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Meunb. [[Burarenu ¢ cucteMol yIpasieHHs KilallaHaMU
razopacrpenenieHus o0nanaoT JTydniel MPON3BOIUTEIHHO-
CTBIO TIO CPaBHEHHIO C JIBUTATEIISIMHU, Y KOTOPBIX 3a(puKCH-
POBaHbl MOMCHTBI OTKPBITHA W 3aKPBITHA, a TAKXKE BBICOTA
norbEMa KianaHoB. B paboTe npemioskena ruipaBimaeckast
CHCTEeMa YIPaBJIeHNUS KTallaHAMK Ta30pacipeieieHus, COOT-
BETCTBYIOIIAst TpeOoBaHMsM jiBuraress. OHa Mo3BoJIseT pe-
TyJUpoBaTh 00a KiianaHa: BITyCKHOM 1 BBIITYCKHOM.

Metonuxa. Co3aH MCHBITaTENbHBIA CTEHA JABHMKEHUS
KJIaIlaHOB M IIPOTECTHPOBaHA 3(P(EKTHBHOCTH PETYIIINH
KJIAallaHOB CHUCTEMBI YIPABJIEHHs KJallaHaMM Ta3zopacnpese-
nenwst. Ha ocHOBe rpamkoB moka3arerneii BITlyCKHOTO M BbI-
ITYCKHOTO KJIAIIAHOB, PETYIIUPYEMBIX CHCTEMOM, C TIOMOIIIBIO
MPOrpaMMHOTO odecriedeHus s 1D-MoaenupoBanus AVL
Boost ObLTH CIIPOrHO3MPOBAHbI PA0OUHE TIOKA3ATEIH [IBHTa-
TeNsL.

Pesyabrarhl. TecTsl oka3aay, YT0O MOMEHTBI OTKPBITHS
U 3aKPBITUS KJIAIaHOB MOTYT IOCTOSSHHO U3MEHATHCS CHCTe-
MOH B COOTBETCTBHHM ¢ 00OpOTaMHu JBUTatessi. Pesynbrarsl
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MO/ICTIMPOBAHMS JBUTATENSI C PETYIMPYEMBbIMU KIlaraHaMH
JIEMOHCTPHPYIOT YyJydIlleHHe MOKa3aTele MOIIHOCTH Ha
eMHUITy pabodyero o0ObEMa JBHTATENs, MOIIHOCTH TOPMO-
YKEHNsI, TOPMO3HOT'O MOMEHTa, Y/IeJIbHOTO pacxo/ia TOILINBa
Ha TOPMO3HOM CTeHze, KOod((HUIMEHTa OCTATOYHBIX T'a30B
Ha pa3HbIX 000pOTax JBUTaTENs IO CPABHEHHIO C NCXOHBIM
JIBUTATENeM. YIIydIIeHHs! OCOOCHHO 3aMETHBI Ha HU3KHX H
cpemHux 00opoTax.

Hayuynasi HoBu3Ha. [IpeuioxKeHbl HOBbIE KOHCTPYKLMS
W NIPUHLMI JEHUCTBUS THAPABINYECKON CUCTEMBbI YIIpaBlie-
HUS KJIallaHaAMU Ta30pacIpe/IeNieH s, CTPaTerusi Perysipo-
BaHWs KJIallaHOB, OTJIMYAKOIIHECA OT N3BCCTHBIX.

IpakTnyeckas 3HaunMocTh. [Ipeiokennas ruapa-
BJIMYECKAsl CHCTEMa YIpaBJIeHHs KJIallaHaM¥ rasopacrpe-
JICJICHHST MOYKET MCIIOJIb30BAaThCS B JIBUTATEISIX IS YIIyd-
HIeHHs] UX pabovnX XapaKTEPUCTHK, OTIMYAeTCsl IPOCTO-
TOH KOHCTPYKIMH ¥ KOHTPOJIS, HU3KOW ce0eCTOMMOCTBIO.
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EXPERIMENTAL DETERMINATION OF THE FRICTIONAL
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Purpose. Experimental determination of the dependence of the force and the coefficient of friction of the flexible body on
the normal reaction between bodies while sliding over the fixed block.

Methodology. The frictional properties of the friction pair “flexible body—block™ was determined by means of the test
bench with different forces applied to the ends of the flexible body. Then, according to Euler's Solution, the experimental de-
pendence of the force and the friction coefficient on the normal reaction between the bodies was developed and compared

with the accumulated data of the theory and practice.

