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Researchers are faced with the challenge of selecting, among existing control and measuring devices, such modern
measurement tools that meet the requirements of accuracy, data flow rate, and the ability to record information on
data carriers for subsequent processing. This work presents a generalization and a new solution to the scientific
problem, which consisted in the development and substantiation of a methodology for measuring technological
parameters in scientific research of biological material processing using control and measuring devices built on
mechatronic principles. The applicability of the proposed methodology was investigated through research into
technological parameters (specifically, temperature in dough layers) during the preparation of bakery products.
Technical recommendations were developed for the design of a reading-recording module and the potential for its
use in studies of mass production technologies. An analysis of known temperature measuring instruments was
conducted, and it was determined that strain gauge sensors are the most suitable for the conditions of our research.
A five-channel reading and recording module was used in the experiment. Known bread baking technologies were
analyzed, and measurement conditions and the required discreteness were substantiated. The temperature range
during the process was between 30—160°C, with an adequate measurement discreteness of 1 second. An experimental
research plan was developed, including procedures for measurements and ensuring their accuracy. Laboratory
equipment was fabricated to determine temperature parameters in the bread baking process. Baking is accompanied
by pulsed action of the heater, maintaining the bowl temperature within 35-150°C throughout kneading and baking.
At the start of baking, the temperature at each measurement point changes according to specific patterns. In the 1 cm
layer of dough, the temperature reaches 100+5°C and does not rise further, which is due to the formation of a crust
with lower moisture content compared to the crumb. In deeper layers beyond 1 cm, the temperature stabilizes around
105+£5°C and remains constant during the entire process. These values are conditioned by the specific
thermodynamic behavior of the vapor-liquid phase of water present in the dough.

Keywords: measurement, temperature, energy, mechatronics, scientific research, experimental methodology,
bread baking.
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OOrpyHTYBaHHSI METOAMKH TeXHIYHUX BUMIPIOBAHb 3 €JIEMEHTAMHU MeXaTPOHIKH
B 0ioJIOriYHMX mpomecax

