the measurement of the
differential voltage occurred between the intermediate
terminals of the Wheatstone bridge. The graph in
Fig. 10 shows the output voltage for each position
arrangement as a function of the applied pressure.

As is clearly shown in Fig. 10 the arrangement that
produces the best sensitivity to the applied pressure is
the one identified as Position 1 in Fig. 9. In addition,
this arrangement has the smallest non-linearity in its
response, as indicated by the graph shown in Fig. 11.
Therefore, this arrangement model was chosen for the
construction of the pressure transducer.
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Fig. 9. Proposed arrangements and positions of the strain
sensors on the membrane.
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Fig. 10. Sensor output signal for each tested position
arrangement (simulation).
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Fig. 11. Non-Linearity of the sensor output signal for each
position (simulation).

The simulation of the pressure transducer was also
done for different environmental conditions. Keeping
the piezoresistors attached to the membrane
interconnected in a Wheatstone bridge excited with a
constant current of 2 mA, the simulation checked the
temperature effect on the overall sensor performance.
In this case, the temperature was varied from 0 °C to
100 °C, with the same pressure range of the previous
simulations. A combination of simulations was then



Sensors & Transducers, Vol. 250, Issue 3, March 2021, pp. 10-17

carried out under these new conditions in order to
validate the sensor's operation in a comprehensive
way. Fig. 12 shows the output signal generated by
bridge for the simulated temperatures and pressures
(using the sensors in Position 1).
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Fig. 12. Simulated output signal from the transducer
for different temperatures and relative pressures.

Observing the transducer response curve (Fig. 12),
it is evident that the pressure sensor sensitivity is
greatly influenced by the temperature. This happens
because the temperature affects both the physical
properties of the deformation membrane and the
semiconductor piezoresistance (which decreases with
the temperature variation). It is worth noting that the
highest variation in the transducer output voltage
(under the same pressure) occurs when there is no
pressure applied to the sensor. This represents a
significant variation in the sensor offset. In order to
determine the cause of this effect, the thermal
expansion of the metallic membrane due to the
temperature variation was also simulated. The graph
in Fig. 13 shows the deformation caused by the
membrane thermal expansion alongside the cross
section passing through its center under two different
temperatures (0 and 100 °C). The value for the partial
derivative of the deformation caused by the thermal
expansion in relation to the position of the cutting axis
under analysis is plotted too.
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Fig. 13. Deformation caused by the membrane
thermal expansion alongside a cross section through
its center (simulation).

It is possible to observe that the change rate
modulus for thermal expansion is constant in almost
all the membrane surface. However, there is a central
region in which the thermal expansion does not have a
linear behavior. This region coincides with the
location where two of the bridge's piezoresistors are
positioned. It was expected that these thermal
expansion effect would be minimized, since the
sensors would be experiencing an expansion of the
same intensity, being cancelled by the Wheatstone
bridge. The simulation revealed this is not observed,
since the central piezoresistors do not experience the
same deformation due to the thermal expansion as
compared to the piezoresistors at the edge of the
membrane, causing a bridge imbalance generated by
the temperature variation. In order to minimize this
effect, the central region piezoresistors were
repositioned so that they remain entirely in the area
where the thermal expansion change rate is constant
and of the same intensity as in the other piezoresistors.
This was accomplished by moving each central
piezoresistor 200 pm to the edge of the membrane.
Fig. 14 shows the sensor response to different
pressures and temperatures after adjusting the position
of the central piezoresistors. One notes that there was
a significant reduction in the offset of the transducer
output signal. In the original arrangement, when the
working temperature was changed by 100 °C, the
offset voltage changed by 7.2 mV. After changing the
position of the piezoresistors, the offset variation was
reduced to 0.45 mV.
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Fig. 14. Transducer output signal for different
temperatures and relative pressures after the sensor
repositioning (simulation).

After the optimization of the sensor design by
simulation, the devices were built and submitted to a
set of tests for the characterization. The sensors were
subjected to different pressures using a laboratory
infrastructure composed of a pressure controller in an
environment with controlled climatic conditions. Then
the sensors’ response was measured under different
pressure values. Intermediate pressure values always
correspond to a multiple of 20 % of the sensors’ full
scale. Hence, the pressure was varied from 0 to 1 MPa
with an interval of 0.2 MPa between each
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measurement. Notice that the pressure values used to
describe the experiments and the results refer to a
relative pressure (with the atmospheric pressure as
zero reference). The measurements were carried out
by increasing and subsequently decreasing the
pressure values applied to the sensor. In addition to
checking the pressure applied to the sensor, the
sensors’ working temperature was controlled and
monitored during the tests. Therefore, the sensors’
response tests were performed at several temperatures,
ranging from 0 to 100 °C. Fig. 15 shows the diagram
of the laboratory infrastructure built to perform
the tests.

e e _sMu

GE Druck

Sample

Thermal Chamber l

Fig. 15. Laboratory infrastructure diagram.

The measurement data was acquired using an
Agilent U2733A SMU (Source Measurement Unit),
which makes it possible to automate the experiments
using LabView. Therefore, a program was developed
using the LabView software, which communicates
with the SMU, acquiring the measured data and
showing it in the measurement environment. The
SMU is responsible for supplying the Wheatstone
bridge with the desired current, as well as for
measuring the differential voltage of the bridge. The
data is acquired for each pressure and temperature
condition. A quantity of eight measurements is taken
at five-second intervals for each point. Fig. 16 presents
the actual laboratory infrastructure used to perform
the tests.

Thermal Chamber
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[IOTETTIERETTURAIT R

Fig. 16. Laboratory infrastructure used to perform the tests.
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In order to check the reduction of the offset
variation in a practical way, an experimental test was
carried out using three samples for each of the two
different positions. In this case, no pressure was
applied to the sensor, only the working temperature
was changed. During the test, the differential voltage
of the Wheatstone bridge was monitored, generating a
graph that shows the variation of the sensors’ offset
voltage for different working temperatures. As can be
seen in Fig. 17, the experiment proved the result
obtained in the simulation environment. The change in
the position of the central sensors resulted in the
reduction of the offset variation caused by
the temperature.
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Temperature (*C)

Fig. 17. Experimental variation of the sensors’ offset
voltage for different working temperatures (no pressure
applied): (a) Original position; (b) After repositioning.

After the tests performed to verify how the
temperature affects the pressure sensor, experimental
measurements with real pressure applied to the sensors
were also realized. These tests were performed using
pressures ranging from 0 to 1 MPa, and then observing
the differential voltage of the Wheatstone bridge. The
temperature was varied from 0 to 100 °C for each
pressure experiment. Fig. 18 shows the experimental
measurements obtained (with the position of the
central piezoresistors already corrected). The vertical
axis shows the signal of the output voltage with the
discount of the offset value at 0 MPa, i. e., only the
variation of the output voltage is shown in order to
facilitate the visualization of the graphs.
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Fig. 18. Experimental output voltage variation under
different pressures and temperatures applied to the sensor.
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As can be seen in the results obtained during the
experimental tests, the sensors show a linear behavior
regarding applied pressure. The average variation of
the sensors’ output voltage, considering the full
pressure range, is 29.107 mV. The variation of the
offset voltage remained low (0.26 mV) as expected
after the sensor repositioning. Conversely, the sensor
output signal temperature dependence is still visible,
but now it is mostly related to the semiconductor
material properties.

When one compares the simulation and the
practical results, it is clear that both show the same
behavior under the influence of the temperature
variation. As the temperature is raised, the sensitivity
of the sensor deteriorates, i. e., higher temperatures
make the sensor less sensitive to pressure variation.
This happens because the temperature reduces the
values of the piezoresistance tensor coefficients,
resulting in a smaller resistance variation caused by a
specific pressure difference.

4. Conclusions

The simulations carried out in the COMSOL
software, covering different pressure and temperature
conditions, characterized the behavior of a pressure
sensor. The analysis of the simulation results was
important to validate the sensor operation principle, as
well as to evaluate the influence of different physical
phenomena on its performance. In particular, the
simulation revealed the critical importance of the
metal membrane thermal expansion and the sensor
positioning for the transducer offset value at
Zero pressure.

The adhesive used to attach the piezoresistors to
the membrane was chosen by an experimental
procedure. After the complete simulation of the
transducer, prototypes were built in order to check its
real behavior. The transducers showed good linearity
and low thermal offset variation in the experimental
tests, confirming the effectiveness of the
piezoresistors  repositioning  optimization. The
interaction between experimental and simulated data
proved to be a fast and reliable strategy to optimize the
sensor design and fabrication.
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Abstract: Zinc oxide (ZnO) hierarchical Nanofoam structure on ZnO nanofibers grown SiO; coated p-Si substrate
were successfully constructed under chemical deposition technique by forming a homogeneous solution of
Sodium Zincate (Na,ZnO>) in Teflon-lined Autoclave at 120 °C. The seed layer of hierarchical ZnO nanostructure
was formed by Sol-gel technique followed by CBD (Chemical bath deposition) technique to grow ZnO nanofibers.
The surface morphology and crystallinity of the thin film was characterized by scanning electron microscope
(SEM) and X-ray diffraction (XRD) and controlled by adjusting the pH of the reaction solution. The hierarchical
ZnO Nanostructure based Formaldehyde (HCHO) Sensor was tested in the resistive mode at dynamic range of
190 ppm to 2020 ppm formaldehyde vapour to defeat sick building syndrome. It was found to offer high response
magnitude 94.8 % at 2020 ppm at very low optimum operating temperature 100 °C with fast response time (20 s).
Finally, the possible mechanism of decomposition of formaldehyde sensor has been discussed with detailed
explanation of higher response magnitude on exposure of formaldehyde vapour with energy band diagram.

Keywords: ZnO hierarchical nanostructure, ZnO nanofibers, Teflon-lined Autoclave, Formaldehyde sensor,
Sensing mechanism, Energy band diagram.

1. Introduction

Hierarchical nanostructure has wushered with
immense possibilities as there are much scope to
explore the opportunities with the use of it [1-3]. By
controlling their physical, chemical properties with
modifying their shapes and morphology the
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effectiveness of this hierarchical nanostructure can be
varied in a broad way. There are many reports till date
with 3-D nanostructures [2-4]. But lower surface area
with limited gas interaction facets, these types of
nanostructures cannot compete as a next generation
gas sensor. Researchers are looking for some new
developments as next generation gas sensors are
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already in the market. Synthesis of these hierarchical
nanostructures with prescribed dimension is quite
tricky as it requires some improved technology to perk
up their physical properties which will positively
enlarge their area of application. There are several
methods to available to fabricate hierarchical
nanostructures. Many of them require sophisticated hi-
end equipment. Moreover, control of morphology,
thickness is getting restricted several times. To
circumvent the above mentioned problem,
hydrothermal synthesis is one of the best possible
methods of producing hierarchical nanostructures
owing to its ease of production, lower cost and
scalability [2-4]. Moreover the structure offers high
purity with narrow particle size distribution. Metal
oxide semiconductor based gas sensors are there in the
market since last two decades as the band gap can be
manipulated judiciously to obtain the optimum output.
It is heavily used in optoelectronics, sensors,
nanopiezotronics and catalysis [1-8].

Among different metal oxides Zinc oxides,
(ZnO) is one of the proven material in gas sensor
family. As it has got unique properties like higher band
gap, direct band gap, porosity, smaller grazing size
etc., the morphology and structuring of ZnO
is multidimensional.

A fast detection sensor is required to continuously
monitor the ambience around us and alert us about the
presence of toxic gases in extremely low
concentrations even in the indoor places where
common people are unaware about it.

Among different silent diseases, sick building
syndrome is one of the silent killer that cannot be
detected at an early stage sometime. This disease is
caused by harmful volatile organic compounds
(VOCs) formaldehyde. Formaldehyde is found
frequently in acrylic paint, adhesive resins that bind
powdered wood products like particle board etc.
Formaldehyde is also used in the textile manufacturing
industry. Prolonged exposure of it may cause
headaches, fatigue, nausea, and many more. As it is
toxic, it may cause leukemia after prolonged exposure
even where the concentration is low, i.e,
ppb level [3-5].

Not only that this hazardous gas is also formed
during ozonation which one of the part of water
treatment processes, and water animals are
highlyaffected. As per the standard, formaldehyde
levels of greater than 1 ppm grounds cause problem to
different organs and above it may affect the human
lives precariously.

As per the existing safety standards, a human can
withstand maximum exposure of 2 ppm for 8-hour,
while inside room levels should not go beyond
0.08 ppm (80 ppb) over 30 minutes. The Chinese
Environmental Protection Agency limits exposure to
0.06 ppm over 30 minutes [7, 8]. So, formaldehyde
detection is very much needed to save the life of
common people across the globe. Functional material
synthesis is quite a challenging task that can be
eliminated by the use of hierarchical nanostructures.
The way the formaldehyde is detected should be
competent as very low level detection is required.

