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Abstract. The operating stress of construction, road and agricultural machines is determined during experimental and
factory tests using force sensors. The aim of the research is to improve the methods of experimental determination of
horizontal forces transferred by mobile implements using strain gauges combined with the elements of fastening of
technological machines. The stress-strain state and deformations of measuring strain gauges at their different arrangements
on strain gauge pins of circular cross-section are considered. When determining the horizontal load on the vehicle with the
use of pre-calibrated strain gauge pins, it was experimentally established that the mentioned strain gauges can additionally
react to the vertical load, which leads to the emergence of systematic errors in estimating the horizontal load. To eliminate
this, it is proposed that before the main calibration of the horizontal force sensors, it is necessary to pre-determine the
position at which the calibrated strain gauge will not respond to the vertical force, by rotating it relative to the longitudinal
axis and then ensuring fixation in this position. The influence of axial forces on strain gauge pins, picked up by the strain
gauges, can also lead to distortion of the stress field in the body of the strain gauge. Taking into account this influence on
the strain gauge pins requires additional experimental studies.
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AnHoTtamms. CuiioBasi HarpyXeHHOCTb CTPOUTENIBHBIX, JOPOKHBIX U CETbCKOXO035HCTBEHHBIX MAIIMH ONPEEIISIETCS] BO BpeMs
9KCTIEPUMEHTAILHO-TTPOM3BOACTBEHHBIX HCIBITAHUN C MCIOIb30BaHNEM JATIYMKOB ycuinid. Llens uccnenoBanns — cosep-
IIEHCTBOBAHUE METO/IOB IKCIIEPHUMEHTAIILHOTO OIPE/IENICHHs] TOPU30HTAIBHBIX YCHIINH, IepeaBaeMbIX B MOOMIIBHBIX arpe-
rarax ¢ NPUMEHEHHEM TEH30METPUUYECKUX TaTUMKOB, COBMEIIAEMBIX C 3JIEMEHTaMM KPEIJICHUS TEXHOJIOTHYECKUX MAaIllH.
PaccMoTpeHs! HanpskeHHO-Ae(GopMHUpyeMOe COCTOSTHHE | Ae(hOpMALIH H3MEPUTENBHBIX TEH30PE3UCTOPOB MPH PA3THUHBIX
CXeMax MX PacIoI0XKEHUs Ha TEH30METPUUECKUX Mablax Kpyrioro ceueHus. [Ipu onpeneneHnu ropu3oHTaIbHON Harpys-
KM Ha TPAHCIOPTHOE CPEJCTBO C MCIIOJIb30BAHUEM ITPEABAPUTENILHO KAMOPYyEMBIX TEH30METPUYECKUX MaJbLEB SKCIEPH-
MEHTAJIbHO YCTaHOBJIIEHO, YTO YIOMSHYTbIE TEH30PE3UCTOPBI MOTYT NONOIHUTENBHO PEarnpoBaTh M HA BEPTUKAIBHYIO
HarpysKy, 4TO IIPUBOAUT K MOSBJICHUIO CHCTEMAaTHYECKUX TTOTPEIIHOCTEN MPH OLIEHKE TOPH30HTAIIbHON Harpy3ku. [ist ycrpa-
HEHUS! ATOTO SIBJICHUS MPEUIOKEHO Iepe] IPOBEICHHEM OCHOBHOM KalMOPOBKH TaTYHMKOB TOPU3OHTAIBHOTO YCHIIUS TIPE/I-
BapUTEIBHO ONPEEIUTh IOJIOKEHUE, IPH KOTOPOM KannOpyeMblil TEH30[aTUUK HE OyIeT pearnpoBaTh Ha BEPTHKAIBHOE
YCHIIHE IyTEM €ro MOBOPOTa OTHOCUTENHHO MPOAOJIBHOM OCH C HOCIEAYIONMM obecriedeHreM (DPUKCAllUK B 3TOM IIOJIOXKE-
HuM. BiusiHue OCeBBIX yCHIINM HA TEH30METPUUECKUE MaNblLibl, BOCIPUHUMAEMBIX TEH30PE3UCTOPAMH, TAK)KE MOXKET IpU-
BOJIUTH K NCKAKEHUIO IOJIS HANIPSDKEHUH B TeJle TeH30Majblia, yueT BIUSHUS KOTOPOro Ha TEH30METPHUECKUE MaJIbIlbl Tpe-
OyeT npoBeAEHHS JOTOIHUTEIBHBIX SKCIIEPUMEHTAIBHBIX NCCIIEIOBAHHH.