B. B. ITaganxka | O. B. 'op6enko | M. B. Uymak

JlocnimKeHHs TEXHOJIOTIYHUX MPOLIECIB, SKi OB’ A3aHi 3 010J0TIYHUMHU MaTepiajdaMy, MIBUAKOILIMHHI Ta aHAJI3
€HepreTHYHHX Ta TeMIIEPaTypHHX IIOKA3HHKIB iX NMPOTIKaHHS MOTPEOYIOTh BHCOKOI JUCKPETHOCTI BHMIPIOBaHb B
IUPOKUX pianmasoHax. Ilepes HayKOBISIMM BHHHMKAa€e HayKOBO-IOCIIJHHIbKA MpoOieMa: cepell ICHYHYHX
KOHTPOJIbHO-BUMIPIOBAILHUX TPHUJIAJiB BUOPATH TaKi Cy4acHi 3acO0M BUMIPIOBAaHHS, 110 MAIOTh 33JOBOJBHSATHU 32
TOYHICTIO, TIOTOKOBICTIO iH(OpMaIlii Ta MOXIMBOCTI 11 3amucy Ha Hocii iHdopmalil 3 HoAanbIIon 00pOOKO.
Y poboTi HaBeneHe y3arajdbHEHHs 1 HOBE BHPIIICHHS HAayKOBOTO 3aBJAHHsA, LIO0 MOJATANO Yy po3podmi Ta
OOIPYHTYBaHHI METOJMKH BHMIPIOBaHb TEXHOJOTIYHHX I[ApaMETPiB y HAYKOBUX IOCIIIDKEHHSIX MepepoOKH
MatepianiB 0i0JIOTIYHOTO MOXOKEHHS 3 3aCTOCYBaHHIM KOHTPOJIbHO-BUMIPIOBAIBHUX TPHUJIAJIB MOOYIOBaHUX 32
HPHHIUIIAMU MEXaTPOHIKNU. JlOCIiPKEHHs MPUCTOCOBAHOCTI 3aIIPOIIOHOBAHOT METOAMKH IIPOBOAMIIOCS HA MPHKIIAI
HAYKOBHX JOCII/KEHb TEXHOJIOTTYHHX MOKA3HUKIB (TEMIepaTypH B NPOIIApKaX TicTa) TEXHOJIOIH NPUrOTYBaHHS
xJ11600yI04HUX BUPOOIB, pO3p00IIEH] TEXHIYHI peKOMEHIallii 10 KOHCTPYKIii 34UTYI040-3aIHCYI040T0 MOIYJIS Ta
MOJKIIMBOCTI HOTO 3aCTOCYBAHHSI B JIOCHII/UKEHHSIX TEXHOJIOTiif MacoBoro BupoOHuTBa. [IpoBeieHo aHami3 BiToMHX
3ac00iB BUMIPIOBAHHS TEMIIEPATypH Ta BCTAHOBJICHO, 1110 HAHOIIBII NPUAATHUAM JUIS YMOB HAIIIOTO JIOCHIKEHHS €
TEH30-BUMIPIOBaIbHI TaTYMKU. B eKCIIEpUMEHTI 3aCTOCOBAHO I’SITM KaHAJBHUI 3YUTYIOUO-3aMUCYIOUUA MOIYJIb.
IlpoananizoBaHi BiZOMi TEXHOJOTii BHIIKaHHA XJi0a Ta BCTAHOBJICHI YMOBM BHMIpIOBaHb MOKAa3HHUKIB Ta
0oOIpyHTOBaHA IHCKPETHICTH iX NpoBefeHHsS. TemmeparypHHil Aiama3oH 3HaXomuThcs B Mexax 30-160°C Ta
JIOCTATHS AUCKPETHICTh BUMIpIOBaHb 1 ¢. PO3p0o0ieHo MmiaH eKCrieprMEeHTANbHUX JOCIiIKEeHb, BAKOHAHHS BUMIpIiB
Ta TOYHICTh IX TpOBEACHHA. BHUroToBieHO 1abopaTopHE YCTaTKyBaHHS JUI BU3HAYEHHS TEMIIEPaTyPHUX
TIOKa3HMKIB B TEXHOJIOTIT BUITiKaHH XJ1i6a. [Tpoliec BUIKaHHS CyIPOBO/KY€EThCS IMITYJILCHOT Ai€l0 HArpiBaya, sKHit
MiATPUMYE TeMIlepaTypy yami B fiana3oHi 35—-150°C Ha npoTsi3i BChoro yacy 3amicy Ta BumikanHi. Ha nmodatky
TIpOLIeCy BUITIKAHHs, TEMIIEPATypa y KOXKHil MO3HIIii 3MiHIOETBCS 32 0COOIMBIMH 3aKOHOMIPHOCTSIMH. Y HPOLIApKy
1 cm xmibHOT Macu Temmepatypa jgocsrae 100+5°C, ta Ginblne He MiAiHMaeTbCs, MO 0OYMOBIEHO yTBOPEHHAM
XJIIOHOT KOPUHKH 31 3MEHILIEHOIO BOJIOTICTIO TIOPIBHIHO 3 M’sIKyleM. B iHmmx npomapkax Ha rinbuny Oinbme 1 cm
TeMIepaTypa TpuMaeTbcss Ha piBHI 105+5°C 1 He 3MIiHIOEThCS Ha MPOTA3i BChOro mporecy. Lli mokasHHKH
00yMOBIIEHI OCOOMBICTIO TEPMOIMHAMIYHHX MPOIIECIB TAPO-PiAHMHAOI (ha3h BOIH, IO 3HAXOAUTHCS B TICTi.

KaiouoBi cioBa: BHUMIpIOBaHHSA, TeMIIepaTypa, €HEpTis, MeXaTpOHiKa, HAayKOBi MOCHiMKEHHS, METOIHKa
EKCIIePUMEHTIB, BUITIKAHHS XJ1i0a.
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Introduction

A key factor in the development of modern science
and technology is thorough and high-quality scientific
research. The accuracy and quality of measurements of
technological parameters in various processes directly
depend on the correct choice of conditions
and instruments used for these measurements.
Existing control and measuring instruments do not always
meet modern requirements for accuracy and data
resolution [1-3]. There are certain challenges related to
the accumulation and storage of data on modern media,
followed by its processing using mathematical statistics
software [4-6].

The study of technological processes involving
biological materials, which are often rapid in nature,
and the analysis of their energy and temperature
parameters require high-resolution measurements across
wide ranges [7, 8]. Researchers face a scientific challenge:
among the available control and measuring devices, it is
necessary to select modern measurement tools that meet
the criteria for accuracy, data throughput, and the ability
to record information for subsequent processing. The
relevance of selecting appropriate measurement tools and
methods is a pressing scientific issue.