Several metal oxide based formaldehyde sensor
have been reported by the researchers [1-3, 7, 8] and
compared with the present work. Li, Cheng and Wang,
et al.,, have been successfully synthesized low
temperature (120 °C) hierarchical Sn/SnO, based
formaldehyde gas sensor using hetero-junction at1ppb
concentration [3]. A hierarchical Co3;O4 nanostructure
has been made-up by calcinating Cos-based metal
organic structure by Zhou, Wu and Zhao, et al. at
170°C to detect formaldehyde maintaining long term
stability [1]. Y-doped SnO, hierarchical flower-like
nanostructures was made via one-step hydrothermal
method for improving the formaldehyde sensing at
180°C has been successfully prepared by Zhu, Ma,
Tie, Zhang, et al. [2]. Deng, Li and Wang, et al. [7]
reported a hierarchical flower-like CuO nanostructure
based formaldehyde gas sensor with a high response
of 1.378 to 50 ppb formaldehyde at 250 °C (11.9 sec
response time and 8.4 sec recovery time). Li, Guoans
Su, et al. [8] have reported Hierarchical morphology-
dependent gas-sensing performances of 3D SnO;
nanostructures to detect formaldehyde with
comparison of other VOCs at 200 ppm at optimum
temperature of 325 °C.

Table 1. Comparison of different electrochemical exfoliation technique for synthesis of graphene with the present work.

. . Range of gas
Material Testing Testing Response Rgsponse Recovery concentration Ref.
temp. conc. magnitude* time** time **
(ppm)
ZnO 100 °C 1000 ppm 90 % 295 76's 190 - 2020 Pvrfjfl?t
Co304 170 °C 200 ppm 93 % 8s 11s 10 - 500 1]
SnO: 180 °C 50 ppm 94.4 % 165 20s 1-100 2]
Sn/SnO> 120 °C 50 ppm 93 % 60's 75s 1-50 3]
CuO 250 °C 1 ppm 57.9 % 10 s 175 0.05-1 [7]
SnO: 325°C 100 ppm 95.6 % 15s 20s 5-200 [8]

* All sensitivity/response magnitude of all the references were calculated as S = ((Ra-Rg) / Ra) x100 and compared with the

present work.

** Response & recovery time were calculated as time taken to reach 90 % of the saturation value and to reach back to the

original value respective.
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So, developing a fabrication-friendly method to
synthesize ZnO hierarchical nanostructure with
distinct, definite morphology is still a major concern.
This paper, presents a simple hydrothermal method for
the fabrication of foam like ZnO hierarchical
nanostructure using twin method of CBD and
chemical deposition technique at very low temperature
(100°C). The gas sensing capability of this structure
was checked by the incorporation of formaldehyde in
the test chamber.

2. Experimental

2.1. Materials

All the chemicals were of analytical reagent grade
and used as-received, without further purification.
Zinc Acetate Dihydrate (Merck, 99.9 %), 2 Propanol

(25 ml), Diethanolmine, Hexamethylenetetramine
[(CH2)6N4,] Deionized Water (Resistivity
~18.2 MQ-cm).

2.2. Sample Preparation and Gas
M easurement Set-up

The schematic of the hierarchical ZnO
nanostructured Formaldehyde sensor is shown in
Fig. 1. The base (seed layer) of ZnO hierarchical
Nanofoam structure on ZnO nanofibers is formed by
Sol-gel technique by reacting Zinc Acetate Dihydrate
((Merck, 99.9 %), 3 gm) and 2 Propanol (25 ml) on
SiO; coated the p type silicon (Si<100>) substrate.

. A
&0 l‘.

¢
o 0N
AN '.
utg, LTS 0% g0,

E P-Si substrate <100>

SI.O;

ZnO seed Layer
- ZnO nanofibers
M ZnO nanofoams

Pd-Ag metal contacts

Fig. 1. Schematic diagram of formaldehyde sensor.

3 ml Diethanolmine was also then added drop by drop
to get a crystal clear solution followed by 24 hours
aging. The samples were spin coated (1000 r.p.m.) for
25 s and put in an annealing furnace at 450 °C for
1 hours and subsequently ZnO seed layer was formed
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by thermal decomposition of Zinc Acetate Dihydrates.
To prepare ZnO nanofibers, a 50 ml solution was
prepared by mixing Zinc Acetate Dihydrate and HMT
[Hexamethylenetetramine [(CH2)¢N4,] in deionized
water (resistivity ~18.2 MQ-cm) solution in the mass
ratio of 1:3. The substrates were then immersed into
the solution and after removal kept in a baking oven
for 1 hr at 100 °C. Samples were allowed to cool down
gradually.

For getting ZnO hierarchical nanostructure, ZnO
nanofoam layer was formed by a chemical deposition
technique by preparing a homogeneous solution of
Sodium Zincate (Na,ZnO;) by mixing Zinc Nitrate
(Zn(NO3),, 6H,0) and Sodium Hydroxide (NaOH) in
the ratio (wt.%) of (1:3) and was magnetically stirred
at room temperature for 20 minutes.

Zn(NO;),+2NaOH = Zn(OH),+2NaNO;, (1)
Zn(OH),+2NaOH = Na,Zn0,+2H,0, )
Zn(NO;3),+4NaOH=N2,Zn0,+2NaNOs+21,0  (3)

After stirring, the mixture was then transferred to a
50 mL Teflon-lined autoclave, sealed, and kept at
120 °C for 12 h and finally cooled to room
temperature. Two metal electrodes (Pd-Ag) were then
deposited by e-beam vacuum evaporation technique
on top of the sensing layer using Al shadow mask. The
device dimension was [S mm X 5 mm] having an
electrode area of [2 mm x 2 mm] (each electrode area
having 1 mm x 1 mm).

The details of vapor measurement set-up have
already been reported earlier [5, 6. 10]. The
formaldehyde vapors were bring in the compartment
by passing IOLAR grade N, (carrier gas) through the
formaldehyde kept in a conical bottle (Fig. 2).

Agleat Mdl1A
Multimeter

L/

I
i j:ﬁr

Carrier gas

Fig. 2. Gas sensor measurement set-up.

Assuming that carrier got satisfied with the
formaldehyde, the desired concentrations of the vapor
were obtained in the sensing chamber by controlling
the flow rate of N, through formaldehyde and adding
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IOLAR grade N, (diluents) through a separate gas
flow line. The mixture that is consistent in nature
carrying the sufficient target vapor was fed into the
chamber with a bendable PVC pipe. To measure the
sensor resistance, electrodes are connected to an
Agilent U34411A Multimeter with Agilent GUI Data
logging software (v2.0). The final concentration of
formaldehyde vapors was calculated using this
formula [9, 10].

PxL
C-= 760 — L %106 )

PxL +L+L
760 — L

2.3. Characterization of the Sensor

A comprehensive study of shapes and structural
characterization of the ZnO hierarchical layer has been
reported here. XRD (Fig. 3) (using ULTIMA-III,
CuKo target, X-ray Diffractometer, A=1.54A°)
confirmed the strongest (002) preferential c-axis
growth (at 34.44°) with 5.12 A° interplanner spacing.
The other diffraction peaks positioned at 26 values of
31.76° and 36.21° can be indexed to the hexagonal
wurtzite phase of ZnO (JCPDS card no: 79-2205) with
crystallinity of (100) and (101) planes respectively.

The surface morphology of the hierarchical ZnO
was characterized by atomic force microscopy. Fig. 4
show a typical height profile of ZnO nanostructure on
SiO; substrate. AFM micrograph of nearly 50 x 50 pm
area of Si/SiO, substrate supporting hierarchical ZnO
nanostructure is presented here. The thickness was
calculated from the height difference between the
surface of ZnO and that of the substrate and has been
recorded as ~300 nm.

30 40
20 (Degree)
Fig. 3. XRD pattern of ZnO hierarchical
formaldehyde sensor.

The average lateral size of these electro-
chemically hierarchical ZnO nanostructure ranges
from 300 to 350 nm.

FESEM (Fig. 5) result depicts the uniformly
distributed ZnO nanofoam having average dimension

of ~300 nm with average fiber diameter of ~20 nm and
length 400 nm.

Fig. 4. AFM image of ZnO hierarchical
formaldehyde sensor.

Fig. 5. FESEM image of ZnO hierarchical
formaldehyde sensor.

3. Resaultsand Discussions

3.1. Sensor Study

To report the optimum operating temperature of
sensing, sensor resistance was calculated in presence
of air and formaldehyde vapor and the equivalent
response magnitude was calculated as a function of
temperature. Response Magnitude (RM) of the sensor
was considered with this formula:

RM = 2RI 5 100%.
Ra

where Rg is the sensor resistance in the test vapor
(formaldehyde vapor diluted with air) and R, is the
sensor resistance in air. In this study, response time is
defined as the time required for the sensor to reach
90 % of the saturation value and the recovery time is
defined as 90 % of the time required to come back to
the original value from saturation value [11].
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Before testing with gas I-V characteristics of the
Pd-Ag contact on aligned ZnO nanofoams were
studied at different temperatures. The I-V
characteristics (Fig. 6) indicated a good ohmic nature
of the Pd-Ag contacts for all three temperatures.
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Fig. 6. I-V characteristic of Pd-Ag contact on ZnO sample.

The change in resistance of the resistive sensor was
measured in order to get the optimum operating
temperature using 1000 ppm formaldehyde vapor (in
air) as shown in Fig.7. Transient response
characteristics of ZnO hierarchical Nanofoam
structure on ZnO nanofibers resistive sensor at it’s
respective optimum operating temperature (100 °C)
for different formaldehyde vapor concentrations
(190-2020 ppm) are shown in the Fig. 8.

It can be envisaged from the graph (Fig. 8) that the
sensor resistance was initially high due to absence of
free electrons on the ZnO sensing surface. After
introducing the formaldehyde vapor, the sensor
resistance decreased due to release of free electrons;
on cutting off the vapor supply, the sensor resistance
increased due recapturing of the adsorption site by
oxygen species (from air) causing a reduction in the
available surface electron concentrations. At
2020 ppm concentration of the formaldehyde sensor
shows high response magnitude (94.8 %) with 20 s
response time and 88s recovery time but at lower
concentration (190 ppm) the sensor offers 70.4 %
response magnitude with high response (45 s) time. As
a result response time decreases to the higher
concentration but the recovery time increases due to
slow desorption rates of the formaldehyde molecules
from ZnO surface. At higher concentration,
formaldehyde sensor acquires a tendency towards
saturation due to occupancy of all the adsorbent sites
of the surface. It is also noticed that there are minimal
baseline shift due to the fact of some target vapor
species remained adsorbed even after the vapor pulse
is cut off and the amount of such adsorbed species
increased as the vapor concentration increased. The
variation of response magnitudes as a function of
formaldehyde concentrations (190, 380, 570, 760,
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950, 1260, 1530 and 2020 ppm) at particular optimum
operating temperature (100 °C) shows in Fig. 9 by the
bar chart representation.
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Fig. 7. Response magnitude (function of temperature)
for 1000 ppm formaldehyde concentration.
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Fig. 9. Comparison charts for response magnitude,
response and recovery time of the sensor for different
concentrations of gas.

Overall results (different sensing parameters in a
concentration range of 190-2020 ppm at 100 °C) for
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the formaldehyde sensor with Pd-Ag contact is
represented in a tabular form below (Table 2).

Table 2. Response parameters in the range
of (190-2020) ppm of Formaldehyde sensor.

ZnO hierarchical nanofoam based formaldehyde
sensor (100 °C)
Concentrations rﬁ:éﬁmzee Rﬁgse R??T\]lgy
(pprm) %) © ©
190 70.4 45 50
380 76.6 39 59
570 81.8 36 64
760 86.4 32 71
950 90.8 28 76
1260 91.9 25 80
1530 93.2 21 83
2020 94.8 20 88

3.2. Formaldehyde Sensing M echanism

Like other gas/vapor sensing mechanism, for
formaldehyde gas sensing also, initial oxygen
adsorption plays a pivotal role in the sensing
mechanism of Zinc oxide (ZnO) hierarchical
Nanofoam sensor. Oxygen ion adsorption process (on
ZnO  surface) reduces conduction electron
concentrations resulting in an increase of ZnO film
resistance. Reactive oxygen species such as Oy, O*
and O™ are adsorbed on the ZnO surface. Therefore
during the chemisorption, atmospheric oxygen forms
ionic species such as O~ and O™ by taking electrons
from the conduction band of ZnO surface. The
reaction kinetics by chemisorption of oxygen on ZnO
surface is shown below [15-17]:

05 (gas) «> O; (ads)
0; (ads) +¢ 0" (%)
0; (ads) +& 0" (6)

0, (ads) + e <> 20" (ads)

The overall formaldehyde sensing mechanism of
Zinc oxide (ZnO) hierarchical nanofoam structure is
shown in Fig. 10 (a and b).When the ZnO sensor is
exposed to formaldehyde vapor, after thermal
decomposition of formaldehyde, the activated
fragments of formaldehyde (which are mainly H) spill
over onto the ZnO surface, then water vapour (H2O)
and carbon-di-oxide (CO,) are formed by reacting the
products (H, and CO) of formaldehyde with
chemisorbed oxygen of ZnO surface and release
electrons into the conduction band of ZnO resulting in
a decrease in the ZnO film resistance. The combined
vapours exposure (water vapour and CO, vapour) after
formaldehyde dissociation offers higher response
magnitude of the sensor.

