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Abstract. The article examines the justification for designing and creating the equipment to determine
the characteristics of spatial force loading on physical models of continuous earthmoving machinery actuators
in real time when digging the soil. It also discusses measuring and registering tools for recording the parameters
of force load when developing the soil.

Research objective: The creation of equipment and registering tools for determining the characteristics of
spatial force load of complex mechanical systems.

Research object: Operating equipment of trenching and excavation continuous earthmoving machinery.
Research method: Experimental.

As a result of the conducted research, measuring equipment has been developed in the form of a strain
gauge suspension for model structures of the studied operating equipment for trenching and excavation
machinery. The equipment enables real-time measurement of the magnitudes and coordinates of applying
spatial components of external forces and their moments to the studied mechanical system. Based on strain
gauge measurements, determining the magnitudes of external forces and their moments is provided
mathematically and by adding or subtracting electrical signals received from strain gauges of corresponding
pairs of strain links.

A measuring and registering complex with a set of analog and discrete sensors has been developed to
register actual loads applied to the studied operating equipment of earthmoving machinery. This complex
enables measuring and registering the actual loads in the system with an accuracy of + 5 % of the real value.

The complex enables to read and record the received information on a micro SD memory card, to
convert the received signals into digital code, and store the received information (measurement results) on a
digital medium for its further processing and analysis.

Key words: force, moment, mechanical system, strain measurement, earthmoving machinery,
measuring complex, sensor, memory card, digital code, amplifier, strain gauge module

Problem statement and its topicality

Creation and ensuring the effective operation of complex mechanical systems with spatially variable in
magnitude and time loading is a rather complicated mechanical task. It should be noted that the creation of
these systems does not depend on their technological purpose. An essential condition for the creation of these
systems is complete information about the extent, nature of the change in magnitude and time of external loads
acting on the system created.

The information about external loads in the system is necessary not only for creating the mechanical
system itself, but also for ensuring its operation, in other words, for creating a control system for the specified
system.

External loads acting in the system are determined by calculation or experimentally. The calculation
method does not always enable to determine the external loads, especially when the directions of the external
forces components and the points of their application are uncertain.

As for obtaining the necessary information, testing the created systems on models, both mathematical
and physical, has been promising recently [1, 2]. More complete and objective information about the loading
of complex systems under the conditions of their real operation can be obtained due to experimental studies of
physical models of complex mechanical systems. The example is continuous earthmoving machinery on their
physical models.

The main requirement for performing such experimental studies is to ensure continuous measurements
of the spatial components of external forces and the moments of action of these forces registering their
magnitude, patterns of change in time due to changes in the design parameters of the system and its operating
modes.

Regarding continuous earthmoving machinery, especially when its operating equipment is
simultaneously moved along all three coordinate axes under the action of external loads, it should be noted
that to perform the aforementioned studies the necessary equipment was not available and had to be created.

The analysis of published research results

Experimental determination of external loads on the system under study (or its physical model), as well
as registering the coordinates of these loads application in time by the magnitude and nature of the action
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(static or dynamic loads) and the patterns of change is a rather complicated task. Currently, equipment designs
[3-7] and apparatus are known to be used to perform this task. It should be specified that the equipment and
measuring tools known to the authors cannot be used to solve the problem of experimentally determining
external loads acting on the operating and running equipment of continuous earthmoving machinery (trench
and ditch machines) for various reasons. As a rule, the existing equipment [8, 9] enables to determine the action
of external forces in one plane which does not clarify the load of the object studied. Measuring equipment for
registering the loads on each of the coordinates of the X, Y, Z axes separately does not enable to estimate the
spatial load of the system as a whole at a fixed point of time with sufficient accuracy. The existing equipment
for determining the spatial force load of machine metal structures, their operating and working equipment, and
drives is quite bulky and massive. It is therefore difficult for practical use.

Besides, it should be noted the complexity of registering the external loads on complex mechanical
systems, when these loads act simultaneously at many points of the system under study and require the actions
both in magnitude and in nature to be registered simultaneously. Certain designs of measuring tools [10-13]
do not enable to simultaneously register the action of external forces at many points of the system (there may
be several dozen of them), which significantly reduces the informativeness of the performed studies. In order
to improve this situation, a special cycle of work was carried out. It was aimed at determining the parameters
of the spatial force load of complex mechanical systems and registering these parameters.

Task setting implies the creation of equipment for determining the characteristics of spatial force
loading of actuator models for continuous earthmoving machinery (trench and ditch) when digging the soil in
real time. Measuring and registering equipment for force load parameters is also to be created.