Thermocouples or resistance temperature detectors
(RTDs) are most commonly used for this purpose,
typically requiring direct contact with the measurement
object (solid surface or liquid). Despite partial overlap in
their operating temperature ranges, each of these sensors
offers unique advantages for specific applications [9].

When selecting a suitable temperature sensor, key
parameters to consider include the measurable
temperature range, required accuracy, response time,
signal stability, scale linearity, and sensitivity. RTDs are
the optimal choice when high sensitivity and flexible
applicability are prioritized. It should be noted that RTDs
are generally more expensive than thermocouples.
Therefore, a well-founded choice of a temperature sensor
for a specific application requires an understanding of the
fundamental operating principles of each type.

There are four main types of temperature measuring
instruments, each based on a distinct physical principle:

1. Mechanical (liquid-in-glass, bimetallic, bulb and
capillary, pressure-based);

2. Thermoelectric (thermocouples);

3. Thermoresistive (RTDs and thermistors);

4. Radiation-based (infrared and optical pyrometers).

The operation of mechanical thermometers is based
on converting temperature-induced changes into
mechanical motion. This usually occurs due to the
property of most materials to expand when heated. The
construction of such thermometers may involve liquids,
solids, or gases as temperature-sensitive substances [10].

A thermoelectric thermometer (thermocouple) is a
temperature sensor consisting of two dissimilar metals
joined at one end. This junction generates a small
electrical voltage (measured in millivolts) that depends on
the temperature. The junction of the two metals is called
the hot junction and is connected to extension wires. A
thermocouple can be formed by any combination of two
different metals. When two dissimilar metals are joined, a
small voltage known as the thermoelectric electromotive

force arises at the junction. This phenomenon is known as
the Peltier effect [11].

Changes in temperature at the junction lead to
proportional changes in this voltage, which can be
detected by the input circuit of an electronic controller.
The output signal of a thermocouple is a voltage whose
magnitude depends on the temperature difference
between the hot junction and the free ends of the
conductors. This phenomenon is referred to as the
Thomson effect [12].

A combination of both effects is used for temperature
measurement [13]. By maintaining one junction at a
known stable temperature (cold junction) and measuring
the voltage, the temperature at the hot junction can be
determined. The generated voltage is directly proportional
to the temperature difference between the hot and cold
junctions.

Thermoresistive temperature measurement devices
operate based on the dependence of a material’s electrical
resistance on temperature. By measuring the change in
resistance, the corresponding temperature change can be
determined. There are two main types of such devices:
resistance temperature detectors (RTDs) and thermistors.

An RTD consists of a thin metal wire wound into a
coil or a metal film formed on a substrate (similar to a
strain gauge). Platinum is most commonly used in RTD
construction.

RTDs function on the principle that the electrical
resistance of a metal changes in a predictable, nearly
linear and stable manner with temperature. These sensors
have a positive temperature coefficient, meaning their
resistance increases as temperature rises. The resistance
of the sensing element at a given base temperature is
directly proportional to its length and inversely
proportional to its cross-sectional area.

To measure temperature with an RTD, an electrical
circuit is typically used to detect the change in the sensor’s
resistance. Based on this change, the temperature
variation is calculated. As the temperature rises, RTD
resistance increases, much like a strain gauge’s resistance
increases with strain.

It is well known that there are two main types of
radiation-based temperature measuring devices: infrared
pyrometers and optical pyrometers.

Infrared temperature sensors, also known as
pyrometers or non-contact thermometers, are used to
measure an object’s temperature remotely. This
differentiates them from most other temperature sensors
that require physical contact. Non-contact measurement is
particularly useful when direct contact is impractical or
impossible, such as in hard-to-reach areas or with objects
at very high temperatures that could damage contact
sensors [14, 15].

Infrared sensors operate on the principle that all
bodies emit energy proportional to their temperature. As
the object's temperature increases, so does the intensity of
the emitted radiation. Infrared thermometers determine
temperature by measuring the intensity of this emitted
radiation.

In many fields — from industry to science and
everyday life — the accuracy of temperature determination
is of utmost importance. The reliability of measurement
results depends on several key factors.
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Firstly, the level of accuracy varies with the type of
sensor used. For example, thermocouples may have errors
of several degrees, while high-precision RTDs can
achieve accuracy to tenths or even hundredths of a degree.
Thermistors are highly accurate but only within a limited
temperature range. Radiation pyrometers are more prone
to error, especially if the emissivity of the object’s surface
is not properly accounted for.