KnrodeBble cj10Ba: CTpOUTENIBHBIE U JOPOKHBIE MAIlIMHBI, TOPU3OHTATbHAS HArpy3Ka, Harpy>kKEHHOCTb, SKCIIEPIMEHTAIBHOE
ornpeneseHne, TCH30METPUIECKHUE MaJIbIIbl
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MEXaHWKa WH)KEHEPHBIX KOHCTPYKIUHA U coopyxenuit. 2025. T. 21. Ne 1. C. 71-80. http://doi.org/10.22363/1815-5235-2025-
21-1-71-80

1. Introduction

Operating stress and efficiency of construction, road and agricultural machines [1; 2] are determined
during experimental and factory tests, for which they can be equipped with force [3; 4], displacement,
acceleration sensors, etc., which are part of data measurement systems [5—7].

The use of multi-purpose measuring instruments for determining operating stress of elements of such
implements [8] changes their operating interaction pattern, which introduces errors in the measurement of
forces, in particular, horizontal forces, the most important for traction and energy calculation. Such data
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measurement systems for assessing operating stress of various joints of mobile implements are based on
fundamental methods of engineering mechanics [9], theory and experimental evaluation of stress of shells
[10; 11] and other experimental and theoretical methods [12—14].

For experimental determination of operating stress of construction, road and agricultural machines,
equipment, tractors, the use of special rig equipment [15], soil channels [12], the application of similarity
theory methods to determine traction resistance of the attached technological machine [16], artificial
intelligence (AI) algorithms [17] and other modern approaches [18; 19] are known. However, when measuring
devices are combined with structural elements of the implements, negative effects may occur not only due
to anisotropy of their materials [20; 21], but also as a result of the geometric inaccuracy of attaching strain
gauges on the surfaces of force-measuring elements [18].

Therefore, experimental methods of determination of operating stress of construction and agricultural
tractor attachments remain insufficiently investigated, including in terms of the applicability of force sensors
combined with the elements of attachment of the implements, and require further experimental research and
theoretical substantiation.

2. Methods

To measure internal forces, the strain gauge [22], which is a thin metal lattice inside a dielectric
(Figure 1, a), has become widespread. Strain gauges are glued onto the tested part (one, two or four
functional) and are connected by a bridge circuit according to Figure 1, 5. When the resistance of resistors
R1, .., Ra is equal, the voltage between points C and D will be 0 and, accordingly, the current flowing along
the diagonal C — D will also be equal to zero.

Figure 1. Structure and connection of strain gauges:
a — strain gage conductors; b — bridge connection diagram
S ource: made by A.A. Karsakov

When the tested part is loaded, it is deformed (stretched or compressed) and the strain gauges are
deformed, which leads to a change in their electrical resistance. By measuring the value of current flowing
along the diagonal C — D or the voltage in it, it is possible to determine strain € of the part, as well as normal
stress

oc=¢FE, (1

where 6 is the normal stress of the part, N/m?; € is the strain of the part; £ is the normal elastic modulus of
the material of the part, N/m?.
The arrangement of strain gauges on an axially loaded part is shown in Figure 2.
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Figure 2. Arrangement of strain gauges on a part under axial loading
S ource: made by A.A. Karsakov

In pure axial tension, strain gauges R1 and R4, fixed strictly parallel to the longitudinal axis of the bar,
are stretched during loading with force P, and their resistance will increase. In turn, strain gauges R> and R3,
which are oriented perpendicular to the longitudinal axis of the bar, are partially compressed, and their
resistance will decrease. At a sufficient distance from the point of application of force P, the stresses at any
point of the cross-section of the bar will be the same and will be determined by the expression

c=P/ A, (2)
where P is the magnitude of the applied force, N; 4 is the cross-sectional area, m?.

Strain €:

e=¢-E, 3)

where E is the normal elastic modulus, m?*/N.
The case of loading a bar by moment M (Figure 3) is considered below.

Ay b~
A R

amm  ®
AT Rs

Figure 3. Model of loading a bar by moment M
S ource: made by A.A. Karsakov
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In the case of bending of the bar under moment M, strain gauges R1 and R4 are fixed parallel to the
longitudinal axis of the bar. In the process of loading, their resistance will decrease, while gauges R and R3
are parallel to the longitudinal axis of the bar from the opposite side and their resistance will increase.

The stresses at the gauge attachment points are determined by (4), and they will be the same across the
top and bottom faces.

MY
o=
J

z

; 4

where J_ is the moment of inertia of the cross-section with respect to Z-axis; Y is the coordinate of the point

of measuring normal stress; M is the magnitude of the bending moment.

3. Results and Discussion

Circular strain gauge pins are sometimes used as force sensors during testing, installed at the joints of
individual parts (Figure 4).