Zn0 nanoflower

Fig. 10. Formaldehyde sensing mechanism of Zinc oxide
(ZnO) hierarchical nanofoam structure.

3.3. Energy Band Diagram

Formaldehyde sensing mechanism of ZnO
hierarchical nanostructure can also be reinforced by
the corresponding energy band diagram of inter-
granular junction and Pd-Ag with ZnO (Metal-
Semiconductor junction) in presence and in absence of
formaldehyde vapour shown in Fig. 11.
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Fig. 11. Geometry of the hierarchical nanostructured ZnO
thin film with Pd-Ag electrodes and it’s corresponding
energy banddiagram.

In the present case, the work function (ym) of metal
[Pd: 5.12] is greater than the work function of ZnO
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[ws: 4.45]. Initially, Pd attracts atmospheric oxygen to
form weakly bonded Pd:O which eventually increases
the work function of Pd. The increase of Pd work
function decreases the barrier height of the Pd-ZnO
contact and accordingly increasing the resistance of
the sensor. But when some formaldehyde vapor is
introduced, it (vapor) reacts with adsorbed oxygen
(O) of ZnO surface and decreases the work function
of metal due to reduction of O™ from surface of metals
thereby increasing the barrier height. Therefore the
total majority carrier (electrons) increases in the
conduction band of ZnO (with respect to that in air)
which reduces the resistance of formaldehyde sensor.

3.4. Stability Study

Stability study of the sensor was carried out with
IOLAR grade N, and 1 % HCHO in N; for 24 h with
a duration of 6 h per day in 4 days, at the optimum
temperature (~100°C) (Fig. 12). It was observed that
the sensor exhibits quite linear response for both N,
and 1 % HCHO in N, with nominal variation of sensor
resistance from its reference baseline value (3.35 MQ
in N> and 2.2 MQ for 1 % formaldehyde in N>).

5.0M
o~ 45M ] [ Sensor stability test |
= 4.0M -
.
@ 3-5M -
5 3.0M -
£ 4
a 2.5M -
S 1 st ad o dien AT AAA N Aotk
£ 2.0M -
1.5M | N2
] e N,+10 HCHO
1.0M . . T —
0 5 10 15 20 25
Time(hours)

Fig. 12. Stability study of sensor with N2 and with 1 %
HCHO in N2 at 100°C.

4. Conclusion

This paper focuses on the formaldehyde sensing
characteristics, corresponding sensing mechanism
with energy band diagram, electrical characteristics
and stability study of ZnO hierarchical nanofoam
based resistive sensors. Autoclave played a crucial
role for the formation of this hierarchical ZnO
nanostructure. After detailed structural characte-
rizations (XRD, AFM etc.), the sensor was employed
to detect formaldehyde. Catalytic effects, to improve
the sensing performance, were incorporated by Pd-Ag
catalytic contact on ZnO hierarchical nanostructure.
The sensor was tested in the range of 190 to 2020 ppm
by offering much higher response magnitude (94.8 %)
at very low operating temperature (100 °C). The
mechanism of decomposition of formaldehyde sensor
has also been explained with energy band diagram.
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Designing Nanosensors The present book aims at providing the readers with some of the most recent

for Chemical and Biological Applications development of new and advanced materials and their applications
nanosensors. Examples of such materials are ferrocene and cyclodextrines
as mediators, ionic liquid crystals, self-assembled monolayers on macro/
nano-structures, perovskite nanomaterials and functionalized carbon
materials. The emphasis of the book will be devoted to the difference in
properties and its relation to the mechanism of detection and specificity.
Miniaturization on the other hand, is of unique importance for sensors
applications. The chapters of this book present the usage of robust, small,
sensitive and reliable sensors that take advantage of the growing interest in
nano-structures. Different chemical species are taken as good example of the
determination of different chemical substances industrially, medically and
environmentally.

The book will be useful for scientists and researchers, doctors and students
working in medical research, engineers and students working in
environmental research, professionals working in industrial field.
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Abstract: In the present investigation, praseodymium oxide (Pr,O3) nanoparticles embedded polyvinylidene
fluoride (PVDF) thick films were fabricated via solution casting/intercalation technique. The Pr,Os nanoparticles
were synthesized by the hydrothermal technique. The Fourier Transform Infrared Spectroscopy (FTIR) has been
recorded in the range 400 to 4000 cm!, and functional groups were identified in the nanocomposite films. Infrared
vibrational spectroscopy (FTIR and Raman) curves revealed ferroelectric B-phase in the annealed nanocomposite
films intrinsically. The electrode films so produced were sandwiched between Kapton film to form a sensing
device. Based on reasonable linear piezo-capacitive behaviors obtained, PVDF-Pr,O3; nanocomposites films can

be used to create highly flexible pressure sensors.

Keywords: PVDF, Praseodymium oxide, Nanocomposites, Solution casting, Pressure sensors.

1. Introduction

Electroactive polymers (EAPs) are gaining
immense interest as smart materials [1]. There are
many EAPs, namely, Nylon-11, polylactide and
aniline pentamer copolymer, poly(lactic-co-glycolic
acid) (PLGA), and poly(vinylidene fluoride) (PVDF)
and its copolymers with trifluoroethylene (TrFE)
[2-6]. However, PVDF and PDVF-TrFE exhibit the
best electroactive properties, such as piezo-, pyro- and
ferroelectricity, and optoelectronic. As a result, PVDF
and its copolymers are of choice for the increasing
number of possible organic microelectronics
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applications, such as electro-optic transducers,
waveguides, sensors, actuators, energy harvesting,
electro-optic memory, biomimetic robotics. PVDF is
polar. With respect to the carbon atom in the unit, the
hydrogen atoms are positively charged, and the
fluorine atoms are negatively charged. The repeat unit
of (-CH>—CF,_) or CH,CF>)n, in which the carbon-
hydrogen bonds with the electrically polar carbon-
fluorine, can take up several stable configurations
determined by the treatment of the polymer. PVDF can
be crystallized into at least four different
polymorphous phases, depending on the film
preparation conditions. Two forms B (or I) and «

http://www.sensorsportal.com/HTML/DIGEST/P_3216.htm
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(or II) - are of particular importance. In form o, PVDF
is non-piezoelectric, the bonds are in a trans-gauche-
trans-gauche configuration, and the molecules are
stacked, giving a nonpolar unit cell. The o phase can
be converted into form B by stretching and electrically
poling with a right field. In form B, the molecular
groups are in an all-trans configuration, and the
molecules are assembled to give a polar unit cell. Form
B is orthorhombic with point group A mm?. Several
research investigations have highlighted the benefits
of using nanoparticles, including carbon, dispersed in
the polymer matrix to design and fabricate
multifunctional materials with higher strength,
including with above-cited properties in hybrid
sensors or devices for medical and industrial
applications. Tactile sensors, most commonly are
referred to as strain, and pressure sensors, can obtain
mechanical property data of the human body and local
environment. It is recognized where contact, pressure,
or traction is exerted on the skin and some internal
organs. The tactile sense is one of the five traditional
senses of the body. The tactile sense is received
through millions of nerve ending on the skin, detecting
even the slightest touch sensations and reporting it to
the brain [1].

For brevity, we define four crucial attributes of
smart materials [2-3]. Piezoresistivity: Tactile sensors
based on piezoresistivity mechanisms change
electrical resistance when the mechanical stimulus is
applied. Piezoresistivity is the widely utilized
technology to implement a tactile sensor due to its
simple structure and cost-effective fabrication
techniques. Based on the simple principle of operation
of the sensor, few prototypes have been fully designed
and developed. Piezoelectricity: It is the development
of voltage, which is caused by electric dipole moments
observed in some anisotropic crystalline materials, in
response to mechanical stimuli and vice versa; and
Pyroelectricity: It refers to electric polarization of
certain smart materials to generate a transient voltage
in response to applied temperature change. Thus, by
converting thermal energy to electricity, the
pyroelectric effect can be applied to build a self-
powered temperature sensor that automatically detects
temperature change without the need of an extra power
supply or battery. Piezocapacitive: Pressure sensors
based on piezo-capacitance mechanisms change
electrical capacitance when the mechanical stimulus
is applied.

A great deal of research has been devoted to
improving the outputs and piezoelectric properties of
crystals and ceramic materials. In recent years, the
ease of production and processing of PVDF films
compared with piezoelectric crystals and ceramics, the
relatively lower cost of polymer materials, the
flexibility, and the sensitivity of PVDF nanocomposite
polymer films are becoming an active area of research
for developing sensors and functional devices. The
piezo- and pyroelectric properties of PVDF polymer
makes it an attractive polymer for various applications
including energy harvesting [7-9], nanogenerators
[7, 10], tactile sensors [11-14], humidity sensors [14],

force sensors [15], capacitors [14], strain sensing [12,
16, 17], for developing wearable functional
electromechanical devices [16, 18-22], for tissue
engineering including regeneration and repair [10, 23].

In the biomedical domain, tactile piezoelectric
sensors detect movements, including human body
motion, and convert the deformations into electrical
signals [13, 14]. Yu, et al. (2019) demonstrated the
application of PVDF nanocomposite polymer films as
nanogenerators producing usable energy from
mechanical energy generated during running and
walking [8]. Based on the study, the fabricated PVDF-
nanofiber-based ‘shoepad’ nanogenerator produced
about 6.45 uW output power with a 5.5 MQ load
resistance. The application of PVDF-based
nanocomposite used for harvesting usable energy from
regular human body motion and human biological
activities, including respiration, for developing small
size biocompatible nanogenerators to power wearable
and implantable biomedical devices have also been
demonstrated [9]. To enhance piezo-responses of
PVDF-based nanocomposite, several design
approaches, fabrication methods, and nanocomposite
materials have been explored [16, 19].

PVDF has all the desired features to fabricate
flexible pressure sensors such as the ultrahigh
stretchability, bending, wearability, which can be
easily integrated into artificial and electronic skins.
Thus, it was thought exciting and worthy of exploring
PVDF and its composite films embedded with Pr,O;
nanoparticles, in particular their suitability in pressure
sensors for biomedical sensing. With this train of
thought, we investigated piezo-capacitance relevant
sensing characteristics under both Transverse and
sheer stress.

2. Experimental

2.1. Fabrication of the Nanoparticle
and Films

Praseodymium oxide nanorods were prepared by
the hydrothermal synthesis method. In this study,
0.1 molar solution of Praseodymium chloride is mixed
with 0.1 molar solution of Sodium hydroxide. The
water used in this reaction was doubly distilled and
deionized. By this method pH value of the solution
was adjusted to 9. After stirring the colloidal reaction
solution, it was transferred into an autoclave made up
of Teflon lined stainless steel. Then the solution is
subjected to heat at 300°C for 6 hours in an oven and
subsequently cooled down to room temperature. The
settled particles were collected and washed repeatedly
with deionized water under vacuum. Praseodymium
hydroxide nanoparticles were heated at 80°C.
Hydroxide nanorods were turned into oxides after
heating to a temperature of 300°C. Annealing of the
sample to a temperature of 700°C was also conducted.
It was found that annealing results in a change in color,
which is an indication of the change in particle.
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500 mg of PVDF was dissolved in 20 ml of DMF
under vigorous stirring at 60°C for the complete
dissolution of PVDF in DMF. Then, a certain weight
percentage of the Praseodymium oxide nanoparticles
were added to the PVDF solution and vigorously
stirred for one hour to obtain a homogeneous mixture.
The nanocomposite films were prepared by casting the
mixture in a properly cleaned and dried petri dish, and
the solvent was evaporated at 90°C in the oven. 1 wt%,
with 2 wt%, 3 wt%, 4 wt% and 5wt% Praseodymium
oxide nanoparticles loaded PVDF films were
prepared. They were coded as PrO50; PrO100;
PrO150; PrO200 and PrO250 respectively, including
pristine PrO0.