The quality of the reading device that processes the
sensor signal and displays the temperature value is also
crucial. Higher precision instruments result in lower
intrinsic errors.

Calibration plays a key role in ensuring accuracy, a
regular procedure in which sensor and instrument
readings are compared against reference values at known
temperatures, with appropriate adjustments made.

Environmental conditions such as ambient
temperature, humidity, electromagnetic interference, and
airflow can also affect measurement accuracy.

Furthermore, proper sensor installation, ensuring
effective thermal contact with the measurement object, is
essential for accurate results. Improper installation can
cause significant deviations.

The conditions and methodology of energy parameter
measurement will be illustrated using the example of
bread baking technology. Baking is the final and critical
stage in bread and bakery production. During this process,
the product attains its final volume and shape, the crust
and crumb form, the surface browns, and characteristic
flavor and aroma develop.

In bread making, most preliminary processes aim to
create optimal thermal and biological conditions for
dough development. The final product results from the
complex interaction of thermal, physical, biological, and
chemical processes occurring in the dough during baking.
Physical processes, in particular, drive dough expansion
at the initial heating stage, while the subsequent slowing
of this expansion is associated with rising internal
temperatures of the product [16, 17].

A decisive factor determining the quality of finished
bread is the heating process, namely, baking. The theory
of the processes occurring in the dough piece during
baking has been thoroughly described in numerous
studies [18-20].

One of the indicators of bread doneness is the
achievement of uniform internal temperature within the
crumb. However, due to the specific physical properties
of dough and uneven moisture evaporation, the baking
process occurs unevenly. Often, in an attempt to
accelerate baking, producers increase the oven
temperature, which may lead to the outer part of the
product burning while the inside remains underbaked.
Additionally, temperature regimes vary across different
zones of the oven.

In the baking chamber, heat is transferred primarily
through radiation from heated surfaces, with only a small
portion delivered via air convection [21]. Under these
conditions, the dough heats unevenly: the outer layers
warm first, followed by gradual heat penetration toward

the center. This leads to instability in the product’s
structural formation [22].

Considering the rheological properties of bread dough
during shaping and baking, there is scientific interest in
exploring the patterns of heat transfer at key cross-
sectional points of the product as it transforms from dough
to bread. The subject of this scientific and technical
investigation is the study of heat transfer processes along
defined planes from the crust toward the center of the
bread during baking. This research can be carried out by
discrete temperature data logging, accounting for the
geometric dimensions of the baking form.

Existing studies on the bread baking process indicate
that the temperature range across all stages spans 25—
200°C, with humidity reaching 100 %. The total duration
of the entire process can be up to 4 hours, with the direct
baking time lasting up to 1 hour.

The aim of the study

The aim of this study is to develop a methodology for
the technical measurement of technological parameters
(using energy indicators as an example) in scientific
research focused on the processing of biologically derived
materials, employing control and measuring instruments
based on mechatronic principles.

To achieve this objective, the following tasks must be
accomplished:

1. Examine and identify the measurement limits and
conditions for energy parameters, using the common
example of bread baking technology;

2. Develop measuring instruments capable of long-
term data logging onto storage media, with the possibility
of subsequent statistical analysis;

3. Design and conduct experiments to investigate the
energy characteristics of bread baking according to a
known technology.

Materials and methods

The scientific objective is to analyze temperature
variations within the bread baking zone — specifically,
within a 1 ¢cm surface dough layer, at a depth of 5 cm, and
at the center of the product. To eliminate the influence of
variability and specific characteristics of the baking
process on the measurement results, a standardized baking
method was employed. This method used fixed quantities
of recipe components and a consistent thermal treatment
program typical of domestic bread-making appliances
from well-known brands (equipment from LG was used
in the experiments). This approach ensures that
experimental conditions do not affect the outcome.

The experimental setup includes a commercially
available LG domestic bread maker (Fig. I) and a
custom-designed read/write module capable of recording
temperature data to a storage medium with a sampling
interval of 1 second.

The temperature data acquisition and recording
module is shown in Fig. 2.
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According to the established recipe, the ingredients
are placed into the baking chamber and the automatic
baking program is initiated. During the initial stages of
bread preparation (mixing and dough rising), temperature
measurement is not feasible due to the mechanical mixing
process.