Presentation of the materials

The spatial force load characteristics for the model of the studied earthmoving machinery actuator when
digging the soil in real time can be measured with a universal strain gauge suspension created at the Department
of Road Machinery of NTU, [14] Fig. 1.

p D
g P-
a b
a — design of the strain gauge suspension; b — scheme of strain link installation in the strain suspension

1,2 — metal structures; 3,4 — mounting plate; 5 — strain links
Figure 1 — Universal strain gauge suspension

The strain gauge suspension consists of two spatial all-welded metal structures interconnected by special
strain links using embedded hinges. Using the Cartesian coordinate system, it enables to register three forces
and three moments of these forces acting on the studied structure of the operating equipment when developing
the soil in real time. These parameters include: traction force T, vertical component of the soil digging force
by the rotor P,, lateral force P, which can act on the actuator under study, coordinates of the application points
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of the specified forces to the soil-developing actuator relative to the center of the strain gauge suspension [14].
In addition, relative to the stern of the base chassis (the center of the strain gauge suspension), normal Py and
tangential P, forces acting on the rotor cleaning bearing plate, moment M, acting on the stern of the base chassis
in deepening-excavating process of the actuator can be registered.

To assess the action of unknown external forces, denoted as Py, Py, P, the application center of which
is shifted relative to the center of the strain gauge suspension O to unknown distances (a, b, c, respectively),
an equation system of forces and moments of forces relative to the specified coordinate system has been
developed, which describe the system equilibrium.

Each strain link operates only in compression or tension, the reactions in the strain links are denoted as
R1, R2, Rs, R4, Rs, Re. Therefore, the equation system characterizing the spatial load of the strain gauge
suspension (the stern of the basic chassis of the "full-scale" machinery) takes the form:

R;+R,-R,=0;
Zn:FiX:O;Zn:Fiyz();Zn:Fiz:O; Rs+Rs-Ry =0;
- = = R;+R,-R,=0;
1
Zn:M‘XZO;Zn:MiVZO?Zn:MizZOi (RS‘RG)'H‘Py'C‘PZ~b=0; 1)
- : - (Rz_Rl)‘H—PZ'C—PX-C:O;
(R3‘R4)‘H‘Px'b—Py'a:O.

Based on the measured absolute values of the reactions R1-Re in the corresponding strain links, a system
of six linear equations with six unknowns Py, Py, P, @, b, ¢ is solved. As a result, the moments of the forces
My, My, M, relative to the entire specified coordinate system and the forces Py, Py, P, themselves are determined.

All six strain links operate in pairs: (R1, R2), (Rs, Ra), (Rs, Rg). To determine the forces, algebraic addition
is performed. And to determine the moments of forces, subtraction of the absolute values of the force reactions
in the corresponding pairs of strain links is carried out, i.e.:

P,=R,+R,; M, =Ry -Re)H;
P,=R+R; M, =R, -R,)-H; )
P,=R,+R,; M,=(R,-R,)-H.

This equation system can be solved not only by the traditional algebraic method, but also by adding or
subtracting electrical signals coming from the strain gauges of the corresponding pairs of strain links.

During experimental studies in the force load of the operating equipment of continuous earthmoving
machinery when developing the soil, a specially created measuring and registering complex (Fig. 2) with a set
of analog and discrete sensors was used to register real loads. The tools of the complex are capable of reading
signals from the strain gauges (for example, a universal strain gauge suspension), as well as from pressure
sensors, displacement (linear and angular), speed sensors, and registering the position of final switches in real
time. The complex enables to record the received information on a micro SD memory card, convert the
received signals into digital code, and store the received information (measurement results) on a digital
medium for its further processing and analysis.

The complex (Fig. 2) includes:

— sixteen-channel unit for amplifying and recording of signals from measurement sensors (UAR16);
— two eight-channel amplification units (AUS).
The UAR16 unit of the complex includes two eight-channel strain gauge modules, a control unit and a
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power supply unit. It amplifies signals from the strain gauges of the strain gauge suspension, which are
connected to the unit using "bridge" or "half-bridge" schemes, and signals from analog sensors.

ran

1 — 16-channel amplification, recording and control unit (UAR16), 2 — 8-channel amplification unit (AU8).
Figure 2 — General view of the complex

The strain gauge module of the complex (UAR16) is designed to provide power to strain gauges with
precision DC voltage with an ultra-low oscillation level, to amplify and convert signals from strain gauges into
digital code, and to correct ""zero" when the strain gauge "bridge" or "half-bridge" is imbalances.

The block diagram of the strain gauge module is shown in Figure 3.