2.2. Optical Characterization

Raman spectral analysis in the range from
250-2250 cm™! was carried out by using a Raman
spectroscopy system (Enwave Optronics, Inc.)
operating at 785 nm laser wavelength. The Fourier
Transform Infrared Spectroscopy (FTIR) has been
recorded in the range 400 to 4000 cm™ The
surrounding medium was air, and all the
measurements were performed at room temperature.

2.3. Electrical Characterization

LabVIEW interfaced Quadtech LCR Bridge
network can be used to conduct the dielectric study,
and FTIR study provides the normal vibrational modes
of PVDF and nanocomposites. The real and imaginary
parts of the dielectric permittivity (¢' and &") can be
obtained by measuring terminal parallel capacitance
CP and loss tangent at a fixed measurement frequency
of 1 kHz using LCR meter, and measurements were
taken during heating run with temperature controller.
A thermocouple installed near the sample, and the
temperature can be measured with the help of a digital
multi-meter. The details of the setup are described
elsewhere [5]. The relevant parameters required or
infrared sensing and energy harvesting, which include
the dielectric constant (&) and pyroelectric coefficient
(p) were calculated. A real part (¢'), imaginary part (¢")
of the dielectric constant were determined as:

, Cd

E = s (1)
&4

g" = tand-€', )

where C,, is the parallel capacitance of the sample at a
signal frequency of 1 kHz, fand is the dielectric loss,
A is the electrode area of the silver electrode, d is the
thickness of the sample, gy = 8.854x10°!2 F/m is the
permittivity of vacuum.

Piezocapacitance response is calculated as AC/ Cy;
where AC is the change in capacitance on
applied force.
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2.4. Force Measurement Custom-M ade
Apparatus

Custom-made setups shown in Fig. 1 were
designed and fabricated for testing these
nanocomposite pressure/strain film sensors for use in
human motions and robotics. Set I consist of a Starrett
Press and Force indicator. With set up I, one can apply
force on the device under test (DUT) placed between
the two holders and note down corresponding
capacitance. We apply a transverse force from 0 to
100N. Thus, DUT can be used for measuring
transverse pressure. Set II consists of a custom-made
feature to apply sheer force on a curved device under
test. This type of sensor can be used to mimic finger
motion. The device is held with the help of two jaws,
and sheer pressure is applied with the help of a
cylinder placed under the device. By moving the
cylinder upward, pressure can be applied on the device
under test, and accordingly, the capacitance can
be measured.

Fig. 1. Custom-made sensor performance determination
setups: Setup 1(transverse pressure), Setup 2 (shear).
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1 were
these

Custom-made setups shown in Fig.
designed and fabricated for testing
nanocomposite pressure/strain film sensors.

3. Reaults and Discussions

From the recorded Fourier Transform Infrared
(FTIR) and Raman spectra in the range of 400 to
4000 cm!, functional groups were identified in the
nanocomposite films (Fig. 2). Infrared vibrational
spectroscopy (FTIR) revealed ferroelectric B-phase in
the annealed nanocomposite films intrinsically around
840 cm! [24, 25].
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Fig. 2. Raman spectra (a) of PVDF thin film measured
with a Raman system equipped with 785 nm wavelength
laser and FTIR spectra (b).

For piezo-capacitive results, pressure was applied
from below the electroactive nanocomposite samples
via the cantilever in the earlier mentioned
experimental setup initially displayed in Fig. 1. As the
cantilever changes position, and consequently
mechanical force, a measure of the change in dielectric
capacitance is measured for the two nanocomposite

thin-films named PrO-100 and PrO-200. The relative
DC electrical capacitance/sensitivity change versus
position is first recorded in this manner. Secondly,
electrical capacitance/sensitivity change versus force
applied in Newtons is recorded utilizing a Starrett
force materials testing system and graphically
presented as well. Polymer composite material
consisting of an insulating polymeric matrix and
conductive reinforcing nanoparticles have a total
resistance that is due to both components present.
Assuming the resistance of the matrix be constant, the
total resistance of the nanocomposite smart material
will depend on number of particles as well as
conducting paths present. That being said, the
characteristics of the implemented conductive
network will be the main factors which may ultimately
determine the total resistance of the composite
materials. The cantilever/position method exhibits the
properties of the material under flexion, while the
Starrett method utilizes applied mechanical force to
exhibit the behavior of the nanocomposite-film under
compression. Fig. 3 exhibit the experimental results in
relation to the PrO-100 nanocomposite. Fig. 4 displays
result of nanocomposite PrO-200.
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Fig. 3. Capacitance-change under flexion vs. position
(arb. Units) and compression for PrO-100 versus force (N).

29



Sensors & Transducers, Vol. 250, Issue 3, March 2021, pp. 26-31

Flexion

.03 r . .
0 1 2 3 4 5 6 7
Pasition
0.4
Compression
o
0.3 4 /
0
0.3 /
o
QO ./
G 027 /
o o
0.2
0.14 o
@— PrO-200
01 L L L T T T
0 25 50 75 100 125 150 175
Force (N)

Fig. 4. Capacitance-change under flexion (shear stress) vs.
Position (arb Units) and compression for PrO-200.

Stress and strain are the main driving forces and
concepts in question when investigating piezo-
capacitive and piezo-resistive characteristics of smart
materials. The strain has three general categories,
depending upon the change produced in a body and the
type of stress applied. In terms of strain, there is
longitudinal strain; volume strain; and shearing strain.
As far as stress is concerned, there are five types of
stress: tensile, compressive and shear, torsional, and
bending. The results obtained using our custom-made
experimental setups are indirectly related to these
kinds of stress/strain parameters as well. By
simulating stress/strain upon the nanocomposite film
samples, information regarding their optimal
placement and integration into systems as small
biomedical energy harvesters or sensors can be
determined. In terms of piezocapacity, common
medical devices such as pacemakers could be attuned
with small piezoelectric energy harvesters where the
force from the flexion and compression of the
contractions of the heart and pacemaker could be
utilized to create an endless battery and functioning
life. Piezoresistive/piezo-capacitive based smart
materials would prove useful in the example of a
medical patient recovering from recent knee
replacement surgery. These smart devices integrated
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into the artificial knee could help a physical therapist
track patient's the knee strength and progression of a
patient during their road to recovery.

4. Conclusions

In this study, good quality and homogeneous
nanocomposite PVDF films embedded with Pr,O3
nanoparticles have been fabricated. We have
demonstrated that technology based on Pr,O3
nanoparticles embedded in flexible PVDF matrix has
proven successful in developing flexible pressure
sensors. From the results of the FTIR analysis of the
fabricated PVDF-praseodymium nanocomposite
polymers films, we can clearly see the band at
840 cm!, confirming the formation of the B-phase in
the films [23-28]. It is worth mentioning that
compared to resistive sensors, capacitive sensors
generally have higher sensitivity and lower detection
limits [29, 30]. However, their inadequate linearity
response and the presence of parasitic capacitance can
be a significant challenge in practical applications.
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Abstract: COVID-19 is mainly transmitted either directly by droplets from infected people or indirectly through
contact with vehicles in contaminated environments. Coronavirus, which is highly contagious, is highly likely to
result in a secondary infection between the patient and the medical staff during the first diagnosis, and if it is left
alone, the likelihood of a tertiary infection is increased. In order to prevent this, a biometric means capable of
diagnosing body temperature and heart rate in a non-contact manner is needed in consideration of the
characteristics of corona symptoms accompanying high fever and various complications.

In this paper, the body temperature image and pulse image are acquired simultaneously using a general camera
to measure the health status of the subject. Using this, it is possible to monitor in real time and to react immediately
to the patient's acute disease. This study aims to develop a system capable of simultaneously estimating
temperature by measuring heart rate using image sequences and measuring changes in peripheral blood flow. First,
the system recognizes the user's face from a sequence of images collected through the camera, then tracks it to
continuously extract the color of the same area and measures the user's heart rate using the color change of the
corresponding pixel. Second, the system measures changes in peripheral blood flow due to external temperature.
The body maintains normal body temperature by regulating peripheral blood flow. In this study, the user's body
temperature was estimated by measuring the difference in this delay with the user's body temperature.

As aresult of the experiment, we confirmed that there is a close relationship between the external temperature
and the stabilization time of blood flow, and based on this, a body temperature inference equation was derived.

In conclusion, this study, a user's face was recognized using a webcam, and a system was developed to infer
heart rate and body temperature based on the color data of the recognized user's face.

Keywords: Mobile health, Non-contact, Heart rate, Temperature measurement, Artificial intelligence, Covid-19.

1. Introduction the world, prompting the World Health Organization
(WHO) to declare a pandemic in March 2020. In South

Coronavirus disease 2019 (COVID-19) was first Korea, a traveller from Wuhan, China was first
discovered in Wuhan, China in December 2019 due to diagnosed with COVID-19 on January 19, 2020. Since
the outbreak of pneumonia of unknown origin [1-3]. Tt then, the government raised the COVID-19 alert level
rapidly spread from China to other countries around to “caution” due to the sporadic occurrence of patients
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caused by foreign inflows, and then to “serious” in
February as new cases gradually spread across the
country [4-6].

Many transmission epidemiology researches
conducted so far has identified acute respiratory
infectious diseases and pneumonia are transmitted
from person to person, and via droplets. COVID-19 is
supposedly  transmitted through the droplets
originating from infected people or indirectly
transmitted through the contact with media in a
contaminated environment, as with most respiratory
viruses [7]. COVID-19 patients exhibit very mild
symptoms at the beginning, but they can release the
virus in the asymptomatic phase before transitioning
to the symptomatic phase. Therefore, failing to
diagnose and impose a quarantine early leads to the
widespread community transmission of COVID-19.
Airborne transmission is possible as well, but it occurs
only in special environments, such as medical
institutions where aerosols can be generated [8, 9].

Therefore, the highly infectious coronavirus is
likely to cause the secondary infection between the
patient and the medical staff during the primary
diagnosis, and the likelihood of the tertiary infection
increases if it is not properly handled [10, 11]. To
prevent the secondary infection, it is deemed
necessary to develop bio signal measurement systems
capable of detecting the body temperature and heart
rate in a contactless manner, considering the
characteristics of COVID-19 symptoms involving
high fever and various complications. This study
introduces a new means to remotely measure bio
signals and the body temperature, which can
effectively reduce a chance of additional infection
during primary diagnosis process of a probable
COVID-19 patient.

1.1. Clinical Featuresand History

Among the many complications from the
coronavirus, the most prominent is high fever. Many
medical institutions first measure the body
temperature of a patient to diagnose COVID-19. Since
secondary infection may occur during this process,
hospitals introduced a contactless temperature
measurement method that uses an infrared camera. It
is a concept developed before the COVID-19
pandemic, but since the outbreak, this topic has started
to draw extensive attention from both academia and
industry, making it the most fundamental element for
diagnosis and treatment. The most common methods
uses thermal imaging cameras, a kind of infrared
cameras. They measure the amount of the infrared rays
emitted by an object and represent it as a relatively
temperature to a reference point. However, if the
reference point is inaccurate or is lost, the measured
infrared rays cannot be used to determine the absolute
temperature. In addition, infrared rays cannot
penetrate transparent glass or acrylic materials. The
information that infrared cameras receive in presence
of a transparent barrier between the object and the

camera, such as glass window, is the thermal image of
the barrier, not the object. In contrast, conventional
cameras can retrieve light information through the
barrier. Additionally, it is difficult to widely use
thermal imaging cameras due to their high prices
compared to conventional thermometers even though
the prices have been reduced by the active distribution
of the cameras.

To overcome these problems, this study proposed
a method to measure bio signals without any physical
contact, which reduces the chance of additional
infection and also provides convenience to both
medical personnel and patients. The health status of
the participants was measured by collecting body
temperature and pulse images concurrently using
image processing. Then the results were used to
develop a model that can enable real-time monitoring
which provide sufficient time to medical personnel to
take immediate action to the acute diseases of
the patient.

2. Previous Studies
2.1. Beer-Lambert Law

The Beer-Lambert law represents the correlation
between the intensity of the projected light, and that of
the light that penetrated through a homogeneous
medium when the light is projected at a given
wavelength to the medium. This law uses the
following equations to evaluate the correlation for the
transmitted light from the vasoconstrictive circulation
state at the photoplethysmography (PPG) signal
measurement point.

I
I_ = exp(—£,C,Va — &,CVy — £.C V), ()
0

I
ﬁ = exp(—&,CcVy) @)

In the above Eq. (1) and Eq. (2), I is the intensity
of the light projected from the light source, I is the
intensity of the light transmitted through the blood and
tissue, and I; is the intensity of the light transmitted
only through the tissue. Eq. (1) represents the
relationship between the light source and the light
transmitted through the blood and tissue, and Eq. (2)
the relationship between the light source and the light
transmitted only through the tissue. The &,, &y, and &
are absorption in the artery, vein, and tissue,
respectively. Constants C,, C,, and C; are their
concentrations, and V,, Vy, and V,are their volumes.
Eq. (1) is divided by Eq. (2) to obtain Eq. (3).

