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Abstract: A pyroelectric temperature sensor for measuring human body temperature with increased
accuracy and speed for application in mobile robotic systems has been developed. This pyroelectric
temperature sensor for measuring human body temperature is intended for use in various educational
institutions. Its usage will allow for identifying sick or potentially ill people and providing them with
preliminary advice and avoid infecting other people. This is particularly important considering the
seasonality of dangerous infectious diseases and the emergence of new ones (e.g., COVID-19). It is
also advisable to use this pyroelectric sensor in hospitals, where temperature measurement is very
crucial for monitoring the course of various diseases. The proposed pyroelectric temperature sensor
is based on a nonlinear oscillatory system, which provides high sensitivity and allows for solving
the problem of increasing the accuracy of measuring the human body temperature in a non-contact
way. Measurement error is ±0.1% in the operating range (32–43) ◦C, measurement time—1 s, and the
frequency instability is 3·10−4.

Keywords: pyroelectric temperature measurement sensor; non-contact temperature measurement;
monitoring of human body temperature; primary pyrometric temperature meter; mobile robotic
system; detection of potentially sick people; COVID-19; omicron; influenza; swine flu; avian flu

1. Introduction
1.1. Background

Human health is a priceless treasure. This is the most important of man’s needs. It
is health that largely determines a person’s capabilities. In turn, maintaining health at
the proper level is a rather complicated and complex task. Let us consider one of the
important components of this task—monitoring humans’ body temperatures in educational
institutions, shopping centers, train stations, airports, entertainment centers, and other
busy places in order to identify potentially sick people in a timely manner. This is especially
important nowadays when there are many different (including deadly) infectious diseases,
as well as new, quite dangerous illnesses, such as various strains of COVID-19 and others.
Sufficiently detailed information on COVID-19 is provided, for example, on the websites of
the World Health Organization (WHO) and the European Centre for Disease Prevention

Electronics 2024, 13, 3173. https://doi.org/10.3390/electronics13163173 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics13163173
https://doi.org/10.3390/electronics13163173
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-9580-6602
https://orcid.org/0000-0001-9535-1644
https://orcid.org/0000-0002-7624-7072
https://orcid.org/0000-0003-4045-6144
https://orcid.org/0000-0002-5981-3124
https://doi.org/10.3390/electronics13163173
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13163173?type=check_update&version=2


Electronics 2024, 13, 3173 2 of 25

and Control (ECDC) [1,2]. So, the main task here is to reduce the spread of diseases as much
as possible and start treatment of the sick as soon as possible. Temperature measurement,
of course, is extremely relevant for hospitals, where monitoring patients’ temperatures
allows for timely and accurate determination and adjustment of the treatment process.

So, what is most often used to measure the temperature of the human body today?
Quite often, such a meter is a conventional mercury thermometer. Despite its high accuracy
and low price, it has significant drawbacks. These are the high toxicity of mercury, poor
reliability of the glass case, and a rather long (up to 10 min) temperature measurement time.
The latter drawback becomes especially noticeable when measuring the temperature of
infants, or, for example, when measuring the temperature of a large number of people at
different times. The complete hygiene and practical instantaneousness (2–7 s) of the non-
contact method of measuring body temperature have long made non-contact thermometers
one of the most promising tools [3,4]. Despite the development of technologies and the
market for non-contact infrared thermometers, they are merely promising at this stage, and
forecasts for mercury thermometer replacement in medical use remain mostly at the level
of discussion. The main problems of non-contact thermometers still remain unresolved.
These include the rather low measurement accuracy (error can reach ±0.50 ◦C) and very
high price (twice as expensive as mercury thermometers) [5].

A previous analysis of the most common modern means of temperature measure-
ment [6] showed the presence of drawbacks. One of these disadvantages is their structure
complexity. The presence of a large number of components, with the modern principle
of the miniaturization of technologies, is unacceptable. In addition, the considered me-
ters contain too many conversion circuits. This leads to additional errors, as well as an
increase in conversion time. Another drawback is the low sensitivity of the devices. These
problems of existing temperature-measuring devices can be overcome by using micro-
electronic frequency temperature converters based on transistor structures with negative
resistance [7].

Studies on the temperature dependence of the impedance of semiconductor devices
with negative resistance have shown promising results in terms of the possibility of building
a self-oscillator primary measuring transducer on this basis [5,6].

The characteristics of existing non-contact infrared thermometers can be improved by
using self-oscillatory systems based on the reactive properties of elements with negative
resistance. Such systems have a number of advantages, namely, high interference immunity
(providing high measurement accuracy), powerful output signal (which allows one to
abandon precision amplifiers), and design simplicity (which increases the efficiency of
devices built on their basis).

To study the properties of a temperature-sensitive measuring transducer, its mathe-
matical model has to be developed. On the basis of this model, it is possible to obtain the
dependence of the volt-ampere characteristic, the active and reactive components of the
total resistance of the structure, and the generation frequency of the temperature and the
power supply modes, as well as perform experimental studies and install it on a mobile
robotic platform.

1.2. Problem Statement

The advent of mobile robotic systems for non-contact measurement of the human
body’s temperature has been a significant technological advancement, particularly in
the context of public health and safety. These systems are designed to autonomously
navigate various environments such as hospitals, airports, and public spaces to perform
temperature screenings without direct human intervention. However, despite their po-
tential, current robotic systems face several limitations that hinder their effectiveness and
widespread adoption.

The limitations of current robotic systems lay in four main categories: measurement
accuracy and reliability, environmental interference, dynamic and static errors, and human–
robot interaction. This research paper does not aim to consider all the limitations of modern
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robotic systems for the non-contact measurement of human body temperature but rather
focuses on main one that introduces the largest error and to which a solution is proposed.
The accuracy and reliability of human body temperature measurements are directly related
to the measuring sensors. Modern temperature measurement sensors such as infrared
thermometers and thermal imagers are prone to inaccuracies due to environmental factors
such as ambient temperature, humidity, and airflow. These factors can lead to significant
measurement errors, which calls into question the reliability of temperature readings [8,9].

Given these limitations, there is a pressing need for the development of an advanced
mobile robotic system that can overcome the challenges associated with non-contact tem-
perature measurement. A new solution should focus on the following aspects: the develop-
ment of more accurate and reliable temperature sensors that can operate effectively under
varying environmental conditions and the design of robots that are socially acceptable and
user-friendly, with interfaces that provide clear and actionable feedback to operators and
the public.

By addressing these limitations, the next generation of mobile robotic systems can
provide a more accurate, reliable, and socially acceptable solution for the non-contact
measurement of human body temperature, thereby enhancing public health monitoring
and safety.

1.3. Objective

The aim of this work is to develop a pyroelectric temperature measurement sensor for
application in a mobile robotic system with a human-centric design to measure the human
body temperature with increased accuracy and reliability.

The object of this research is the process of converting radiation temperature into an
analog output signal with a frequency information parameter.

The subject of this research is a non-contact pyroelectric thermometer for application
in a mobile robotic system.

To achieve the goal of the work, we propose solving the following tasks:

(1) To analyze modern non-contact pyroelectric thermometers to measure the human
body temperature and justify the advantages of a thermometer based on a lambda-
type self-oscillatory system in comparison with others.