The module is controlled by an 8-bit microcontroller with built-in program memory. It includes a
“bridge” of preamplifiers with a differential input and a built-in circuit for additional balancing of the strain
gauge bridge (“zero” correction circuit). The zero correction circuit includes a digital-to-analog converter
(DAC), which is controlled by a microcontroller. The signal at the DAC output is summed with the signal from
the strain gauges, which register specific information from the point of signal measurement from the strain
gauges. This ensures that the output signal of the amplifier is shifted to a constant value. At the same time,
inputs 1 and 2 of the strain gauge module are designed to process signals from sensors that have an output
signal of a higher voltage than the signal from the strain gauges. They do not have preamplifiers and are directly
connected to the multiplexer. The multiplexer sequentially connects the signal of the corresponding input to
the programmable amplifier and ensures the conversion of the analog signal from the sensor into a digital one
using a precision analog-to-digital converter.
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ADC - analog-to-digital converter, PSU — power supply unit, 1A — input amplifier, MC — microcontroller,
MP — multiplexer, Al — channel 1 amplifier, A6 — channel 6 amplifier, PA — programmable amplifier, ZCC —
zero correction circuit, DAC — digital-to-analog converter.

Figure 3 — Block diagram of the strain gauge module

The programmable amplifier has three amplification levels — 1; 10 and 100 times. The amplification
level is selected by the microcontroller individually for each channel (measurement point) depending on the
need.

The UAR16 control unit is designed to control strain gauge modules using the above-mentioned RS232
interface and to control AU8 amplification units using the 12S interface, as well as to connect to a computer.

The block diagram of the control unit is shown in Figure 4.

The unit has eight input amplifiers with voltage dividers at the input to match the signal levels from the
sensors and with the input signals of the amplifiers. Structurally, the units are built so that the outputs of the
input amplifiers are fed to the inputs of four-channel analog-to-digital converters (ADCs).

Each ADC has a programmable amplifier and an input signal switch, and is programmed and controlled
via the 12S serial interface. A special server is built into the measuring complex.

When the information is provided from sensors during research, the browser page will display an
oscilloscope screen with oscillograms of input signals from the measuring sensors of the first eight channels,
Figure 6.
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PSU — power supply unit, RTC — real-time clock, LNC — local network controller, LA — linear amplifier,
MC — microcontroller, LC — level converter.
Figure 4 — Block diagram of the UAR16 control unit
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ADC1 — analog-to-digital converter for channels 1-4, ADC2 — analog-to-digital converter for channels 5-8,
PSU1 — power supply unit for channels 1-4, PSU2 — power supply unit for channels 5-8, IA1-1A8 — input
amplifiers for channels 1-8, 1A — 12S interface amplifier.

Figure 5 — AU8 Block Diagram
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1 — color identification of oscillograms, 2 — oscillogram of channel No. 3, 3 — oscillogram visibility turn-on,
4 — setting the channel amplification coefficient, 5 — switching channel tabs, 6 — system restart,
7 — on/off recording of channels to a file, 8 — setting data update period, 9 — screen refresh turn-on,
10 — screen refresh turn-off.
Figure 6 — Oscilloscope screen

The oscilloscope screen has several fields with information and control over the process of reading and
recording the information coming from the sensors.

This enables to identify the oscillogram of a separate channel through which a signal from a specific
sensor is supplied by color, to change the visibility of the channel on the oscilloscope screen, to provide
changes in the signal amplification of the corresponding channel (sensor) 1; 10; 100, to change the duration of
the update period on the oscilloscope screen when performing this update.

Conclusions.

1. Measuring equipment has been created in the form of a strain gauge suspension for models of the
studied structures of the operating equipment for trenching and excavation machinery. Using the Cartesian
coordinate system, it provides real-time measurement of the magnitude and coordinates of applying three
components of external forces and the moments of these forces action on the studied structure of the operating
equipment when developing the soil.

2. Determining external forces and moments of force action based on strain gauge measurements using
a strain gauge suspension is possible not only mathematically, but also by adding or subtracting electrical
signals coming from the strain gauges of the corresponding pairs of strain links.

3. To register the real loads acting on the studied structure of the operating equipment of the earthmoving
machinery, a measuring and registering complex with a set of analog and discrete sensors has been created. It
enables measuring and registering the actual loads in the system with an accuracy of + 5 % of the real value.

4. The complex enables to read and record the received information on a micro SD memory card, to
convert the received signals into digital code, and store the received information (measurement results) on a
digital medium for its further processing and analysis.
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AHoTanisi. Y CTaTTi PO3TJSHYTO MHUTAaHHS OOIPYHTYBaHHS KOHCTPYKIII Ta CTBOPEHHS OOJaJHAHHS
JUTS BH3HAUEHHS B pEabHOMY pPEXKHMI Yacy XapaKTEPHUCTHK MPOCTOPOBOTO CHIIOBOTO HAaBaHTa)KEHHS
¢dhizmuHNX Mozeneil poboYMX OpraHiB 3eMIIEPHUITHMX MamMH Oe3mepepBHOI Aii Mij Yac KOMaHHS IPYHTY,
BUMIPIOBAIBHOI Ta peecTpyrouoi amapaTypu it (ikcamii mapameTpiB CHIOBOTO HaBaHTaXXCHHS B Ipolieci
PO3pOOKH IPYHTIB.