At the final stage of dough proofing, temperature
strain gauge sensors are inserted into the dough. Their
placement within the product's plane is maintained using
a wooden stand. The sensors are connected to the
corresponding ports of the data acquisition and recording
module. The module is then powered on, and the
temperature recording to a digital storage device is
initiated.

Measurements are taken every 1 second across five
channels. Approximate readings can be visually
monitored on the corresponding displays during the
experiment. Data recording continues until the bread
baking process is complete, as indicated by the bread
maker’s control system. At that point, data recording is
stopped.

LG Domestic
Bread Maker

Temperature
Strain Gauge
Sensors

Data Acquisition
Recording

b
Fig. 2. The temperature data acquisition and recording module (a), incorporates a temperature strain gauge sensor (b).

The collected data is transferred to a personal
computer via the storage medium in the form of a text file.

Results and discussion

Based on the described methodology, a series of
experiments was conducted. Temperature values recorded
at the specified sampling rate were transferred to
spreadsheet software, where statistical analysis of the data
was performed (Table 1).

The proposed methodology for studying temperature
indicators in bread baking technology allows for real-time
data acquisition at specific locations within selected bread
layers.

The constructed temperature distribution chart
demonstrated that dough rising is maintained at a
temperature of 35+5°C across all dough Ilayers.
This is achieved due to the thermal capacity of the baking
chamber and the periodic activation of the heating
element in the shaping zone (Fig. 3).

Scientific Progress & Innovations e 28 (2)

280



Table 1

Fragment of experimental data on temperature (°C) indicators of the technological process

Number o o - - ..
e position 1 position 2 position 3 position 4 position 5
1 34 32 32 31 31
2 34 33 34 34 36
141 58 38 52 94 141
137 59 39 56 95 137
141 61 39 59 97 141
148 64 40 63 101 148
150 64 42 66 104 150
148 69 44 69 105 148
141 71 48 73 105 141
141 75 51 76 104 141
0 -
%G l Baking Zone
3 Poinﬁ\——___ — —— e — —
il N e m————— R . N _-/-S: Holding Zone
éﬂo point2 | AN AVAI\V \~J L o ]
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20 -  —
L Shaping Zone L Heating Zone
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Fig. 3. Temperature Profile Diagram of Dough Material During Baking

The baking process is accompanied by pulsed
activation of the heater, which maintains the temperature
of the baking chamber within the range of 35-150°C
throughout the entire mixing and baking cycle.

At the beginning of the baking stage, the temperature
at each measurement point changes according to specific
patterns, determined by the heating rate of the dough mass
(heating zone, Fig. 3).

In the 1 cm surface layer of the bread, the temperature
reaches 100 + 5°C and does not rise further. This is due to
the formation of the bread crust, which has a lower
moisture content compared to the crumb (thermo-physical
transformation zone, Fig. 3).

In deeper layers beyond 1 cm, the temperature
stabilizes at approximately 105+5°C and remains
constant throughout the entire process. These values are
attributed to the thermodynamic characteristics of the
vapor-liquid phase of water present in the dough.

The baking zone and the holding (curing) zone are
also characteristic components of the bread baking
technological process.

The temperature data obtained using this methodology
are of both scientific interest and practical value. They can

be used to adjust and optimize the baking process of bread
and bakery products at commercial baking facilities.

Conclusions

This study presents a novel solution to the scientific
challenge of developing and substantiating a methodology
for measuring technological parameters of biologically
derived materials using control and measurement
instruments based on mechatronic principles.

It was established that, under the research conditions,
strain-gauge temperature sensors are the most technically
suitable for temperature measurement. A five-channel
readout and recording module was employed in the
experiment. The temperature range of the studied objects
was between 30°C and 160°C, with a measurement
interval of 1 second, which ensures sufficient accuracy
and reliability of the data obtained. Laboratory equipment
was developed to determine temperature parameters in the
bread-baking process.

It was found that the baking process involves the
pulsed action of a heater that maintains the bowl
temperature within the range of 35°C to 150°C throughout
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the kneading and baking phases. At the beginning of the
baking process, the temperature at each measurement
point changes according to specific patterns. In the 1 cm
layer of bread dough, the temperature reaches 100+£5°C
and does not increase further, due to the formation of a
crust with lower moisture content compared to the crumb.
In deeper layers (beyond 1 cm), the temperature remains
stable at 105+5°C throughout the entire process. These
values are determined by the unique thermodynamic
behavior of the vapor-liquid phase of water present in the
dough and require further scientific investigation.
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