Ii = exp(—eCV) 3)
t

In the above equation, V is the total blood volume,
and ¢ is the average absorption coefficient of the total
blood. Therefore, V=V,+ V, and ¢ = (e.Vat &/ Vy) / V
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hold in Eq. (3). C, and C, in Eq. (1) represent
hematocrits. The value of C, increases during mental
stress, but it varies by only a few percent (%).
Consequently, C, and C, can be interpreted to be the
same as the average concentration of the total blood
(C) in the normal circulation state. Therefore,
C,=C,=C holds. It is known that the arteries and veins
in the hands are very sensitive to vasoconstrictor
stimuli. In addition, reflex venoconstriction and
vasoconstriction do not occur independently. This
indicates that changes in alpha-adrenergic sympathetic
nerve activation are suitable for detecting changes in
the blood vessel state between the arteries and veins at
the fingertip. Therefore, assuming A =V,/V, (ratio of
the venous blood volume to the arterial blood volume),
€ can be expressed as follows.

g=| lea + [ Jev )

(e+1) (e+1)

In particular, € is not affected by changes related to
the blood volume. Therefore, the differential
coefficient of I/It, which corresponds to V in Eq. (3),
is expressed as following.

8 4
I (= = 5
2 Ec(lt) V= 8n1AP ©)
Summarizing Eq. (5) yields Eq. (6).
I
AV, = (sC)‘lATa (6)

The total blood volume consists of the averages
and pulsating elements of the arterial and venous
blood volumes. When pulsation is observed only in the
arterial part, AV and corresponding Al are again
converted into AV, and Al, in Eq. (6). When the
attenuation of the transmitted light seems to lower the
voltage in the actual PPG signal measurement, the
values of Al, and I have (-) and (+) signs, respectively.
Therefore, -Al, is replaced with Al, to have (+) for Al,
in Eq. (6). Based on this, PPG signals can measure the
blood volume change by projecting light toward vein.

2.2. Heart Rate M easurement Using PPG

Previous studies show that the heart rate and
respiration rate can be measured using a conventional
camera, appropriate lighting, and PPG.

PPG is one of the most commonly measured bio
signals along with the electrocardiogram signal. The
blood flow velocity, blood oxygen saturation, and
pulse rate can be measured using PPG signals. The
PPG measurement uses a photosensor that converts
light into electric charges. This sensor act as a
photoelectric transformation element and photodiodes
are mainly used. A photoelectric transformation
element converts the incoming incident light into
electric charges. These electric charges deliver the
intensity of light at each pixel position to the central
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processing unit through a charge-coupled device and a
digital signal processor (DSP) to generate an image.
The information of the object is collected from the
light reflecting off the object. PPG measurement
acquires the signal by irradiating light in a specific
wavelength band to the human body and detecting the
reflected or transmitted light. The resultant signal
represents a pulse wave generated by the heartbeat.

2.3. Utilization of PPG Signals

PPG has been clinically used for diverse
physiological diagnoses and the evaluation of the
functions and characteristics of the cardiovascular
system. The cardiovascular system is a major organ
system responsible for circulation, and mainly consists
of blood, heart, and vessels. Physiological changes in
cardiovascular system may occur due to multiple
factors, such as the characteristics of myocardial cells,
active state of the heart, mechanical characteristics of
vessels and blood, and autonomous nerve system
(ANS). Interaction between these multiple
components achieve blood circulation in the body.
Therefore, PPG, which can be non-invasively
measured, has been utilized in various fields even
though it indirectly reflects the status of the
cardiovascular system.

2.4. ContactlessHeart Rate M easur ement
Using | mage Sequences

In previous studies, face was selected as the body
part to extract PPG signals from. This is because it is
easy to capture the images of a face using a camera and
face clearly shows the difference in blood flow
depending on the heartbeat. When PPG measurement
is performed using an RGB camera, the green channel
is more suitable for measuring the heart rate and
respiration rate than the red or blue channel. This is
because the green channel covers the wavelength that
shows a clear difference in light absorption between
hemoglobin and oxidized hemoglobin.

In addition, another study demonstrated that it is
possible to measure the heart rate and respiration rate
in the presence of many people after defining the face
area using a face recognition system with a webcam.
In the study, three independent factors were extracted
from the RGB channels of the camera using blind
source separation (BSS), and an independent
component analysis (ICA) algorithm was used in this
process. BSS is used to extract an accurate signal
source under the assumption that an accurate signal
cannot be identified because the measured signal is
mixed with noise and various signals.

In this study, BSS was used to measure the precise
amount of light reflected by oxidized hemoglobin and
non-oxidized hemoglobin. While Hemoglobin is
under influence of light of all channel and
wavelengths, the data residing in the range from
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520 to 580 nm is dominantly used in determining the
blood vessel status. Based on this, PPG was measured
by extracting independent factors that affect the
accurate amount of light reflected by hemoglobin. In
addition, we attempted to add the process of
estimating the temperature of the user through the
change in peripheral blood flow due to the external
temperature difference.

3. Research Method

This study aims to develop a system that can
measure the heart rate using image sequences and
estimate the temperature simultaneously by measuring
the change in peripheral blood flow. The system can
be represented as Fig. 1.

Tmaging Bio Signal AnaIySIs

device
Hio Signa
Feature w3 | Extraction
g’ Detection, with 10
R S
ll . &

Fig. 1. Schematic of the developed system.

tii W

PF‘G Tmp an.

First, the system recognizes the user’s face from
the image sequences collected through the camera and
then extracts feature points from the face. Then, it
acquires coordinates for measuring the biometric data
of the user based on the extracted feature points. The
system continuously extracts the color of the same
area by tracking the user’s face and measures the heart
rate of the user using the color change of the
corresponding pixel.

Second, the system measures the change in
peripheral blood flow caused by the external
temperature. The human body controls the peripheral
blood flow to maintain the normal body temperature.
In this study, the user’s temperature was estimated by
measuring the difference in this delay depending on
the user’s body temperature.

3.1. Heart Rate M easurement

The method of measuring the heart rate using a
camera in the detected face area is basically the same
as the PPG measurement principle. Briefly, it is shown
in Fig. 2 below.

PPG measurement is a method of estimating the
heart rate by measuring the blood flow in a vessel
using the optical characteristics of tissue. When blood
flows to peripheral blood vessels, the flow becomes
slow between the diastolic and systolic phases of the
heart. In this instance, PPG detects changes in the
transparency of the blood vessels.

This can be measured from any peripheral tissue of
the body, the face, the fingers, or the earlobe. For
conventional PPG measurement, the fingers are used.
When the measurement is taken with the face, we
expected that the heart rate can be recorded by
detecting the variation in speed of blood flow in the
vessels of the facial skin.

-\fgmgfh;osw -~ + Biomarkers extraction
! ~ Y
rﬂaxiﬁmwwlaily
Face based Body
Detection Temperature
ditection
Visualization and
extraction
Image
Face Feature sequence based
Extraction heart rate A
prediction
> Ly
+ Non-rigid image matching + Achanced visual intelligence
+ Forward/Inversion algorithm + Emotion and disease prediction

Fig. 2. Process of measuring the heart rate using a camera.

3.2. Temperature Measurement

PPG signals are generated by changes in peripheral
blood flow and thus reflect the vessel state in the
measurement area. As the cardiovascular system is a
closed loop, it is possible to evaluate the state of
various vascular systems by analyzing the components
of PPG signals. The blood flow can be represented by
the Hagen-Poiseuille's law (HPL) as shown in Eq. (7).

mr?

- 7

\% 8n1AP (7
8nl

= 8

p— ®

In Eq. (7), AP is the pressure, 7 is the viscosity of
blood, and 1 is the length of the tube. Eq. (8) for the
resistance in a tube can be obtained using Eq. (7). It
indicates that the blood flow and the resistance against
it are proportional and inversely proportional to the
radius to the fourth power, respectively. Therefore,
these two parameters are more affected by the change
in the diameter of the tube than by the change in the
length, pressure difference, and viscosity of the tube.
This principle was applied to derive the change in
peripheral blood vessels depending on the
temperature. The surface temperature of the
measurement area for PPG signal measurement is
influenced by the body temperature and the
surrounding environment. Local temperature changes
will cause the contraction of tissue and peripheral
blood vessels, thereby impacting the flow of blood. In
a previous study, the correlation between the PPG
signal and skin temperature under varying external
temperature was revealed through an experiment after
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attaching a reflective sensor to the forearm. In another
study, the correlation between the blood flow and the
finger temperature was revealed as Fig. 3. With these
findings applied to the capillaries of the face, it is
possible to estimate the body temperature using the
change in the blood flow of the facial capillaries
caused by the temperature change.

Skin blood flow

TB
Internal temperature

Fig. 3. Skin blood flow according to the external
temperature.

The sympathetic nerve control of the skin blood
flow involves the noradrenergic vasoconstrictor
system and the sympathetic active vasoconstrictor
system, and the latter is responsible for 80-90 % of the
percutaneous vasoconstrictor caused by the thermal
stress of the whole body. In short, the skin blood
flow may increase to 6-8 L/min when the body
temperature rises.

Thus, this study attempted to measure the body
temperature based on the difference in the expansion
of the skin capillaries when the body enters a stable
environment from an external environment with a
large temperature difference. We measured the time
required for the temperature of the skin, which was
previously disrupted by the environment, to stabilize
(stabilization time: ST). The body temperature was
calculated through the correlation between the
difference of the subject’s body temperature between
the external temperature and ST (Fig. 4).
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Fig. 4. ST according to the external temperature (top: external temperature of 37°, bottom: external temperature of 33°).

4. Research Results

The validity of the data collected from a camera
was evaluated by comparing the variance of blood
flow, which was measured through the proposed
method, to the value measured through PPG
measurement that used Biopac MP150 (Biopac,
Goleta, CA, USA).

Biopac MP150, a device for oxygen saturation
measurement from Biopac, can measure biosignals
using both digital and analog methods.

Fig. 5. Experimental setup of Contactless biosignal
measurement system.
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4.1. Heart Rate M easurement Results

The experiment was performed ten times with
seven males and three females aged between
23 and 31. In each experiment, the heart rate was
measured ten times for a minute, and the average heart
rate measured using the image sequences obtained by
alternating the lighting conditions was compared with
the average heart rate measuring using Biopac. The
results are shown in the figure below. The accuracy
of average heart rate measurement was found
to be 99.1 %.

4.2. Body Temperature Measurement Results

In this study, an experiment was performed with
test subjects aged between 23 and 33 while the
temperature of the room was fixed at 25°C. ST was
measured after each test subject was exposed
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to an environment with an external temperature
between 28°C and 38°C for ten minutes and then
introduced to an indoor environment with a fixed
temperature of 25°C.

The thickness of the blood vessel wall, the
elasticity of the blood vessel wall, and the viscosity of
blood were excluded due to their negligible influence
over the peripheral blood flow. Based on the
temperature difference with the largest influence, a
body temperature measurement equation was derived.
The results showed that ST increased as the
temperature difference between the control and test
environment, i.e. the indoor and outdoor respectively.
As shown in the Fig. 6, the correlation between the
temperature difference and ST was analyzed through
the linear regression method to derive a relationship.
The derived equation is as follows.

Tsr = 1.337(Tempgy: — Tempe) +9.710  (9)

In Eq. (9), Tsr denotes ST. A linear regression
model was fitted by including the y-intercept of the
graph. As aresult, the values of the dotted line in Fig. 6
were obtained. The coefficient of determination was
calculated to find relatively suitable fitting. The
calculated coefficient of determination was R>=0.798.
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Fig. 6. ST according to the external temperature.

5. Conclusion

As the product of this study, we designed a system
to measure the complex biosignals and data of the user
using image sequences. The system recognizes the
user’s face using the image sequences collected
through a camera and acquires coordinates for
measuring the biometric data of the patient based on
the extracted feature points. It extracts the color of the
same face area by continuously tracking the user’s
face and measures the heart rate of the user, using the
color change of the corresponding pixel. In addition to
simple heart rate measurement, the blood flow in the
skin capillaries was measured using the phenomenon

that the light absorption wavelengths of oxidized
hemoglobin and hemoglobin are different. Based on
this, an algorithm and a system for estimating the body
temperature were also developed.

When the heart rate measured using image
sequences was compared to photoplethysmography
(PPG), which is the conventional contact-type
measurement method, an accuracy of 99 % was
achieved. And the calculated body temperature also
exhibited high accuracy compared to the actual
temperature measured with a thermometer. The results
showed that the biosignals processed using image
sequences have comparable reliability to those
measured using the conventional biosignal
measurement method.