(2) To develop a mathematical model of a lambda-type self-oscillatory system with
a pyroelectric sensing element in the time domain, which will help to obtain the
dependence of voltages and currents in time, the dependence of the generation
frequency, and the sensitivity of the device regarding temperature.

(3) To develop a mobile robotic system with an electronic non-contact pyroelectric ther-
mometer with increased accuracy and reliability.

1.4. Main Contribution

The main contributions of this paper are as follows:

(1) The authors developed a pyroelectric sensor with a self-oscillator transducer for the
non-contact measurement of the human body temperature, which has high accuracy,
precision, and measuring speed.

(2) The authors developed a mathematical model of the proposed pyroelectric sensor
with a self-oscillator transducer for the non-contact measurement of the human body’s
temperature.

(3) The authors made an experimental model of the device for use in mobile robotic
systems and obtained new results from experimental studies that confirmed the
correctness/adequacy of the proposed mathematical model.

2. Materials and Methods
2.1. Non-Contact Measurement Technology

Human body temperature is measured in a non-contact way by a primary pyrometric
transducer (PPT). Thermal radiation falls on the sensing element of the PPT and is then
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transmitted to the control element [10]. As a rule, the control element is a pyroelectric,
on which a thermosensitive film of black metal is applied. The third component of the
FET is the actuating element—this is usually a transistor or operational amplifier [11].
We propose combining thin pyroelectric films with circuits of transistor structures with
negative resistance. Figure 1 shows a block diagram of the measuring transformation of the
temperature of non-crystalline semiconductors into a change in the output signal frequency.
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Figure 1. Block diagram of the measuring transformation.

Notation: T is the heating temperature of the furnace; TH is the temperature of the
human body; E is the flux of thermal radiation of the human body caused by its heating;
ε is the integral emissivity of the human body; and Tp is the temperature of the sensitive
pyroelectric element caused by the impact of the thermal radiation flux on it. Thus, the
actual value of the human body temperature is Th = Tp/ε1/4.

2.2. Mathematical Model of the Temperature Measurement Sensor

First, we developed a mathematical model of the temperature measurement sensor to
find the analytical and graphical representation of the transformation function F(T).

Mathematical modeling of the measuring sensor of human body temperature was per-
formed for the circuit based on the metal–pyroelectric–semiconductor structure (Figure 2).
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Figure 2. Electrical circuit of the measuring transducer based on the metal–pyroelectric–
semiconductor structure.

The circuit of the frequency-measuring converter consists of bipolar and field-effect
transistors, which are powered by a constant voltage source Up.s. (Figure 2). In this BJT-
MOS transistor structure, there is negative resistance on the collector-drain electrodes
of transistors VT1 and VT2. Connecting an external inductance L to the collector-drain
electrodes allows one to create a generator of electrical oscillations, the generation frequency
of which clearly depends on the temperature.

Since the SPT is a dynamic system, the analysis of the studied structure will be carried
out within the duration of the active pulse of heat radiation [12]. When the signal hits the
sensitive element, the pyroelectric heats up, which results in the arising signal charging
both the pyroelectric capacitor itself and the transistor input capacitance. The heat radiation
power required to trigger the sensor is in the range of microwatts [13]. Therefore, a bipolar
transistor with a pyroelectric film has high sensitivity. A potential of a certain polarity,
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which is applied to the base of the bipolar transistor, changes the voltage of the transistor
structure with a pyroelectric film:

U = U0 −
2
3

θ · Ube (1)

where U0 = 2.4 V; θ is the correction factor; Ube is the base-emitter voltage.
If the potential on one surface of the pyroelectric is constant and the potential on the

other varies, then

∆U =
ρ · δ · ∆T

ε · ε0
, (2)

where p is the pyroelectric coefficient; δ is the thickness of the pyroelectric; ∆T is the
temperature change; ε is the dielectric constant of the pyroelectric material; and ε0 is
the dielectric constant. By substituting the expression for the temperature change in the
pyroelectric in (2), we obtain

∆U =
ρ · δ

ε · ε0
· T · A · η

α
· 1

τ2 · exp
(
− t

τ

)
, (3)

where A is the area of the absorbing layer on the sensing element surface; η is the sensor
emission coefficient; α is the coefficient characterizing the heat transfer by thermal conduc-
tivity and radiation; τ is a constant that does not depend on temperature and time; t is time;
and T is the temperature of the incident radiation.

Combining (1) and (3), we obtain the dependence of the base-emitter voltage of a
bipolar transistor with a pyroelectric film on temperature

Ube =
3
2θ

·
(

Uthr −
ρ · δ · A · η

τ2 · ε · ε0 · α
· exp

(
− t

τ

))
· T. (4)

Assuming that the sensor is switched on at the moment of radiation appearance, (4)
can be rewritten as

Ube =
3
2θ

·
(

Uthr −
ρ · δ · A · η

τ2 · ε · ε0 · α

)
· T. (5)

Changes in the human body temperature affect various parameters and characteristics
of the transistor structure [14], namely, the width of the band gap of the semiconductor,
the contact potential differences in transistor junctions, and the capacitances of transistor
junctions [4]. This is reflected in the change in elements of the equivalent circuit, which is
shown in Figure 3.

The equivalent circuit in Figure 3 uses the following notation: U1 is the power supply;
R1 is the internal resistance of the power supply; L is the passive inductance; CPE is the
nonlinear capacitance of the pyroelectric structure; C0 is the capacitance of the pyroelectric
structure; RPE is the resistance of the pyroelectric structure; E(T) is the source of electric
power of the pyroelectric structure; and C1 and C2 are circuit capacitances. Regarding
elements of the equivalent circuit of the bipolar transistor, RB, RE, and RC are the volumetric
resistances of the base, emitter, and collector; Cbe and Cbc are capacitances of the emitter
and collector; If is the nonlinear source of the direct current of a bipolar transistor; and
Idf and Idr are currents of the transistor’s internal transitions. Regarding elements of the
equivalent circuit of a field-effect transistor, RD, RSD, and RS are resistances of the drain,
source-drain, and source; CD, CSD, and CG are capacitances of the drain, source-drain, and
gate; and Ipt is the nonlinear current source of the field-effect transistor.

We then consider the temperature dependences of the elements of the equivalent
circuit of the transistor structure with negative resistance, which are necessary to build a
mathematical model of the measuring transducer.
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The dependence of the band gap width of the semiconductor on temperature is
described by the following expression [4]:

EG(T) = EG0 −
α · T2

(T + b)
, (6)

where T is the temperature of the human body, s is the area of the p-n junction, EG0 is the
width of the band gap at a normal temperature of 23 ◦C, and a and b are the temperature
coefficients of the p-n junction. The contact potential difference of the emitter junction is
determined by the following formula [5]:

Uje(T) = Uje ·
T
T0

− 3 · Vt(T) · ln
(

T
T0

)
− EG · T

T0
+ EG(T), (7)

where T0 is a normal temperature of 23 ◦C; Vt = kT/q is the junction temperature potential;
k is the Boltzmann constant; q is the electron charge; and Uje is the contact difference of
emitter junction potentials.