Findings. Experimental dependence of the force and the coefficient of friction of the flexible body on the normal reaction
between bodies while sliding over the fixed block was established.

Originality. For the first time, the two-parameter linear dependence of the friction force and inversely proportional de-
pendence of the coefficient of friction of the flexible body on the normal reaction between bodies while sliding over the fixed
block were obtained experimentally. This corresponds to Coulomb's law of friction between two solid bodies, new solution of
Euler’s classical problem of flexible body sliding over the fixed block, and practice data.

Practical value. Research results can be used in mechanical engineering while designing and operating transport vehicles

with a flexible traction body as well as in research and education.

Keywords: law of friction, flexible body, thread, sliding, block, tensile force, frictional properties, friction force, coeffi-

cient of friction, normal reaction

Objectives. The purpose of the article is to define expe-
rimentally dependence of the strength and the coefficient of
friction of the flexible body on the normal reaction between
the bodies sliding over the fixed block.
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Previously, the normal reaction between the flexible bo-
dy and block the has never been defined with the direct me-
thod since according to Euler’s solution it was determined
with the indirect method and depended on the frictional
properties of the flexible body — the coefficient of friction.
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Problem formulation. Friction of bodies is an extremely
complex phenomenon. Mankind faced advantages and dis-
advantages of the use of friction at the dawn of its existence,
long before the understanding of its laws. The first scientific
reasoning and results of experiments on the friction of solids
were found in the notes by Leonardo da Vinci (1452-1519).
The works showed the direct proportion between the resis-
tance force and clamping force (the normal response) while
sliding. The proportionality factor between these forces — the
coefficient of friction is the ratio of frictional force to the
normal reaction between the bodies, which was not then con-
sidered to depend on the contact area. Since the know-ledge
about friction of solids developed by Leonardo da Vinci was
forgotten, 180 years later (in 1699) the law was experi-
mentally reopened by the French scientist Amontons.

In 1775, Leonhard Euler analytically described sliding of
an ideal thread over a fixed block (a weightless, inextensible
and absolutely flexible thread); it was described through the
system of differential equations of equilibrium and solved.
The design scheme of the problem is shown in Fig. 1.

Fig. 1. Design scheme: S,, S, are tensions in the branches
of a flexible body leaving and entering the drum; r is
the radius of the drum; ¢ is the angle of the wrap of
the drum by the flexible body

According to Euler’s conclusion, the ideal thread being
under the action of forces S; and S, applied to its ends slides
over the fixed block towards the greater force, exceeding the
other one by the magnitude of the total friction force F, which
arises between the thread and the fixed block while the ratio
of the greater force to the lower force equals

where S; and S, are tensions in the branches of a flexible bo-
dy leaving and entering the drum; ¢ is the angle of the wrap
of the drum by the flexible body; u is the coefficient of slid-
ing friction between the flexible body and the block.

Thus the tension of the flexible body along the line of
contact with the block is a non-linear exponential function

S(a)=S,e",

where S(a) is the dependence of the tensile force of the flexi-
ble body along the contact line with the drum from the plane
angle of the flexible body; « is the plane angle of the flexible
body which is in contact with the drum.
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Euler’s solution (Euler’s equation or formula), which has
become classic, is the friction law of flexible bodies. The
equation is used worldwide in research, education and engi-
neering. Obtaining the equation is a prime example of solv-
ing mechanics problems using analytical methods. In spite of
the practice data, the correct solution of the problem has nev-
er been questioned.

However, Euler’s equation, either explicit or indirect,
does not contain a recognized factor influencing the friction
properties of solids, i.e. the normal reaction between the bod-
ies and the molecular component of the friction force. The
equation does not describe the boundary conditions of fric-
tion of the flexible body when the minimal force applied to
one of its ends is zero. Nonlinear tension of the flexible body
along the line of contact with the block does not correspond
to the apparent linear relationship, when the friction is deter-
mined only by the intermolecular interaction of the friction
pair and is proportional to the area of contact. Therefore, the
cumulative results of the experimental studies of flexible-
body sliding over the block are different from the theoretical
prediction [1, 2].

Somewhat later, in 1779, French scientist Coulomb expe-
rimentally stated a new friction law of solids functioning to
present. Analytical interpretation of the dependence of the
friction force between the bodies on the normal clamping bo-
dies (the normal reaction between the bodies) with sufficient
accuracy for practical purposes is linked by the linear two-
parameter function. However, it is not directly proportional,
as Leonardo da Vinci (Amontons) considered. These data
have been repeatedly obtained by other investigators.