However, the proposed method has a drawback. It
estimates the body temperature by measuring the time
required for the cooled body to be stabilized. And it
can be used only when there is a temperature
difference between the external space and the
measurement space. As the method does not have
control over the environmental temperature, it is
necessary to develop and verify additional algorithms
that can overcome this limitation.
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Abstract: Bees are recognized as an indispensable link in the human food chain and general ecological system.
Numerous threats, from pesticides to parasites, endanger bees and frequently lead to hive collapse. The varroa
destructor mite is a key threat to bee keeping and the monitoring of hive infestation level is of major concern for
effective treatment. Sensors and automation, e.g., as in condition-monitoring and Industry 4.0, with machine
learning offer help. In numerous activities a rich variety of sensors have been applied to apiary/hive
instrumentation and bee monitoring. Quite recent activities try to extract estimates of varroa infestation level by
hive air analysis based on gas sensing and gas sensor systems. In our work in the IndusBee4.0 project [8, 11], an
hive-integrated, compact autonomous gas sensing system for varroa infestation level estimation based on low-
cost highly integrated gas sensors was conceived and applied. This paper adds to [11] with the first results of a
mid-term duration investigation from July to September 2020 until formic acid treatment. For the regarded hive
more than 79 % of detection probability based on the SGP30 gas sensor readings have been achieved.

Keywords: Multi-modal bee health monitoring, Varroa infestation level estimation, Gas sensing, Machine

learning, Apiary intelligence.

1. Introduction

Major issues from environmental pollution to
invasive species are threatening our ecological system
and the human food supply. Insects, and honey bees in
particular, play a decisive role, e.g., for pollination.
The varroa mite parasite is a major threat to bee
keeping and the cause of many bee colony losses. The
monitoring of the varroa infestation level is one
important task of conventionally operating bee
keepers. Though there is a community practicing
treatment free bee keeping [1], the majority of bee
keepers follows standard treatment practice, e.g., by
formic acid, which needs to know the right time to start
treatment based on the hive infestation level.

http://www .sensorsportal.com/HTML/DIGEST/P_3218.htm

Sensors and automation approaches, e.g.,
condition-monitoring, and Industry 4.0, can both
alleviate hive keeping and also make it much more
effective (see, e.g., [8, 11]). In addition to common
monitoring modalities, like temperature, moisture,
visual/IR images, or sound patterns, the hive air
attracted attention, both due to therapeutic interest for
patients with respiratory ailments [3], and for extended
hive condition monitoring based on simple and cost
effective gas sensors, in particular MOX sensors [2],
e.g., for CO, or VOC concentration measurement. The
aspect of estimating the varroa infestation level by
means of such gas sensors combined with pattern
recognition and machine learning techniques has
attracted numerous researchers. The approach shows
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potential to be generalized to other parasites or
illness, e.g., the emerging pest of SHB (Small Hive
Beetle), or foulbrood.

In [4-7] interesting activity based on a multi-gas
sensor system of Figaro gas sensors can be found. A
principal and useful relation between the gas sensor
readings and varroa infestation level was reported. The
ground truth in [4] was obtained by employing the
flotation method to the same hive. The external
measurement setup, however, reportedly implied
challenges, e.g., with regard to dew point issues and
context dependence due to day time of measurement
[6], and monitoring times were rather limited, i.e.,
continuous monitoring for a whole bee season or
development cycle of a hive was not reported yet.

In our IndusBee4.0 project, started end 2017, in-
hive cost-effective integrated sensor systems and
machine learning based data analysis, continuous state
or condition monitoring, and automated decision
making is pursued [8, 11] for longer period, preferably
covering the decisive part of the bee season from the
onset of breeding activity to the first formic acid
treatment [11] and finding effective cues in the
monitoring data to estimate the desired infestation
level. In Section 2, the ground truth obtaining will be
outlined, Section 3 describes the details of the data
acquisition, and Section 4 gives the first results
obtained from July to September.

2. Varroa Monitoring Options

There are several standard methods available for
conventional varroa infestation level assessment for
the required ground truth. They all have in common,
that they imply substantial effort for the bee keeper
and deliver results only at larger time steps. The
analysis of hive debris including mites, dropping from
the hive bottom and collected on a slider or tray, is
most common. Usually, three days are expended until
a manual, or more recently (semi) automated vision-
based analysis, of the debris for the number of varroa
mites can be conducted. The hive infestation level can
be estimated from this count [8]. Another common
approach, also denoted as flotation method, used in
[4], extracts a bee sample from the hive and effectively
drowns them to separate bees and varroa to count the
mites. The powder sugar and the CO,-based sedation
method are two alternative, more bee-friendly,
variants. Sample adequateness will probably depend
on the location of extraction in the hive. A more recent
principle approach tries to scrutinize in and out going
bees at the flight hole for varroa mites clinging to
them, e.g., [8, 9].

Here, the conventional established tray analysis
was employed and more frequently repeated for the
instrumented hives.

3. DataAcquisition by BeE-Nose

For the continued and unobtrusive measurements
in individual bee colonies and a complete apiary, a
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modular monitoring system has been conceived, that
networks the instrumented hives and combines them
with hive keeper assistance systems, as outlined in
[8, 11]. The block diagram of the IndusBee4.0 Apiary
Monitoring system is shown in [11, Fig. 1]. The basic
building block is the SmartComb in-hive autonomous
measurement system [11, Fig. 4]. In the monitored
hive, the SmartComb is located in the middle of the
second super of a three super hive, i.e., in the very
center. The monitoring can be controlled and read-out
via WLAN. The regarded hive has been instrumented
also with hive and honey room scales in addition to
temperature, moisture, sound patterns, and gas sensors
readings. The focus of this report here is on the SGP30
gas sensor, with fortunate properties of baseline
determination [12], and its monitoring results. At a
later point, context from the other sensors will be
included in the analysis.

In the following experiments, the SGP30 gas
sensor readings of time intervals from July to
September 2020, due to issues in employed libraries
and several required restarts, have been merged.

4. Experimentsand First Results

For the first hive monitoring investigations by
BeE-Nose, the data was acquired in the interval from
9% July to 11" September with about 6 readings
per minute.

The development of the varroa population was
monitored more frequently than usual by established
tray analysis as outlined in Section 2. The obtained
varroa count development confirmed the validity of
the chosen observation time. The regarded
instrumented hive had released a strong swarm end
of April.

Fig. 1 shows the SGP30 gas sensor recordings over
the July to September campaign. The two raw data
outputs for ethanol and hydrogen as well as the
computed e-CO, and TVOC outputs are displayed.
This is complemented by the scaled varroa ground
truth, which was obtained concurrently to gas
measurements by following the standard procedure of
counting the daily average drop of varroa on the tray,
here 0, 2.5, 8.6, 14, and scaling this to an estimate of
the actual population in the hive by the standard factor
150. For the sake of visibility, in the Fig. 1 the floored
resulting values were additionally scaled by a factor of
10. As can be seen, in this hive the varroa population
ramps up during the campaign until the critical level
for required treatment, commonly more than 10 per
day, is reached in September.

Fig. 2 shows a scatter plot from the immediate
SGP30 sensor data, i.e., ethanol and hydrogen outputs,
picking in a hold-out approach every thousandth
sample from the available 1003919 of the baseline
corrected readings as training set of a size of
1003 samples, in this first step without further
preprocessing or feature extraction. A corresponding
test set of the same size has been picked from the same
sensor readings with a temporal displacement of
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500 samples to the training data. The four varroa level
estimations obtained from counting and related varroa
population size estimate as displayed in Fig. 1 have
been translated to four classes from ‘1, No Varroa’, ‘2,
Low Varroa’, ‘3, Mid Varroa’, to ‘4, Treatment !’.
However, the boundaries between classes 1, 2 and 3
are rather arbitrary, but make classification definitely
much harder and error prone. Thus, with regard to the
actual binary issue 0K or treatment needed alert, this
was simplified to just two classes ‘1, Ok’, here
summarizing former classes 1 to 3 and former class 4
as ‘2, Treatment !’ in the remaining conducted
classification experiments.

SGP30 Gas Sensor Reading
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Fig. 1. SGP30 gas sensor recordings over the July to
September campaign for the computed e-CO2 and TVOC
values complemented by the scaled varroa ground truth
obtained from tray analysis.

SGP30 Gas Sensor Reading

Fig. 3 correspondingly shows a scatter plot for the
e-CO; and TVOC sensor readings, training set, with a
comparable outcome as observed in Fig. 2.
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Fig. 3. Scatter plot of the training subset of SGP30 ¢-CO2
and TVOC gas sensor readings over the July
to September campaign.

Classification experiments were conducted for
both SGP30 ethanol/hydrogen and e-CO,/TVOC data
sets for several common and relevant classifiers and
the results are summarized in Table 1.

Table 1. First classification results for the SGP30 data
and a voting kNN-classifier (k = 3), RNN, PNN,
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Fig. 2. Scatter plot of the training subset of SGP30 ethanol
and hydrogen gas sensor readings over the July to
September campaign.

The scatter plot in Fig. 2 shows for four assumed
classes a mediocre support of the hypo-thesis, that the
SGP30 readings give a cue on varroa infestation level.
Unfortunately, even reducing to a two class problem
or alert detector for treatment, inter class distance is
small and a substantial overlap in the currently
acquired sensor data can be observed. This advocates
both the use of additional sensors as well as efficient
feature computation [13-15].

and SVMs.
Classifier | N9 | Resubstitution | Generali-
Classes zation
SGP30 ethanol and hydrogen output
kNN 4 89.0 % 79.8 %
kNN 2 98.5 % 97.4 %
RNN 2 100 % 96.91 %
PNN 2 100 % 97.41 %
SVM 2 93.15 % 93.15 %
NLSVM 2 98.00 % 97.91 %
SGP30 e-CO2 and TVOC output
kNN 4 88.33 % 82.85 %
kNN 2 99.1 % 98.6 %
RNN 2 100 % 97.81 %
PNN 2 100 % 97.61 %
SVM 2 98.4 % 98.0 %
NLSVM 2 98.9 % 98.6 %
SGP30 ethanal, hydrogen, e-CO2 & TVOC output
KNN | 2 ] 99.1 % | 987%

The classifications were predominantly carried out

based on the sklearn package of Python, RNN and
PNN were employed in the proprietary QuickCog tool.
RNN does not require parameters, PNN kernel width
was set to 2 in resubstitution and 4 and 7 in
generalization for the reported results. For the kNN,
k=3 was determined and employed. The linear SVM
was employed with C = 1.0, the nonlinear SVM with
rbf-kernel, C = 1.01, and gamma = 2.6 - 107,
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The kNN runs for the four class case give the worst
results of 79.8 % and 82.85 % in generaliza-tion,
which is not unexpected and due to the granularity of
currently determined varroa counts and resulting class
thresholds, and the overlap at class boundaries.

Reducing to two classes, i.c., an alert detector for
treatment needed, however, returns more than 97 % in
all cases, which is encouraging. Table 2 and Table 3
show the confusion matrices of the kNN
classifications of SGP30 ethanol and hydrogen output
for four and two classes of Table 1, respectively. The
confusion between classes 3 and 4, and 1 and 2,
respectively, gives only 82.6 % recognition (True
Positives, TP) of the class 2 treatment needed.

Table 2. Confusion matrix for the SGP30 data and a voting
kNN-classifier with k = 3 and four classes.

SGP30 ethanol and hydrogen output

1 2 3 4
1 118 38 1 0
2 45 403 56 0
3 0 36 223 14
4 0 0 12 57

Table 3. Confusion matrix for the SGP30 data and a voting
kNN-classifier with k = 3 and two classes.

SGP30 ethanol and hydrogen output
1 2
1 920 14
2 12 57

This is repeated in Table 1 for e-CO, and TVOC
output and the corresponding confusion matrices are
given in Table 4 and Table 5.

Table 4. Confusion matrix for the SGP30 data and a voting
kNN-classifier with k = 3 and four classes.

SGP30 e-COz and TVOC output
1 2 3 4
1 141 16 0 0
2 62 394 47 1
3 0 33 232 8
4 0 0 5 64

Table 5. Confusion matrix for the SGP30 data and a voting
kNN-classifier with k = 3 and two classes.

SGP30 e-CO2 and TVOC output
1 2
1 925 9
2 5 64

The confusion between class 3 and 4, and 1 and 2,
respectively, now gives 92.75 % recognition (TP) of
the class 2 treatment needed for e-CO, and TVOC
output. Finally, in the last row of Table 1, one more
experiment just for kNN with k=3 can be observed,
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where the four sensor outputs have been merged,
which left resubstitution unchanged and gave a minor
increase in generalization from 98.6 % to 98.7 %.