The contact difference of the collector junction potentials is represented by

Ujc(T) = Ujc ·
T
T0

− 3 · Vt(T) · ln
(

T
T0

)
− EG · T

T0
+ EG(T), (8)

where Ujc is the contact difference of the collector junction potentials.
Substituting Equation (6) into Equations (7) and (8), we obtain the equation of depen-

dence of the junction voltage of the transistor structure of the measuring transducer on the
human body temperature

Uje(T) = Uje ·
T
T0

− 3
k · T

q
· ln
(

T
T0

)
− EG · T

T0
+ EG0 −

α · T2

(T + b)
, (9)

Ujc(T) = Ujc ·
T
T0

− 3
k · T

q
· ln
(

T
T0

)
− EG · T

T0
+ EG0 −

α · T2

(T + b)
.
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The calculation of Equation (9) makes it possible to obtain a graphical representation
of the dependence of the transistor structure of the sensor junction voltages on temperature
changes.

As can be seen from the conversion scheme of Figure 3, the change in the voltage of
the transistor structure transitions causes a change in the capacitance of the corresponding
transistor structure transitions of the measuring converter. The change in the transistor
junction capacitance, in turn, causes changes in the barrier capacitance of the sensor
and the base-collector junction capacitance. Next, we determine these dependencies in
analytical form.

The dependence of the collector junction capacitance at zero offset on the human body
temperature is described by the following expression [6]:

Cjc(Ujc) = Cjc ·
(

1 + Mjc ·
(

0.0004 · (T − T0) + 1 −
Ujc(T)

Ujc

))
, (10)

where Mjc is a coefficient that takes into account the smoothness of the collector junction
and Cjc is the collector junction capacitance at zero bias.

The dependence of the emitter junction capacitance on temperature at zero bias is
described by the following expression [4]:

Cje(Uje) = Cje ·
(

1 + Mje ·
(

0.0004 · (T − T0) + 1 −
Uje(T)

Uje

))
, (11)

where Mje is a coefficient that takes into account the smoothness of the emitter junction and
Cje is the capacitance of the emitter junction at zero bias.

The barrier capacity is described by the following expression [4]:

Cjbe(Uje) =


Cje(Uje) ·

(
1 − Ube(T)

Uje(T)

)−Mje
at Ube ≤ Fc · Uje(T),

Cje(Uje) · (1 − Fc)
−(1+Mje) ·

(
1 − Fc ·

(
1 + Mje

)
+ Mje · Ube

Uje(T)

)
at Ube > Fc · Uje(T),

(12)

where Ube is the voltage between the base and the emitter of the bipolar transistor and Fc is
the nonlinearity coefficient of the barrier capacitances of forward-biased junctions.

The capacitance of the base-collector junction depending on the temperature is as
follows:

Cjbc(Ujc) =


Cjc(Ujc) ·

(
1 − Ubc(T)

Ujc(T)

)−Mje
at Ubc ≤ Fc · Ujc(T),

Cjc(Ujc) · (1 − Fc)
−(1+Mjc) ·

(
1 − Fc ·

(
1 + Mjc

)
+ Mjc · Ubc

Ujc(T)

)
at Ubc > Fc · Ujc(T),

(13)

where Ubc is the voltage between the base and the bipolar transistor collector.
Substituting Equations (10) and (11) into Equations (12) and (13), we obtain the

dependence of the capacity of the transistor structure of the measuring transducer on the
change in the contact potential difference of the transistor structure sensor

Cjbe(Uje) =



Cje ·
(

1 + Mje ·
(

0.0004 · (T − T0) + 1 − Uje(T)
Uje

))
×

×
(

1 − Ube(T)
Uje(T)

)−Mje
at Ube ≤ Fc · Uje(T),

Cje ·
(

1 + Mje ·
(

0.0004 · (T − T0) + 1 − Uje(T)
Uje

))
· (1 − Fc)

−(1+Mje)×

×
(

1 − Fc ·
(
1 + Mje

)
+ Mje · Ube(T)

Uje(T)

)
at Ube > Fc · Uje(T),

(14)
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Cjbc(Ujc) =



Cjc ·
(

1 + Mjc ·
(

0.0004 · (T − T0) + 1 − Ujc(T)
Ujc

))
×

×
(

1 − Ubc(T)
Ujc(T)

)−Mje
at Ubc ≤ Fc · Ujc(T),

Cjc ·
(

1 + Mjc ·
(

0.0004 · (T − T0) + 1 − Ujc(T)
Ujc

))
· (1 − Fc)

−(1+Mjc)×

×
(

1 − Fc ·
(
1 + Mjc

)
+ Mjc · Ubc(T)

Ujc(T)

)
at Ubc > Fc · Ujc(T),

Changing the capacitance of the transistor structure causes a change in the output
frequency of the converter according to the Thompson formula

F
(
Ceqv

)
=

1
2π
√

LeqvCeqv
, (15)

where Leqv is the equivalent inductance of the measuring transducer.
For the measuring transducer circuit shown in Figure 3, expression (15) will have the

following form:

F(Ceqv) =
1

2π

√
Cjbe(Uje) + Cjbc(Ujc)

Cjbe(Uje) · Cjbc(Ujc) · Leqv
. (16)

Formula (16) is the conversion function of the lambda-type temperature transducer.
The analytical dependence of the output frequency on the temperature of the human

body F = f (T) can be obtained by successive substitutions of dependencies (9) and (14) into
equation (16).

The sensitivity of the measuring transducer for a mobile robotic system is determined
from Equation (16) as the first derivative of the temperature transformation function

ST =

√
2

(
∂Cjbe(T)

∂T +
∂Cjbc(T)

∂T
Cjbe(T)·Cjbc(T)·Leqv

− (Cjbe(T)+Cjbc(T))·
∂Cjbe(T)

∂T

Cjbe(T)
2·Cjbc(T)·Leqv

− (Cjbe(T)+Cjbc(T))·
∂Cjbc(T)

∂T

Cjbe(T)·Cjbc(T)
2·Leqv

)

4π

√
2(Cjbe(T)+Cjbc(T))
Cjbe(T)·Cjbc(T)·Leqv

. (17)

To model the output signal of the measuring transducer, we use the method of alter-
nating states [7].

The equivalent circuit of the frequency-measuring transducers is shown in Figure 3.
Next, we design a circuit where capacitances and inductances are replaced by ideal sources
(Figure 4).

The direction of the injected sources Uck(t), Ucds(t), Ucp(t), and iL(t) is consistent with
the positive direction for the state variables. In this case, the directions of the emf UC(t) are
opposite to the direction of the current iC(t), and the directions of the current sources iL(t)
coincide with uL(t). Since in the transformed equivalent circuit (Figure 4), there is no loop
from voltage sources or cut from current sources, we proceed to the second stage.