MeTa [IOCHI/DKEHHS: CTBOPEHHS OOJIaJHAHHS Ta PEECTPYIOYOi amaparypu JUis BHU3HAYCHHS
XapaKTEPUCTUK MTPOCTOPOBOTO CUJIOBOI'O HABAHTAXCHHS CKJIQJIHUX MEXaHIUHUX CUCTEM.

O0’eKT JOCHIKCHHS: poOOUYE Ta XOJ0BE OOJaJHAHHS TPAHIICHHUX Ta KOTJIOBAHHUX 3eMIICPUAHUX
MaIliH Oe3nepepBHOi Mii.

MeTo T0CIIPKEHHS: eKCIIEPUMEHTAIbHHIA.

B pesynprari BUKOHAHMX JOCHI/DKEHb CTBOPEHO BUMIPIOBAJIIbHE OOJAJAHAHHS Y BUIJISI
TEH30METPUYHOI IMiJIBICKH MOJENe KOHCTPYKIIN IOCITIKYBaHOTO poO0Yoro OOJIaHaHHSA TPaHIIEHHHUX i
KOTJIOBaHHMX MammuH. OO6nagHaHHS 3a0e3nedye B pealbHOMY PEeXHMMi 9acy BUMIPIOBaHHS BENWYMH Ta
KOOPJIMHAT MPHUKJIaIJaHHS TPOCTOPOBUX CKJIAIOBUX 30BHIIIHIX CHJI TA MOMEHTIB Ji1 IUX CHJI Ha JIOCIIKYBaHy
MEXaHIYHy CUCTeMy. 3a0e3Ieuy€eThCsl BU3SHAYCHHSI BEIMYMH 30BHIIIHIX CHJI TA MOMEHTIB ITUX CHJI 32 JIaHUMU
TEH30METPHUYHUX BUMIPIOBaHb HE TLIHKM MaTEeMAaTHYHUM IUISIXOM, a 1 IUIIXOM JO0AaBaHHS a00 BiHIMaHHS
CJICKTPUYHUX CUTHAJIIB, 10 MOCTYNAOTh B/l TCH30IaTYMKIB BIJAMOBIHUX MTap TEH30JIaHOK.

Jns  ¢ikcamii peanbHHMX HaBaHTaXXeHb, IO JIIOTh HAa JOCTI/DKYBaHI KOHCTPYKIIi poOo4oro
oOyamHaHHS 3eMJICPUHHUX MAaIlliH, CTBOPEHO BHMIpPIOBAILHO-PEECTPYIOUHA KOMILIEKC 3 KOMIUIEKTOM

Haykosuii sxypHain «ABTOMOBUILHI JIOPOT'M I JIOPOXXHE BY AIBHULITBO», 2025. Bunyck 118. Yactuna 2.
ISSN 0365-8171 (Print), ISSN 2707-4080 (Online), ISSN 2707-4099 (CD), http://addb.ntu.edu.ua.
Scientific journal «kAUTOMOBILE ROADS AND ROAD CONSTRUCTION», 2025. Issue 118. Part 2.

246


http://addb.ntu.edu.ua/
mailto:natalia.horidko@ukr.net
https://orcid.org/0000-0001-9515-3672
https://orcid.org/0009-0009-2140-5131
https://orcid.org/0009-0009-2140-5131

T'AJIY3EBE MAILIMHOBY IYBAHHS / BRANCH MECHANICAL ENGINEERING

aHAJIOTOBUX Ta AWCKPETHHUX AATYMKIB, SKMH IO3BOJISE 3IMCHIOBATH BHMIPIOBAHHS Ta PEECTpALI0 AIFOUUX
HaBaHTa)KEHb B CHCTEMIi 3 TOUHICTIO 5% peanbHOT BETMIHHU.

Kommiekt 103Bosisie 3UNTYBaTH Ta 3allUCYBaTH OTpUMaHy iHQOpMAIIiIo Ha KapTy nam’sATi TUIy micro
SD, nepeTBopioBaTH OTPUMaHi CUTHANX B IM(POBUIT KO Ta 30epirat oTpuMaHy iHpopmalio (pe3ynbTaTu
3aMipiB) Ha THU(PPOBOMY HOCIT IJIsT TTOAATBITION OOPOOKH Ta aHaI3Y.
Kuaro4oBi cioBa: MOMEHT, , TEH30METpIdA, 3eMIIEpHIiHA MAITHA, BUMIPIOBAJIbHIUN KOMIUIEKC, TaTYHK, KapTa
nam’sTi Tu(POBHUN KOJI, MiJACUIIOBAY, TCH30METPHUYHUI MOIYJIb
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