5. Discussion

The employed SGP30 gas sensor and the related
measurements indicate a moderate correlation with the
manually determined onset of varroa infestation in the
bee hive. However, the SGP30 sensor readings cannot
realistically be expected to give a direct indication of
the present varroa population, the observed correlation
or dependency can be accredited to indirect indication
of changes in bee hive climate due to the imposed
influence and stress of the growing mite population on
the bee colony. This clearly advocates to add
additional sensors, e.g., as inspired by [4-7], but in
hive-integrated embodiment. The popular Bosch
SENSORTEC BME680, which even allows
temperature modulation, has already been included
[11] and will be incorporated in the future analysis.
This will in general also demand for effective domain-
specific feature computation as, e.g., presented in
[13-15], which will also give credit to the temporal
nature of the data. For instance, analyzing the temporal
sequence of occurrence of current misclassifications,
it became obvious, that these were predominantly
singular or temporarily isolated events. As the
treatment decision allows to accumulate decisions
over a longer intervall, e.g., several hours, singularities
could be masked by a voting approach for a more
robust alert.

Further, the number of manual inspections and
related varroa counts are still sparse or coarse and
would ask for a more fine grained, i.e., more frequent,
determination in future measurement campaigns.
Also, in the current investigation, samples have been
adopted from any time of the 24 h observation cycle in
the regarded campaign of three months. In the light of
[6], the context of time of day and colony activity
should be definitely included in the choice of
classification data for improved detection and alert
generation capability.

6. Conclusions

IoT, Machine Learning, and Artificial Intelligence
massively move in the agro-tech domain, striving for
fully automated farming solutions [10]. The
importance of bees in agriculture and the overall
ecosystem as well as the stringent need for
technological support and alleviation of bee keeping is
undisputed [4-7, 8, 9, 11]. In this work, a step towards
continuous varroa infestation level determination by a
low-cost, small, and unobtrusive in-hive monitoring
system with gas sensor extension [11] has been
achieved. First results obtained by this BeE-Nose from
a mid-term observation time in a hold-out approach
harmonize with those reported in [4-7], which were
based on comparably macroscopic hive-external
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equipment, shorter observation time, but richer
sensor palette.

Though ad hoc use of this first SGP30 data already
delivered a moderate leverage for the infestation level
estimation and treatment alert generation, the role of
context, robustness, and stability of the results, varroa
threshold settings, as well as generalization issues to
different hives have to be thoroughly investigated in
the next steps.

In future work, more sophisticated feature
computation [13-15] and multiple gas sensor
employment, starting with adding BMEG680
information, will be regarded. Exploitation of further
cues from acoustical data [8, 11] and merging those
with the gas sensor information for increase of robust
varroa infestation level estimation and treatment alert
generation will be investigated (see [11], Fig. 10).

Potential generalization to other pests and
illnesses as the SHB or variations of foulbrood open
further opportunities.

References

[1]. C. Hudson, S. Hudson, Notes on Treatment Free
Beekeeping, January 2018
(https://beemonitor.files.wordpress.com/2018/04/note
s-on-treatment-free-beekeeping-jan-2018.pdf)

[2]. C. Jaeschke, O. Gonzalez, M. Padilla, K. Richardson,
J. Glockler, J. Mitrovics, B. Mizaikoff, A Novel
Modular System for Breath Analysis Using
Temperature Modulated MOX Sensors, MDPI
Proceedings, Vol. 49, Tssue 14(1), 2019, pp. 1-3.

[3]. K. Speer., Stockluftanalyse, Technische Universitat
Dresden, accessed March 2020, https:/www.chm.tu-
dresden.de/Ic3/dateien/stockluft.pdf

[4]. A. Szczurek, M. Maciejewska, B. Bak, J. Wilk,
J. Wilde, M, Siuda, Detecting varroosis using a gas
sensor system as a way to face the environmental
threat, Science of the Total Environment, Vol. 722,
2020, pp. 137866.

[5]. B. Bak, J. Wilk, P. Artiemjew, J. Wilde, M. Siuda,
Diagnosis of Varroosis Based on Bee Brood Samples
Testing with Use of Semiconductor Gas Sensors,
Sensors, Vol. 20, Issue 14, 2020.

[6].

[7].

[8].

[9].

[10].

[11].

[15].

. A. Vanarse, J. L

Szczurek A., Maciejewska M., Zajiczek Z., Bak, B.,
Wilk J., Wilde J., Siuda M., The Effectiveness of
Varroa destructor Infestation Classification Using an
E-Nose Depending on the Time of Day, Sensors,
Vol. 20, Issue 9, 2020.

A. Szczurek, M. Maciejewska, B. Bak, J. Wilk, J.
Wilde, M. Siuda, Detection Level of Honeybee
Desease: Varroosis Using a Gas Sensor Array, in
Proceedings of the 5 International Conference on
Sensors Engineering and Electronics Instrumentation
Advances (SEIA'2019), Tenerife (Canary Islands),
Spain, 25-27 September 2019, pp. 255-256.

A. Konig, IndusBee4.0 — Integrated Intelligent
Sensory Systems for Advanced Bee Hive
Instrumentation and Hive Keeper’s Assistance
Systems, Sensors & Transducers Journal, Vol. 237,
Issue 9-10, 2019, pp. 109-121.

L. Chazette, M. Becker, H. Szczerbicka, Basic
algorithms for bee hive monitoring and laser-based
mite control, in Proceedings of |[EEE Symposium
Series on Computational Intelligence (SSCI), Athens,
2016, pp. 1-8.

L. Rembert, How AI and the IoT are improving
farming sustainability
(https://www.embedded.com/how-ai-and-the-iot-are-
improving-farming-sustainability/), accessed Oct. 20,
2020.

A. Konig, BeE-Nose — An In-Hive Multi-Gas-Sensor
Extension to the IndusBee4.0 System for Hive Air
Quality Monitoring and Varroa Infestation Level
Estimation, in ‘Advances in Signal Processing:
Reviews’, Book Series (S. Y. Yurish, Ed.), IFSA
Publishing, Vol. 2, 2021, pp. 443-463.

. Sensirion, Datasheet SGP30 Indoor Air Quality Sensor

(http://www.sensirion.com).

Espinosa-Ramos, A. Osseiran,
A. Rassau, N. Kasabov, Application of a Brain-
Inspired Spiking Neural Network Architecture to Odor
Data Classification, Sensors, Vol. 20, Issue 10, 2020,
2756.

. T. Nowotny, A. Z. Berna, R. Binions, S. Trowell,

Optimal feature selection for classifying a large set of
chemicals using metal oxide sensors, Sensors and
Actuators B: Chemical, Vol. 187, 2013, pp. 471-480.
E. Martinelli, C. Falconi, A. D‘Amico, C. Di Natale,
Feature extraction of chemical sensors in phase space,
Sensors and Actuators B: Chemical, Vol. 95,
Issue 1-3, 2003, pp. 132-139.

(http://www.sensorsportal.com).

Published by International Frequency Sensor Association (IFSA) Publishing, S. L., 2021

43



Aims and Scope

Sensors & Transducers is established, international, peer-reviewed, open access journal (print and electronic). It
provides the best platform for the researchers and scientist worldwide to exchange their latest findings and
results in science and technology of physical, chemical sensors and biosensors. The journal publishes original
results of scientific and research works related to strategic and applied studies in all aspects of sensors: reviews,
regular research and application specific papers, and short notes. In comparison with other sensors related
journals, which are mainly focused on technological aspects and sensing principles, the Sensors & Transducers
significantly contributes in areas, which are not adequately addressed in other journals, namely: frequency
(period), duty-cycle, time-interval, PWM, phase-shift, pulse number output sensors and transducers; sensor
systems; digital, smart, intelligent sensors and systems designs; signal processing and ADC in sensor systems;
advanced sensor fusion; sensor networks; applications, etc. By this way the journal significantly enriches the
appropriate databases of knowledge.

Sensors & Transducers journal has a very high publicity. It is indexed and abstracted very quickly by Chemical
Abstracts, EBSCO Publishing, ProQuest Science Journals, CAS Source Index (CASSI), Ulrich's Periodicals
Directory, Google Scholar, etc. Since 2011 to 2014 Sensors & Transducers journal was covered and indexed by
EI Compendex (CPX) index (including a Scopus, Embase, Engineering Village and Reaxys) in Elsevier
products. The journal is included in the IFSA List of Recommended Journals (up-dated 9.12.2019), which
contains only the best, established sensors related journals.

Topics of Interest

Include, but are not restricted to:

Physical, chemical sensors and biosensors

Digital, frequency, period, duty-cycle, time interval, PWM, pulse number output sensors and transducers
Theory, principles, effects, design, standardization and modelling
Smart sensors and systems

Intelligent sensors and systems

Sensor instrumentation

Virtual instruments

Sensors interfaces, buses and networks

Signal processing, sensor fusion

Remote sensing

Frequency (period, duty-cycle)-to-code converters, ADC
Technologies and materials

Nanosensors and NEMS

Microsystems

Applications

Further information on this journal is available from the Publisher's web site:
http://www.sensorsportal.com/HTML/DIGEST/New_Digest.htm

Free Access and Subscriptions

Sensors & Transducers is the open access journal. All single articles are available for free download (article by
article) without any registration and embargo period. For those who want to get the full page journal issue in
print and/or pdf format there is an annual subscription. It includes 12 regular issues and some special issues.
Annual subscription rates for 2020 are the following: Electronic version (in printable pdf format):
590.00 EUR; Printed with b/w illustrations: 950.00 EUR; 15 % discount is available for IFSA Members.

Further information about subscription is available on the IFSA Publishing's web site:
http://www.sensorsportal.com/HTML/DIGEST/Journal Subscription.htm

Advertising Information

If you are interested in advertising or other commercial opportunities please contact by e-mail:
sales@sensorsportal.com
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SEIA'21

22-24 September 2021 * Palma de Mallorca (Balearic Islands), Spain

el

The 7" Annual International Conference on Sensors and Electronic Instrumentation Advances (SEIA' 2021) is a forum for presentation, discussion, and
exchange of information and latest research and development results in both theoretical and experimental research in sensors, transducers and their
related fields. It brings together researchers, developers, and practitioners from diverse fields including international scientists and engineers from
academia, research institutes, and companies to present and discuss the latest results in the field of sensors and measurements.

The SEIA conference is focusing any significant breakthrough and innovation in Sensors, Electronics, Measuring Instrumentation and Transducers
Engineering Advances and its applications with broadest concept. The conference is organized by the International Frequency Sensor Association (IFSA) -
one of the major professional, non-profit association serving for sensor industry and academy more than 20 years.

The conference is focusing any significant breakthrough and innovation in Sensors, Electronics, Measuring Instrumentation and Transducers Engineering
Advances and its applications including Internet of Things (loT), wearable devices, smart homes and cities, healthcare, etc. by focusing on main areas as:

Sensor Technology

- Accelerometers

- Inclinometers

- Gyroscopes

- Mechanical Sensors

- Optical Sensors

- Optical Fiber Sensors

- Photonic Sensors

- Chemical Sensors

- Biosensors

- Immunosensors

- BioMEMS

- Temperature Sensors

- Pressure Sensors

- Acoustic Sensors

- Electromagnetic Sensors

- Gas Sensors

- Humidity Sensors

- Infrared Sensors, Devices and
Thermography

- Radiation Sensors

- Multi Sensor Fusion

- Smart Sensors

- Intelligent Sensors

- Artificial Intelligence based Sensors
and Sensor Systems

- Virtual Sensors

- Sensor Interfacing and Signal
Conditioning

- Sensor Calibration

- Nanomaterials and Electronics
Technology for Sensors

- Semiconductor Materials for Sensors

- Polymer Materials for Sensors

- MEMS and NEMS

- Remote Sensors and Telemetry

- Sensor Applications

Sensor Instrumentation and Measuring

Technology

- Metrology and Measurement Science

- Methods of Measurements

- Calibrations and Standards

- Measurement of Electrical Quantities

- Time and Frequency Measurements

- Measurement of Force, Mass, Torque,
Inclination and Acceleration

- Magnetic Measurements

- Hardness Measurements

- Measurement of Geometrical Quantities
- Temperature and Thermal Measurements

- Pressure and Vacuum Measurements
- Vibration and Noise Measurement

- Flow Measurements

- Chemical Measurements

- Quantum Measurements and Photonics
- Acoustics and the Ultrasonic Measurements

- Environmental Measurements
- Power and Energy Measurements
- Measurement of Human Functions

- Measurements in Biology and Medicine

- Mathematical Tools for Measurements
- Optical and Radiation Measurements
- Microwave Measurements

- Virtual Instruments and Data Acquisition

Systems
- Soft Measurements
- Measurement Systems
- Distributed Measurements

- Analog-to-Digital Converters, Digital and

Mixed Signal Processing

- Waveform Analysis and Measurements
- Scientific and Industrial Instrumentation

- Cyber-Physical Systems and loT
- Experimental Mechanics

- Measurement in Robotics

- Metrology in Food and Nutrition

- Intelligent and Computer Vision Instruments

- Reliability of Instrument and Measurement Systems

- Nanometrology

- Technical Diagnostics and Testing

- Nondestructive Testing

- Education and Training in Measurement and
Instrumentation

Special Sessions:

- Stretchable Temperature Sensors
- Non-destructive testing

Contribution Types:

« Keynote presentations
« Invited talks « Exhibition

« Special sessions « Round Tables

« Regular and Poster sessions « Panel Discussion

« Industrial presentations

Special Sessions and Tutorials:

Authors are welcome to propose and manage special
sessions during the SEIA' 2021. Each special session will
contain 4-6 papers in a related field as specified above.