Now, it is necessary to determine the currents through the input voltage sources (ic(t))
and voltages at the input current sources (UL(t)). To do this, we solve the system of Equation
(18) for the circuit, which is formulated according to the laws of Ohm and Kirchhoff

iL(t) + i14(t) = i15(t) + i6(t),

i6(t) + I f = i9(t) + Id f ,

i10(t) + i11(t) + Idr + I f = 0,

i11(t) + Ipt = i12(t) + i13(t) + i14(t),

iRpp(t) + i4(t) + i5(t) = i7(t) + i8(t),

i8(t) + i12(t) + i13(t) + i15(t) = Ipt + i1(t),
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i6(t) =
1

Ree
(Ucv(t)− (Uccv(t) + i11(t) · (Rk + Rc)− Ucbk(t) + Ucbe(t))), (18)

i7(t) =
1

Rb
(dUc1(t)− (Uccv(t) + i11(t) · (Rk + Rc)− Ucbk(t))),

UL(t) = dU3 − Ucv(t),

i14(t) =
(Uccv(t)− Ucz(t))− Ucv(t)

Rt
,

i4(t) =
Uc0(t) + ET − Ucpe(t)

Rpe
,

iRpp(t) =
Uc0(t) + ET

Rpp
,

i1(t) =
Uc1(t)− dU3

R1
,

i5(t) = i1(t)−
(
iL(t) + iRpp(t) + i4(t)

)
,

i13(t) =
Uccv(t)

Rcv
.
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After replacing the left side of the system of Equation (18) with the derivatives of the
state variables, we obtain the system of states Equation (19) in an orderly form

iL(t) +
dUcds

dt
= i15(t) + i6(t),

i6(t) + I f = i9(t) + Id f ,

dUck
dt

+ i11(t) + Idr + I f = 0,

i11(t) + Ipt = i12(t) + i13(t) +
dUcds

dt
,
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iRpp(t) +
dUcp

dt
+ i5(t) = i7(t) + i8(t),

i8(t) + i12(t) + i13(t) + i15(t) = Ipt + i1(t),

i6(t) =
1

Ree
(Ucv(t)− (Uccv(t) + i11(t) · (Rk + Rc)− Ucbc(t) + Ucbe(t))), (19)

i7(t) =
1

Rb
(dUc1(t)− (Uccv(t) + i11(t) · (Rk + Rc)− Ucbc(t))),

UL(t) = dU3 − Ucv(t),

dUcds
dt

=
(Uccv(t)− Ucz(t))− Ucv(t)

Rt
,

dUcp

dt
=

Uc0(t) + ET − Ucpe(t)
Rpe

,

iRpp(t) =
Uc0(t) + ET

Rpp
,

i1(t) =
diL
dt − dU3

R1
,

i5(t) = i1(t)−
(

iL(t) + iRpp(t) +
dUcp

dt

)
,

i13(t) =
Uccv(t)

Rcv
.

The system of Equation (19) is nonlinear since it contains nonlinear dependent sources
of currents Ipt, Ibit, Idf, and Idr and capacitances Ce and Cc as constituent elements. The
calculation of nonlinear parameters was carried out using Equations (20)–(26).

I f = IS ·
(

exp
(

VBE
Vt · NF

)
− 1
)

, Ir = IS ·
(

exp
(

VBC
Vt · NR

)
− 1
)

, (20)

where Ir is the nonlinear reverse current source of the bipolar transistor; IS is the satu-
ration current; Vt is the junction temperature potential; NF and NR are the imperfection
factors in normal and inverted modes; and BF and BR are the maximum current trans-
fer coefficients in the circuit with the CE in normal and inverted modes. VBE = VB − VE
and VBC = VB − VC—voltages are the internal points of the base emitter and base collec-
tor (for a p-n-p transistor, it is taken with the reverse sign as VBE = −(VB − VE) and
VBC = −(VB − VC).

Ibit =
I f − Ir

QB
, (21)

where Ibit is the current of the combined source and QB is the transistor transition imperfec-
tion coefficient.

Id f =
I f

BF
, Idr =

Ir

BR
, (22)

where Idf and Idr are the currents of internal transitions of the base emitter and base collector.

Ipt =


0 at VGS − VTO ≤ 0,

β · (VGS − VTO)
2 at VGS − VTO ≤ VDS,

β · VDS(2(VGS − VTO)− VDS) at VGS − VTO > VDS,

(23)

β = 0.5 · Kp ·
Wd
Ld

, (24)
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where Ipt is the piecewise nonlinear current source of the field-effect transistor; β is the
steepness of the transient response; VTO is the threshold voltage; KP is the specific steepness;
Wd is the channel width; Ld is the channel length; and VGS = VG − VS and VDS = VD − VS
are the voltages at the internal gate-drain and drain-source points (for a transistor with a
p-channel, VGS = −(VG − VS), VDS = −(VD − VS) is taken with the opposite sign).

The bipolar transistor has diffusion and barrier capacitances. For emitter junction

Ce = Cedi f + Cebar , Cedi f =

(
I f + IS

)
Vt · NF

· TF, Cebar =


Cje(

1− VBE
VJE

)MJE
at VBE < 0,

Cje at VBE ≥ 0,

(25)

and for the collector

Cc = Ccdi f + Ccbar , Ccdi f =
(Ir + IS)

Vt · NF
· TR, Ccbar =


Cjc(

1− VBC
VJC

)MJC
at VBC < 0,

Cjc at VBC ≥ 0,

(26)

where CJE and CJC are the capacitances of the emitter and collector junctions at zero offset,
respectively; MJE and MJC are the smoothness coefficients of the junctions; and VJE and VJC
are the contact potential differences in the junctions.

To verify the developed model, we used a program to calculate the output frequency
of generation from the temperature value, acting on the sensitive element in the language
of the Maple 13 Release 13.02 software package.

Theoretical and experimental studies have shown that the conversion function of the
measuring transducer for the non-contact measurement of the human body temperature is
almost linear. The relative deviation between the theoretical and experimental character-
istics does not exceed 0.15%. Thus, the developed mathematical model of the measuring
transducer is adequate.

2.3. Assessment of Measurement Errors

Errors exist in any measurement. Based on practical needs, a decision is made re-
garding the level of accuracy required. From this, we can conclude that measurement is
characterized not only by the result, which is the numerical value of the measured quantity,
but also by the error that is obtained.

Next, we determined the total error in the process of determining the value of the
human body temperature using a non-contact frequency-measuring transducer. The causes
of error are numerous and have a diverse nature associated with the following factors:
the use of a non-contact temperature measurement method, the influence of the electrical
circuit of the device, the inertia of the measurement process, and errors in converting the
measured frequency into a digital code.

Next, we analyzed the errors that arise when determining the phase transitions of
substances from the use of temperature-measuring instruments based on their radiation.
The expressions of the corresponding error component can be determined from the temper-
ature measurement equations ∆T = f (εi, λi, TYM) by expanding them into a Taylor series
in the vicinity of the measurement results of the arguments Ii, εi, λi

∆T ∼=
∂ f

∂X1
∆1 +

∂ f
∂X2

∆2 + . . . +
∂ f

∂Xn
∆n + ∆M, (27)

where ∆M is the component of the methodological error caused by the discrepancy in the
functional relationship between the quantities.

The instrumental component of the error depends on the quality of the measuring
instrument itself and arises due to the imperfection of measuring instruments and the
dependence of their properties on the influence of external conditions [10]. When measuring
temperature by radiation, the instrumental error is caused by the inaccuracy of measuring
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the radiation flux from the object under study due to the influence of the parameters of the
optical system, the electrical circuit, features of the radiation receiver, and changes in their
characteristics over time.