The transferred forces can act in three directions: horizontally Pu, vertically Py and laterally Pr,
whereas only one, for example horizontal P, is required (Figure 5). For this purpose, the longitudinal axes
of the strain gauges must be parallel to each other and lie in the same centerline plane and be located at the
same distance “a” from the supports.

i 2
Ry R

Pu

R; Ry a

NN I P,

Figure 4. Diagram of forces acting on the strain gauge pin when installed at the junction of the parts
S ource: made by A.F. Rogachev

The distribution of normal stress from horizontal Pr and vertical Py forces is shown in Figure 5.
The highest stress from the horizontal force Pr will be in the locations where the strain gauges are attached
(points 1 and 2). In these locations, the stress from the vertical force Py is equal to zero, while the vertical
force Py will not affect the readings from the horizontal force Pn. The lateral force Pr will cause the same
strain of all four strain gauges, which will also not affect the readings from the horizontal force Pu. At the
same time, in reality it is difficult to provide geometrically accurate attachment of the strain gauges.
In addition, due to the anisotropy of the strain gauge pin material caused by preliminary thermal treatment
and elastoplastic deformation, its physical properties vary at different points, which leads to changes and
distortion of the real stress diagram.

This requires correcting the axial positioning of the strain gauge pin in the supports. For this purpose,
a mark is made on the end of the pin, and the pin is installed in the rig such that the mark is positioned
vertically. The strain gauge pin is loaded vertically. Then it is rotated several times around the longitudinal
axis ¢ and a graph of the relationship between of the mV signal and the angle of rotation ¢ is plotted (Figure 6).
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Stress distribution from bending force Py

A
@ Stress distribution from bending force P

On

Figure 5. Distribution of normal stresses from horizontal Py and vertical Py forces
S ource: made by A.A. Karsakov

mV
5. ¢
2.5=4

Figure 6. Plot of relationship between mV signal and rotation angle ¢
S ource: made by A.A. Karsakov

Figure 7. Installation of the strain gauge pin Figure 8. Method of adjusting the angle
in the found position and locking it against rotation of installation of the strain gauge pin in the “zero”
relative to the longitudinal axis position using a pull bar of variable length
S ource: made by A.A. Karsakov S ource: made by A.A. Karsakov
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After that, the position of the strain gauge pin at which the signal is equal to zero is found. In this
position, it is installed in the actual rig and secured against rotation (Figure 7).

Another way of correcting the angle of the strain gauge to the “zero” position is shown in Figure 8.

The pin is mounted in the support with the possibility of its rotation around the longitudinal axis.
A lever is welded to the pin and an additional pin is welded to the support. A pull bar of variable length is
installed between these two pins. By changing the length of this bar, the required “zero” position is found.

In addition to the investigated influence of vertical load on strain gauge pins when determining
horizontal forces, it is possible that axial forces are also picked up by the strain gauges. Their emergence is
possible during measurements in factory conditions and leads to distortion of the stress field in the strain
gage pin body. This can cause additional error when measuring the horizontal force, which is difficult to
estimate by numerical methods, such as FEM [23; 24]. In this regard, taking into account the influence of
axial forces on strain gauge pins requires additional experimental and theoretical studies, including the use
of various modern methods [25].

Thus, technical solutions allowing to practically eliminate the revealed undesirable phenomenon of
mutual influence of different components of the total load acting on the strain gauge pin, when measuring
the horizontal load, are proposed.

4. Conclusion

The conducted study allowed to draw the following conclusions about the aspects of application of
strain gauge devices for determination of operating stress of implements.

1. During the experimental determination of the horizontal load on the vehicle from the side of the
implement, using pre-calibrated strain gauge pins, it was found that the strain gauges of the pins can
additionally react to the vertical load, which leads to the emergence of systematic errors in the estimation of
the horizontal load.

2. To eliminate this disadvantage, it was proposed that before the main calibration of the sensors of the
horizontal force, which is transferred to the transport machine from the side of the implement [26], it is
necessary to pre-determine the position at which the calibrated strain gauge device will not react to the
vertical force. This is performed by rotating it relative to the longitudinal axis and ensuring its fixation in
this position afterwards (Russian Federation patent No. 2800400).

3. The influence of axial forces on strain gauge pins, which may emerge during measurements and are
picked up by the strain gauges, leads to distortion of the stress field in the body of the strain gauge pin. This
may cause additional error when measuring the horizontal force, which is difficult to estimate by numerical
methods. In this regard, taking into account the influence of axial forces on strain gauge pins requires
additional experimental studies.
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