Session organizers will get: Certificate of Appreciation;
Free Registration; Special Publishing Theme within
Conference Proceedings.

Deadlines:

Submission (2-page extended abstract): 1 June 2021
Notification of acceptance: 20 June 2021
Registration: 15 July 2021
Camera ready and late registration: 30 July 2021
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7" International Conference on Sensors
and Electronic Instrumentation Advan

Venue

SEIA' 2021 will take place on Balearic Islands (Mallorca), Spain,
22-24 September 2021

Conference Hotel

Hotel Melia Palma Marina
Av.de Gabriel Roca, 29, 07014 Palma, Illes Balears, Spain

One event - three publications !

1. All registered abstracts will be published in the conference
proceedings. The SEIA Conference Series Proceedings are
indexed in Conference Proceedings Citation Index (CPCI),
Web of Science by Clarivate Analytics.

2. Authors will be invited to submit full-page extended papers
to special issue of 'Sensors & Transducers’ open access
journal, which is published in both formats: print and
electronic (pdf) or in the special issues of open access journals
MDPI Sensors or MDPI Biosensors.

3. The limited number of full-page papers published in the
journals will be selected by the Editorial Board to extend to
open access book chapters for the Book Series on 'Advances
in Sensors: Reviews', Vol. 9, 'Advances in Biosensors: Reviews',
Vol. 4 or 'Advances in Measurements and Instrumentation:
Reviews', Vol. 3. These Book Series are indexed in the Book
Citation Index (Wed of Science) by Clarivate Analytics.
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Organizing Committee

Chairmen:

Prof., Dr. Yurish, Sergey (IFSA, Spain),

e-mail: SYurish@sensorsportal.com

Dr. Daneshmand Malayeri, Amin (Asia-SAME, UAE)
e-mail: amin.daneshmand87@gmail.com

Advisory Chairmen

Prof. Gennaro Conte (University Roma Tre, Italy)

Dr. Pavel Shuk (Emerson Process Management, USA)

Dr. Marius Gheorghe (Ideal Aerosmith Inc., USA)

Dr. Paolo Dabove (Politecnico di Torino, Italy)

Prof. George Kiriakidis (European Materials Research Society
(E-MRS), France)

Prof. Svetlana V. Procopchina (Financial University under
the Government of the Russian Federation, Russia)

Prof. Vijyakumar Varadarajan (The University of New

South Wales, Australia)

Conference and Publication Manager
Tetyana Zakharchenko (IFSA Publishing, S.L., Spain)

Social Programme

» Welcome Cocktail: 21 September 2021 (21:00-22:00).
It will take place in the Hotel Melia Palma Marina.
« Gala Dinner: 23 September 2021 (20:00-22:30)
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3" IFSA Frequency & Time _—
Conference (IFTC' 2021) &

22-24 September 2021 ® Palma de Mallorca (Balearic Islands), Spain https://www.iftc-conference.com/

About the Event

The 3" IFSA Frequency and Time Conference (IFTC’ 2021) is organized by International Frequency
Sensor Association (IFSA) — one of the major professional, non-profit association serving for sensor
industry and academy more than 20 years.

IFSA was founded on 23 August 1999 with the aim to encourage the research and development in
the area of sensors with frequency, time interval, duty-cycle and digital output, including
multifunction, multifrequency transducers, the usage of new physical effects and principles. IFSA
reports on current research in this field worldwide through its media: Sensors Web Portal, IFSA
Newsletter, Sensors & Transducers journal, e-Digest (magazine) and related conferences. Today
IFSA has more that 750 members from 74 countries from academia and industry worldwide.

In 1961 professor P. V. Novitskiy wrote: "... In the future we can expect, that a class of frequency
output sensors will get such development, that the number of now known frequency output sensors
will exceed the number of now known amplitude sensors...". It was also predicted in a technology
forecast in 1971: “*Many basic measurements will be related to or measured by time/frequency
techniques. This situation will occur because of the increasing facility and accuracy provided through
time frequency measurements... Frequency and computing counters can be expected to become
smaller, lighter and cheaper, provide direct frequency readout and will be more universally used...
Progress will continue in the field of time and frequency during the next five years and will contribute
materially to the state of the art in electronics”.

Despite the fact that this forecast was not fully justified till now, it is really the situation when “the
future glimmers long before it comes to be”. Today, the next big challenge has come from
microelectronics. So, in 2010 professor Staphan Henzler did write: “Below the 100 nm technology
node the design of analog and mixed-signal circuits becomes perceptibly more difficult. This is
particularly true for low supply voltage near 1 V or below. The result is not only an increased design
effort but also a growing power consumption. ... However, digital circuits become faster, smaller, and
less power hungry”.

Frequency/time domain signal processing and so time-to-digital converters (TDC) and frequency-
to-digital (FDC) converters are well suitable for high volume microelectronics in order-to circumvent
analog impairments in nanometer-scale CMOS technologies. Hence, the TDC and FDC concepts are
promising that have the ability to exploit fully the advantage of digital circuits. The FDC will be a
trend-setting technology for ultimately scaled CMOS technologies in the nearest future, and can be
used for many applications such as smart digital sensors, IoT and Industry 4.0. No any doubt that
now we are living in time, when the old prediction becomes true !

On the basis of the mentioned above and Industry 4.0 and IoT 2.0 challenges it has been decided to
start a new annual international conference, which will cover both: methods of measurements of
frequency-time parameters of signals, and devices including appropriate sensors, transducers and
converters to frequency, and frequency to digital. Sure, the conference can not ignore the other
related areas connected with frequency and time, namely: generation, transfer, various oscillators
and resonators, standards and references, etc.

The 1% IFSA Frequency and Time Conference (IFTC' 2019) has taken place in Barcelona, Spain
(2019), and the 2™ IFSA Frequency and Time Conference (IFTC’ 2020) - in Porto (Portugal). The 3
IFTC' 2021 will take place in Palma de Mallorca (Balearic Islands), Spain in conjunction with the 7"
Annual International Conference on Sensors and Electronic Instrumentation Advances (SEIA' 2021)
under the same conference umbrella.

http:/ /iftc-conference.com
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3" IFSA Frequency & Time Conference (IFTC' 2021)

The topics of interest include (but not limited):

¢ Methods for Frequency, Time and Phase Measurements

¢ Measurements of Frequency-Time Parameters of Signals

» Frequency-to-Digital Converters (FDC)

« Time-to-Digital Converters (TDC)

» \loltage-to-Frequency Converters (VFC)

¢ Current-to-Frequency Converters

* ADC based on Voltage-to-Frequency Converters

¢ Capacitance-to-Frequency Converters

e Resistance-to-Frequency Converters

» Resistive Bridge-to-Frequency Converters

e Inductance-to-Frequency Converters

¢ Impedance-to-Frequency Converters

¢ Counters, Phasemeters and Tachometers

¢ Frequency Generators and Synthesizers

¢ Frequency, period, duty-cycle, time interval, pulse width
modulation and pulse number output sensors and transducers

e Surface Acoustic Wave (SAW) sensors

e Bulk Acoustic Wave (BAW) sensors

¢ Quartz Crystal Microbalance (QCM) sensors

e Ultrasonic Sensors

e Oscillators, Resonators, Timers, Resonator Circuits and Filters

« Voltage-controlled Oscillators

¢ Atomic and Optical Frequency Standards

» Frequency References

e Frequency Control, Timing and Time Distribution

 Time and Frequency Transfer

e Ferroelectric, Piezoelectric, and Piezomagnetic Materials

e Applications, trends and markets

One Event - Three Publications!

1. All registered abstracts will be published in the conference
proceedings (Flash drive edition of published Proceedings with
the ISBN).

2. Authors will be invited to submit full-page extended papers to
the special issue of Sensors & Transducers journal (ISSN 2306-
8515, e-ISSN 1726-5479) by IFSA Publishing, which is published
in both formats: print and electronic.

3. The limited number of full-page papers published in the journal
will be selected by the Editorial Board to extend for the open
access book chapters for the Book Series on 'Advances in
Sensors: Reviews', Vol. 8, which will be published in 2020/2021,
or 'Advances in Measurements and Instrumentation: Reviews',
Vol. 3. These Book Series are indexed in the Book Citation Index
(Wed of Science) by Clarivate Analytics.
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Sergey Y. Yurish

Physical and Chemical Sensors:
Design, Applications & Networks

C 750 Publishing

Contribution Types:

 Keynote presentations

A « Posters
+ Invited talks ) « Panel discussion & round tables
+ Industrial presentations . Exhibition
+ Regular presentations . Tutorials
« Special Session presentations
Deadlines:
Submission (2-page abstract): 1 June 2021
Notification of acceptance: 20 June 2021
Registration: 15 July 2021
Camera ready (4-6 pages paper): 30 July 2021

Special Sessions and Tutorials

Authors are welcome to propose and manage special sessions or give a
half-day pre-conference tutorial during the IFTC' 2021. Each special
session will contain 4-6 papers in a related field as specified above.

Session organizers will get:

- Certificate of Appreciation

- Free Registration

- Special Publishing Theme within Conference Proceedings

Committee

Chairman
Prof., Dr. Sergey Y. Yurish (IFSA, Spain)

Advisory Chairmen

Prof., Dr. Vincenzo Piuri (Universit' degli Studi di Milano, Italy)
Prof. Vijyakumar Varadarajan (The University of New South
Wales, Australia)

Prof., Dr. José Miguel Pereira (Instituto Politécnico de Setubal
(ESTSetubal/IPS, Portugal)

Organizing Committee

Mr. Javier Cafiete (Universitat Politecnica de Catalynya (UPC),
Barcelona, Spain)

Mr. Luis Morey (Universitat Politecnica de Catalynya (UPC),
Barcelona, Spain)

Mr. Sergii Garmash (IFSA Publishing, S.L., Spain)

Conference and Publication Manager
Tetyana Zakharchenko (IFSA Publishing, S.L., Spain)

Sponsors, Organizers & Media Partner

The IFTC' 2021 conference is organized by International Frequency
Sensor Association (IFSA) - one of the major professional, non-profit
association serving for sensor industry and academy more than 20
years.

Information for Sponsors

The conference organizers are looking for sponsors from industry and
academia to support various activities, such as invited, keynote
speakers, gala dinner, coffee breaks, post- and pre-conferences tours
and other social events. The organizers offer different sponsorship and
associated benefits. For more information on sponsoring, please contact
Dr. Sergey Y. Yurish by e-mail: SYurish@sensorsportal.com

http:/ /iftc-conference.com
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Theory:

Digital Sensors and Sensor Systems:
Practical Design

and

Practice:
Development Board
EVAL UFDC-1/UFDC-1M-16

Sergey Y. Yurish

Digital Sensors
and Sensor S){stems.
Practical Design -

Buy book and Evaluation board together. Save 30.00 EUR

Development Board EVAL UFDC-1 / UFDC-1M-16

Full-featured development kit for the Universal Frequency-to- Applications:
Digital Converters UFDC-1 and UFDC-1M-16. 2 channel, 16 - Digital sensors and sensor systems
measuring modes, high metrological performance, RS232/USB - Smart sensors systems
interface, master and slave communication modes. On-board - Data Acquisition for frequency-time
frequency reference (quartz crystal oscillator). Operation from 8 to parameters of electric signals
14V AC/DC. Development board software is included. - Frequency counters

- Tachometers and tachometric systems
All existing frequency, period, duty-cycle, time interval, pulse- - Virtual instruments
width modulated, pulse number and phase-shift output sensors - Educational process in sensors and
and transducers can be directly connected to this 2-channel DAQ measurements
system. The user can connect TTL-compatible sensors’ outputs to - Remote laboratories and distance
the Development Board, measure any output frequency-time education

parameters, and test out the sensor systems functions.

Order online:
http://www.sensorsportal.com/HTML/BOOKSTORE/Digital_Sensors_and_Board.htm
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