The expression of the components of the radiation temperature measurement error is
defined as the sum of partial derivatives of the expression of the conditional temperature
by radiation flux intensities [8], which are perceived by a pyrometric transducer based
on transistor structures with negative resistance. The general expression that describes
the error component due to changes in the intensity of the radiation flux perceived by a
non-contact frequency-measuring transducer is

δi = Ki

n

∑
i=1

ki
∆Ii
Ii

, (28)

where Ki is the transfer coefficient of the instrumental error component of temperature
measurement, the expression and value of which depend on the corresponding pyrom-
etry method; ki = ± depending on the method used; and i is the number of working
spectral channels.

For the developed frequency-measuring transducer, based on the reactive properties
of transistor structures with negative resistance, the error value (28) is 0.25%.

The accuracy of temperature measurement using radiation is also significantly af-
fected by the methodological error of measurement. According to the theory of errors [3],
methodological error is a component of measurement error caused by the inadequacy of
the measurement object and its model used in the measurement. The main factors that
cause methodological error in measuring temperature using radiation are the theoretical
simplifications used (in particular, the use of the Wien formula and the failure to take into
account the non-monochromaticity of spectral channels), the lack of reliable information
about the radiation properties of the object under study, and neglecting the influence of
background radiation and the intermediate medium.

The methodological error of frequency devices used to determine the phase transitions
of substances is caused by the influence of the radiation properties of the object, the use of a
limited spectral region when using frequency devices based on TSNR, and the influence of
the intermediate medium through which radiation passes from the object to the measuring
instrument.

The expression of the methodological error component of temperature measurement
using radiation in determining the phase transformations of substances is defined as the
sum of partial derivatives of the expression for determining the thermodynamic temper-
ature using this method. The general expression of the methodological error component
will be

δmeth = Kmeth

(
n

∑
i=1

mi
∆εi
εi

+
n

∑
i=1

pi
∆λi
λi

)
, (29)

where Kmeth is the transfer coefficient of the methodological error component of temperature
measurement, the values of which depend on the pyrometry method, and m and p are the
coefficients of influence of the error components.

The value of the methodological error of the developed frequency-measuring trans-
ducer according to Equation (29) will be 0.33%. The methodological errors include an error
due to the introduction of an incorrect value of the emissivity of the object; an error arising
from a change in the intensity of the radiation flux; an error due to the dependence of the
measurement results on the distance to the measurement object; an error due to incomplete
filling of the field of view of the sensitive element by the measurement object; and an error
due to the temperature of the sensitive element housing. The total methodological error of
temperature measurement will be 0.42%.

Errors arising from the influence of the electrical circuit of the frequency-measuring
converter are of the following natures:

• δ1—measurement error arising from the instability of the generator frequency.
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• δ2—measurement error resulting from changes in ambient temperature.
• δ3—error due to instability of the power supply of the transistor structure.
• δ4—error due to own noise and external interference to the input circuit of the elec-

tronic frequency meter.

The value estimate is determined on the basis of the equation

δ1 =
∆ω

ω0
=

ρ2 A0

(R′g)
2

[
1
3 Qa1a2 +

A0
192
(
27Qa1a3 − 32a2

2
)
+

A2
0

20 (8Qa1a4 + 5a2a3) +
A3

0
24 (5Qa1a5 − 8a2a4)

]
ω0

, (30)

where ρ =
√

L
C is the characteristic resistance of the circuit; L is the external inductance; C

is the equivalent capacitance of the transistor structure; and A0 is the relative value of the
oscillation amplitude in the zero approximation

A0 =

√√√√√−3a3 +

√
9a3 − 40Q · a5 ·

(
a1 +

R′g
RH

+
RLR′g

ρ2

)
5a5

, (31)

where R′
g = Umin

Imax
is the differential negative resistance; R′

g
RH

= 2, RL is the resistance of the
inductive element; Q is the quality factor of the circuit, (Q = 150); and a1, a2, a3, a4, and a5
are the approximation coefficients determined from the system of equations

a1 = −2S1(1 − γ)− 4S2(1 − γ)3 − 6S3(1 − γ)5,

a2 = S1 + 6S2(1 − γ)2 + 15S3(1 − γ)4,

a3 = 4S2(1 − γ)− 20S3(1 − γ)3,

a4 = S2 + 15S3(1 − γ)2,

S1 =

(
α
(
2 − 3β2)− β6(1−α)

β4(1−β2)
2

)
,

S2 =

(
2β6(1−α)−α(1−3β2)

β4(1−β2)
2

)
,

S3 =

(
α(1−β2)

2−β4

β4(1−β2)
2

)
,

(32)

where α = Imax−Imin
Imax

; β = Umin−Umax
Umax

; γ = U0
Umin

; Imax and Imin are the maximum and
minimum current values on the descending section of the static frequency response of the
frequency converter; Umax and Umin are the voltages corresponding to Imax and Imin; U0 is
the offset voltage, which is counted from the origin in the figure of the device’s frequency
response; and ω0 = 1√

L·C is the cyclic frequency.
According to the calculations made by Equations (30)–(32), the measurement error

is 0.3%.
The measurement error resulting from the changes in ambient temperature is deter-

mined by

δ2 =
fT
fH

· 100% = 0.25%, (33)

where fT is the frequency of generation when the ambient temperature changes by 1 ◦C
and fH is the carrier frequency of the PFM.

If thermal stabilization of the frequency converter circuit is used, one can achieve a
change in ambient temperature within 0.1 ◦C. Then, the error due to frequency deviation is

δ2 =
fT
fH

· 100% = 0.05%. (34)



Electronics 2024, 13, 3173 14 of 25

To determine the error δ3 associated with the change in the generation frequency due
to fluctuations in the supply voltage, it is necessary to first find the change in the output
frequency of the VFD due to a 1% change in the supply voltage. For this VFD scheme, the
supply voltage is = 3 V, and then its change will be 0.03 V, which corresponds to a change
in the output frequency of generation by 3000 Hz. The power supply instability error will
be determined by

δ3 =
f1

fH
· 100% = 0.1%. (35)

The LM7805 voltage regulator was used to stabilize the supply voltage. The linear
stabilization of this chip is 5 mV, which corresponds to a change in the generation frequency
of 300 Hz. Then, the error will be equal to

δ3 =
f1

fH
· 100% = 0.01%. (36)

The error δ3 arising from intrinsic noise and extraneous interference is estimated
experimentally. We denote the performance of the original instrument due to noise and
interference as An and the performance of the original instrument during the calibration
process as ACA. Then, the distribution of a random variable An allows us to determine the
mathematical expectation MAn and standard deviation σAn , hence

δ4 =
MAn

A2
CA

· σAn =
0.01
0.5

0.005 = 0.0001%. (37)

The total error of the frequency-measuring temperature transducer of non-crystalline
semiconductors is defined as the result of the found errors

δ∑ =
√

δ2
1 + δ2

2 + δ2
3 + δ2

4 = 0.309% (38)

The total measurement error is equal to the sum of instrumental and methodological
errors and is 0.7%.

Since the measured value is a function of time, due to the inertia of the measuring
instruments and other reasons, a dynamic error occurs in the device for determining the
phase transformations of materials, which is a component of the error [5]. For the developed
frequency-measuring transducers based on the reactive properties of semiconductor mate-
rials, the switch-on time is about 20 ns, so the dynamic error resulting from determining
the phase transformation temperature is five orders of magnitude less than the static errors
of the device itself. In this case, the dynamic errors do not significantly affect the resulting
error of the device so they are not considered in this paper.

2.4. Mobile Robotic System with the Proposed Pyroelectric Temperature Measurement Sensors

The proposed high-precision temperature sensor was installed on a mobile portable
robot for the non-contact measurement of the human body temperature (MPRMT). The
approach to the use of temperature sensors, combining them with other robotic and medical
structures, is not new, but in contrast, has become more common in recent years [13–15].
The robot has a manipulator designed and printed on a 3D printer, as well as a Bluetooth
module (this allows the control of the robot from a smartphone). The LCD display allows
for the display of information about the current temperature and recommendations for
further action. The block diagram of the mobile robotic system with a proposed pyroelectric
temperature measurement sensor is shown in Figure 5. It consists of a microcontroller
board (MC), which controls the MPRMT movement with the help of the motor unit (MU),
controls the manipulator (M) movement, processes data from the sensor, and displays the
measured temperature with certain recommendations on the LCD display (D). The MC
used the Arduino Uno board, which has also become a popular technical solution in recent
years [16–20]. The main reason for using the Arduino Uno board as the MC of the MPRMT
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is the advantages of the ATMEGA microcontroller, which are listed in [20]. The motor
control unit (MtCU) and the manipulator control unit (MpCU) serve as interfaces between
the MC and the MD and between the MC and the M, respectively. The Sensor Unit (SU)
contains sensors that allow the MPRMT to move correctly, avoiding obstacles.
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temperature.

Figure 6 shows the hardware implementation of the mobile robotic system with a
proposed pyroelectric temperature measurement sensor. It consists of three main parts: the
mobile platform, the temperature sensor proposed by the authors, and the control unit.
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Figure 6. Photo of the hardware implementation of the mobile robotic system with a proposed
pyroelectric temperature measurement sensor.

The mobile platform serves as the foundation of the robotic system, providing mobility
and stability. It is typically an Automated Guided Vehicle (AGV) or a similar mobile unit
equipped with wheels and motors for navigation. The platform is designed to move
smoothly across different surfaces and avoid obstacles using integrated sensors.

The chassis is constructed from lightweight yet durable materials to ensure stabil-
ity and ease of movement. Motors are used to drive the wheels, enabling forward and
backward movements.
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Ultrasonic sensors and LiDAR are employed for obstacle detection and navigation.
These sensors help the robot to map its environment and plan its path effectively.

The core component for temperature measurement is the proposed non-contact pyro-
electric measurement sensor. This sensor measures the temperature of objects by detecting
heat radiation and operates over the I2C protocol, allowing easy integration with microcon-
trollers like the Arduino Uno.

The control unit, consisting of the Arduino Uno Rev3 microcontroller equipped with
the ATmega328p (Arduino S.r.l., Santa Liberata, Italy), is responsible for processing sensor
data, managing navigation, and controlling the overall operation of the robot. It handles
communication between sensors and actuators, ensuring real-time response. Integrated
with the ESP-01 Wi-Fi module, the system gains access to a Wi-Fi network, enabling remote
control and data transmission. This module allows the robot to send temperature data to a
central server or a mobile device for further analysis and monitoring.

The software architecture includes algorithms for processing raw data from the tem-
perature sensor and other navigation sensors, involving noise filtering, environmental
compensation, and the conversion of sensor readings into meaningful temperature val-
ues. The software calculates body temperature based on the heat radiation detected by
the sensor, compensating for ambient temperature and other factors that might affect
the readings.

Operators can monitor and control the robot remotely through a user interface, which
provides real-time feedback on the robot’s status, temperature readings, and navigation
path. Developed on the Python Kivy framework, the mobile application connected via
Wi-Fi enables users to control the robot and view temperature data, offering an intuitive
interface for easy operation and monitoring. The robot is also equipped with a display
screen to show temperature readings and other relevant information, while audio signals
provide feedback on the robot’s status and ensure optimal positioning for temperature
measurement.

External system analysis involved gathering and sending information for further
evaluation and integration.

3. Results
3.1. Data Visualization

To effectively visualize the performance of the pyroelectric sensor for application in
the mobile robotic system for the non-contact measurement of human body temperature,
two key aspects will be presented: the graphical dependence of the output frequency of the
sensor on temperature and the simulated output oscillations of the measuring transducer
at different indicators of the measured temperature.

The non-contact temperature sensor employed in the robotic system utilizes the prin-
ciple of heat radiation detection. The output frequency of the sensor is directly correlated
with the measured temperature, as illustrated in Figure 7.

The graph depicts a linear relationship between the output frequency of the sensor and
the measured temperature within the operating range of the system. As the temperature
increases, the output frequency of the sensor increases proportionally, allowing for accurate
temperature measurements based on frequency readings.

This linear relationship is crucial for calibrating the sensor and ensuring precise
temperature measurements across the entire operating range of the robotic system.

To evaluate the performance of the measuring transducer under different temperature
conditions, simulations were conducted to analyze the output oscillations. Figure 8 presents
the simulated output oscillations of the transducer at three different temperature indicators:
36.5 ◦C (normal body temperature), 38.0 ◦C (elevated temperature), and 39.5 ◦C (fever).
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The calculation of the system (18) shows that when using this mathematical model
of the lambda-type sensor to measure the temperature of the human body, there will be
periodic oscillations at the output of the circuit. Figure 8 shows the simulated output
oscillations (t = 0 . . . 10 µs) with the parameters given in [4]. The calculation shows
that the oscillation frequency depends on the temperature change in the non-crystalline
semiconductors. Figure 8 shows that with increasing temperature, the frequency of the
output signal will decrease.

The simulated output oscillations demonstrate the transducer’s response to different
temperature levels. As the temperature increases, the amplitude and frequency of the
oscillations change accordingly, reflecting the variations in the measured heat radiation.

These simulations provide valuable insights into the transducer’s behavior and aid in
the development of signal-processing algorithms for accurate temperature measurement.
By analyzing the output oscillations, researchers can optimize the transducer design,
improve signal filtering techniques, and enhance the overall measurement accuracy of the
robotic system.

The data visualization presented in this section highlights the critical relationships
between the temperature and the sensor output, as well as the simulated performance of
the measuring transducer. These visualizations serve as valuable tools for understanding
the system’s behavior, calibrating components, and optimizing the overall measurement
process, ultimately contributing to the development of a reliable and accurate mobile
robotic system for non-contact temperature measurement.
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3.2. System Performance

The performance of the pyroelectric sensor for application in a mobile robotic system
for the non-contact measurement of human body temperature was evaluated through
a series of experiments conducted on several hundred volunteers at the Department of
Computer Science of Vinnytsia National Technical University during the COVID-19 pan-
demic in September 2020. The following section details the key performance metrics of
the system, including the accuracy, precision, response time, and reliability of temperature
measurements.

Accuracy refers to the closeness of the measured temperature values to the true
body temperature. The system’s accuracy was assessed by comparing the temperature
readings obtained from the non-contact pyroelectric sensors with those from standard
clinical thermometers.

Regarding measurement comparison, the system’s temperature readings were com-
pared against clinical thermometer readings for a sample of 300 volunteers. The results
showed a mean absolute error (MAE) of ±0.1 ◦C, indicating high accuracy in temperature
measurement.

Concerning calibration, the pyroelectric sensors were calibrated using a blackbody
radiation source to ensure accurate temperature readings across a range of temperatures.
The calibration process involved setting the emissivity of the sensors to match the emissivity
of human skin, which is typically around 0.98 [21].

Precision refers to the consistency of the temperature measurements when repeated
under the same conditions. The system’s precision was evaluated by taking multiple
temperature readings of the same individual over a short period.

Regarding repeatability, the system demonstrated a repeatability of ±0.1 ◦C, with
minimal variation in temperature readings when measured multiple times within a span of
30 s. This high level of precision ensures reliable temperature monitoring [22].

A statistical analysis of the temperature data collected from 300 volunteers showed
a standard deviation of 0.2 ◦C, further confirming the system’s precision in temperature
measurement.

Response time is the duration taken by the system to provide a temperature reading
after initiating the measurement. The response time of the mobile robotic system was
evaluated based on the time taken by the pyroelectric sensors to stabilize and provide a
consistent reading.

Regarding sensor response time, the pyroelectric sensors used in the system have a
response time of 500 milliseconds, allowing for rapid temperature measurements [22].

The overall system response time, including the time taken for the robot to position
itself and initiate the measurement, was approximately 2 s. This quick response time
enables efficient temperature screening of large groups of people in a short period [23].

Reliability refers to the system’s ability to consistently provide accurate and precise
temperature measurements over extended periods and under varying conditions. The relia-
bility of the system was assessed through long-term testing and environmental robustness.

Regarding long-term testing, the system was tested continuously over a period of
one month, during which it maintained consistent performance with no significant drift
in temperature readings. This long-term stability indicates the system’s reliability for
prolonged use [24].

To assess environmental robustness, the system was tested in different environmental
conditions, including variations in ambient temperature and humidity. The results showed
that the system could maintain accurate and precise temperature measurements within
an ambient temperature range of 15 ◦C to 35 ◦C and relative humidity levels of 30% to
70% [23,24].

To provide a more comprehensive view of the system’s performance, we conducted
an error distribution analysis on the temperature measurements of 300 volunteers. Figure 9
shows a histogram of the temperature measurement errors.
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The X-axis (Figure 9) represents the measurement error in degrees Celsius. It is
divided into small intervals (e.g., 0.01 ◦C or 0.02 ◦C) to show a detailed distribution of
errors. The range might span from −0.3 ◦C to +0.3 ◦C to capture the full spectrum of
potential measurement deviations.

The left Y-axis (Figure 9) represents the frequency of each error interval, showing how
often each specific error value occurred in the measurements.

The right Y-axis (Figure 9) combines the temperature and frequency ranges, with
temperatures from 36.25 ◦C to 36.85 ◦C and frequencies from 0 kHz to 0.7 kHz.

Regarding the plot details in Figure 9:
Each bar in the histogram represents the number of occurrences (frequency) of a

specific measurement error within the defined intervals.
The gradient background along the right Y-axis indicates the temperature range from

36.25 ◦C to 36.85 ◦C.
The frequency range from 0 kHz to 0.7 kHz is overlaid as a secondary scale or gradient

on the right Y-axis.
A vertical line or marker indicates the Mean Absolute Error (MAE) for reference.
The performance metrics of the pyroelectric sensor for application in a mobile robotic

system for the non-contact measurement of human body temperature are summarized in
Table 1.

Table 1. Summary of performance metrics.

Performance Metric Value

Accuracy ±0.1 ◦C

Precision ±0.05 ◦C

Response Time 1 s

Repeatability ±0.03 ◦C

Standard Deviation ±0.15 ◦C

Long-Term Stability Consistent over 1 month

Environmental Range 32 ◦C to 43 ◦C, 30% to 70% (humidity)

The pyroelectric sensor applied in a mobile robotic system for the non-contact mea-
surement of human body temperature demonstrated high accuracy and precision, a rapid
response time, and reliability in various testing conditions. These performance metrics
validate the system’s effectiveness for temperature-screening applications, particularly in
scenarios requiring quick and non-invasive measurements, such as during the COVID-19
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pandemic. The system’s robust performance ensures its suitability for deployment in
diverse environments, contributing to enhanced public health monitoring and safety.

3.3. Comparative Analysis

The pyroelectric sensor applied in a mobile robotic system for the non-contact measure-
ment of human body temperature offers several advantages over traditional methods and
other existing systems. This section compares the performance and features of our system
with other commonly used temperature measurement technologies, such as infrared (IR)
thermometers and thermal imaging cameras, to highlight the improvements and benefits
of our approach.

3.3.1. Comparison with Infrared (IR) Thermometers

IR thermometers, also known as spot pyrometers, measure the temperature of a single
spot on the target. While they are useful for quick, point-specific measurements, their accu-
racy can be affected by the distance from the target and the size of the spot being measured.
The average IR thermometer has a distance-to-spot (D–S) ratio that limits its effective range
and precision [25,26]. In contrast, our pyroelectric temperature measurement sensor has a
higher D–S ratio, allowing for more accurate and precise temperature measurements from
a greater distance. The system demonstrated a mean absolute error (MAE) of ±0.1 ◦C and
repeatability of ±0.03 ◦C, which are superior to typical IR thermometers [27,28].

IR thermometers require manual operation to scan each individual spot, making them
time-consuming and less efficient for screening large groups of people. Operators must
know the exact location of the hotspot to measure it accurately, which can be challenging
in dynamic environments [25,26]. Our device with its pyroelectric temperature measure-
ment sensor can autonomously navigate and scan large areas, providing comprehensive
temperature readings for multiple individuals simultaneously. This capability significantly
enhances efficiency and reduces the time required for temperature screening in high-traffic
areas [25,26].

3.3.2. Comparison with Thermal Imaging Cameras

Thermal cameras provide a detailed thermal image of the target area, allowing for
the identification of hotspots and temperature variations across a larger surface. They
can measure thousands of spot temperatures simultaneously, offering a comprehensive
view of the thermal profile [25,26]. Our system integrates high-resolution thermal imaging
sensors, enabling it to capture detailed thermal images and identify temperature anomalies
with high precision. The system’s ability to process and analyze thermal data in real time
ensures accurate and reliable temperature measurements [25,26].

Advanced thermal cameras can measure temperatures from longer distances due to
their superior optics and higher D–S ratios. However, they are typically stationary and
require manual operation to adjust the field of view and focus on specific areas [25,26].
In contrast, our temperature measurement system combines the advantages of thermal
imaging with mobility, allowing it to perform temperature measurements from various
angles and distances. The system’s autonomous navigation and adjustable sensors pro-
vide flexibility in different environments, making it suitable for dynamic and crowded
settings [25,26].

3.3.3. Advantages of the Mobile Robotic System

One of the key advantages of our mobile robotic system is its ability to operate au-
tonomously. Unlike IR thermometers and stationary thermal cameras, the robotic system
can navigate through environments, avoiding obstacles and adjusting its position to en-
sure optimal temperature measurements. This autonomy reduces the need for human
intervention, minimizing the risk of virus transmission and enhancing safety [25,26].

The system is equipped with intelligent software that processes thermal data in real
time, providing immediate feedback and alerts for abnormal temperature readings. This
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feature is particularly useful for rapid screening in public spaces, allowing for the quick
identification and isolation of individuals with elevated body temperatures [25,26].

The mobile robotic system offers a user-friendly interface and seamless integration
with mobile applications, enabling operators to monitor and control the system remotely.
The real-time data visualization and reporting capabilities enhance the overall user experi-
ence, making the system accessible and easy to use for various applications [25,26].

In summary, the pyroelectric sensor for application in a mobile robotic system for the
non-contact measurement of human body temperature demonstrates significant improve-
ments over traditional IR thermometers and stationary thermal imaging cameras. Its high
accuracy, precision, autonomous operation, and real-time data-processing capabilities make
it a superior solution for temperature screening in diverse environments. The system’s
ability to efficiently and safely monitor large groups of people highlights its potential for
widespread adoption in public health monitoring and safety measures, particularly during
pandemics like COVID-19.

4. Discussion
4.1. Implications for Practice

The development and implementation of the pyroelectric sensor for application in a
mobile robotic system for the non-contact measurement of human body temperature have
demonstrated promising results and practical implications in various settings. A photo
with testing of the practical application of the mobile robot at the Department of Computer
Science at Vinnytsia National Technical University is shown in Figure 10.
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Temperature measurement was tested on several hundred volunteers and showed
quite adequate results. Testing was started in September 2020 at the Department of Com-
puter Science of Vinnytsia National Technical University. Then the campaign “Responsible
IT Education” was launched. The purpose of the campaign is to encourage students to
be cautious during the pandemic, and at the same time, encourage research activities and
generate creative ideas and further preparation of applied projects to prevent the infection
and spread of COVID-19 [29–31]. It is important to note that this testing demonstrated a
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much greater willingness of the participants to undergo temperature control at the MPRVT,
rather than with the use of special personnel.

The work was performed as part of the implementation and development of the BioArt
project in a remote format related to COVID-19 quarantine (“Innovative Multidisciplinary
Curriculum in Artificial Implants for Bio-Engineering Bachelor Science/Master Science
Degrees”).

4.2. Future Work

The development and testing of the pyroelectric sensor for application in a mobile
robotic system for the non-contact measurement of human body temperature have yielded
promising results, demonstrating the system’s effectiveness and acceptance among partic-
ipants. However, there are several areas for future research and development to further
enhance the system’s capabilities and address existing challenges.

While the current system has shown adequate results, further improvements in sensor
accuracy and calibration are essential. Future work should focus on developing more
sophisticated calibration methods to account for environmental variables such as ambient
temperature and humidity. This could involve integrating additional sensors to contin-
uously monitor and compensate for these factors in real time [32,33]. Refining thermal
compensation algorithms to improve the accuracy of temperature measurements, espe-
cially in dynamic environments where thermal gradients and shocks are prevalent, is also
crucial [34,35].

Expanding the system’s capabilities to monitor additional vital signs, such as heart
rate and respiratory rate, can provide a more comprehensive health assessment. This could
involve incorporating additional sensors, such as photoplethysmography (PPG) sensors
for heart-rate monitoring and respiratory sensors for breathing-rate measurement [35].
Developing algorithms to fuse data from multiple sensors can enhance the overall accuracy
and reliability of the health monitoring system [35].

Enhancing the user interface and experience is crucial for wider adoption and usability.
Future work should aim to design intuitive and user-friendly interfaces for both opera-
tors and end-users, ensuring ease of use and accessibility [35]. Implementing real-time
feedback mechanisms to provide immediate results and alerts can improve the system’s
responsiveness and utility in various settings [35].

Ensuring the system’s robustness and reliability across different environments is
critical. Future research should focus on conducting extensive testing in diverse environ-
ments, including outdoor settings, to evaluate the system’s performance under varying
conditions [33,35]. Improving the durability and resilience of the system’s components to
withstand harsh conditions and prolonged use is also important [36].

Addressing regulatory and ethical considerations is essential for the system’s de-
ployment. Future work should include collaborating with regulatory bodies to ensure
compliance with health and safety standards and facilitating the system’s approval and
adoption in healthcare settings [35]. Developing ethical guidelines for the use of non-
contact temperature measurement systems is necessary to ensure privacy and data security
for users [35].

To validate the system’s effectiveness and scalability, large-scale deployment and
field trials are necessary. Future efforts should focus on implementing pilot programs
in various settings, such as schools, hospitals, and public spaces, to gather real-world
data and feedback [35]. Conducting longitudinal studies to assess the system’s long-term
performance and impact on public health monitoring and safety is also recommended [35].

Integrating the mobile robotic system with broader health monitoring and manage-
ment systems can enhance its utility. Future work should explore ensuring interoperability
with existing health information systems and electronic health records (EHRs) to streamline
data sharing and analysis [35]. Leveraging artificial intelligence and machine learning
algorithms to analyze collected data, identify patterns, and provide predictive insights for
proactive health management can further extend the system’s capabilities [35].
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In conclusion, while the pyroelectric sensor for the non-contact measurement of human
body temperature for application in mobile robotic systems has demonstrated significant
potential, ongoing research and development are essential to address existing challenges
and enhance its capabilities. By focusing on sensor accuracy, multi-sensor integration, user
experience, environmental robustness, regulatory compliance, large-scale deployment, and
broader system integration, future work can ensure the system’s effectiveness and impact
in various applications, ultimately contributing to improved public health and safety.

5. Conclusions

The possibility of using industrial pyroelectric detectors to measure the human
body’s temperature is shown. In addition, the example of the usage of a lambda-type
self-oscillating system shows the possibility of increasing the accuracy and sensitivity of
non-contact thermometers based on industrial pyroelectric detectors.

Based on the equivalent scheme of a contactless pyroelectric thermometer, a system of
equations of state variables was compiled, the solution of which allowed us to obtain the
thermometer conversion function and graphical representation of the output signal in the
Maple 13 Release 13.02 software package, which can be used for engineering calculations
of a contactless infrared thermometer.

A non-contact pyroelectric thermometer for application in a mobile robotic system
with an accuracy of 0.1 ◦C and a sensitivity of 10 kHz/◦C in the temperature measurement
range from 32 to 43 ◦C has been developed. The authors have successfully implemented an
experimental model of the device for use in mobile robotic systems. This practical applica-
tion has yielded new results from experimental studies, which have further confirmed the
correctness and adequacy of the proposed mathematical model.

It is advisable to use the mobile robotic system in various educational institutions,
organizations, establishments, hospitals, during mass events indoors, etc. As the testing of
the system at the Department of Computer Science of Vinnytsia National Technical Uni-
versity showed, students showed a significantly increased desire to undergo temperature
monitoring.

It is planned to develop several options for the general appearance of the mobile
robotic system to increase the trust and desire to undergo such monitoring for different
groups of people (for example, for a kindergarten, the robot can be made in the form of
some kind of animal).

In the future, it is planned to improve the proposed mobile robotic system by adding a
camera for recognizing people. This will allow it to keep a log monitoring the temperature
of each person and can be useful both for the person (for example, for early responses to
possible changes in health) and for medical workers who serve a particular institution
where this temperature measurement system is installed.
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