There are also other hypotheses known regarding the
friction of solids by Kragelskiy and Derjaguin. In addition to
the frictional force and the normal reaction between bodies,
they consider the following: the additional pressure caused
by the intermolecular interaction between bodies; the total
area of all the direct contacts between the bodies; molecular
and mechanical components of the coefficient of friction; the
shear strength of a single touch spot when the compressive
load does not occur; the actual pressure on the spot of conta-
ct; hardening coefficient of a single touch spot when the co-
mpressive load does not occur; the coefficient depending on
the distribution of roughness heightwise; the coefficient of
hysteresis losses; projected range of a single irregularities si-
mulated by the spherical segment. Despite the complexity,
these hypotheses correspond to the two-parameter linear de-
pendence between frictional force and the normal reaction of
the friction pair, which was first introduced by Coulomb.

Research results. In 2007, the National Mining Universi-
ty proposed a new solution of classical Euler problem of slid-
ing of the flexible body over the fixed block. This decision
takes into account the idea of friction of solids — the Co-
ulomb friction law for solids (1779), as well as the latest ver-
sion of the law of conservation of mechanical energy in a
closed mechanical system [2]. The new equation shows two-
parameter linear relationship between the friction force and
the normal reaction between the flexible body and the block
while sliding. The equation is consistent with the generally
accepted ideas about the friction of solids — it indirectly in-
cludes the force and the normal reaction between the flexible
body and block, the molecular component of the friction
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force, which are interconnected by means of the linear coef-
ficient of friction. Consequently, the new equation of friction
of flexible bodies corresponds to the Coulomb friction law
for solids and the latest version of the law of conservation of
mechanical energy in a closed mechanical system

_ 2
F_E+tgﬂ.[¢.wzﬂwj:

=Fc.+tgﬂ-N:[%+tgﬂj~N,

where F is the force of friction between the bodies; Fc is the
force of friction between the flexible body and the block
when the normal reaction between the bodies is zero; gf is
the slope ratio of the dependence of the friction force on the
normal reaction between the bodies; v stands for the sliding
velocity of the flexible body; ¢ is linear flexible body weight;
N is the normal reaction between the flexible body and the
block.

Moreover, the relationship can be represented using a
friction coefficient which is a traditional and widely used pa-
rameter in the practice introduced by Leonardo da Vinci
(Amontons)

_ 5t S) —§~q-v2>-¢:

F

u-N.

Thus, applying the coefficient of friction, we artificially
convert the two-parameter dependence of the friction force
on the normal reaction between the bodies while sliding over
the fixed block into proportional relationship. For this reason,
the friction coefficient is not a constant, but variable value,
which is inversely proportional to the normal reaction be-

tween the bodies
F.
=| —=+1gf |
u [N + gﬁj

The variability of the friction coefficient virtually occurs
at small values of the normal reaction between the bodies. At
medium and high values of the normal reaction the coeffici-
ent of friction depends slightly on the normal reaction which
asymptotically approaches the value of #gf.

However, currently in the literature lacks data on the ex-
perimental determination of the dependence of the force and
coefficient of friction of flexible bodies over a block on the
normal reaction between the sliding bodies.

Consequently, to provide support for the new output re-
sults of solving the problem of the flexible body sliding over
the fixed block it is necessary to conduct the experiment
which is covered in the article.

Experimental determination of the dependence of the for-
ce and the coefficient of friction between the flexible body
and the fixed block on the normal reaction between sliding
bodies was carried out on the test bench, Fig. 2.

A flexible cotton thread 3 (0.5 mm thick) was used as a
flexible body; it was thrown over the fixed drum 4. The drum
4 was fixed to the test bench bed (plate) 7 and oriented in a
vertical plane. Loads 2 and 5 (from a set of laboratory we-
ights) were attached to the ends of the thread 3, creating ten-
sion forces S; and S,. Diverting pulleys 6 set on the ball-be-
arings with guards over the working surface are intended to
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define the angle of the thread 3 wrapping around the drum 4.
The diverting pulleys 6 are separated in space — they are situ-
ated in different vertical planes within the height of the drum
4 so that the thread 3 came into contact with the drum 4 spi-
rally, and its windings did not touch each other.

The friction pair — the cotton thread and the turned drum
— were subjected to the experiment. The drum diameter was
75 mm and it was 25 mm high. The diameter of the diverting
pulleys was 22 mm. The angle of the thread wrapping around
the drum was set ranging 45 to 1080°.

The tests were conducted as follows. For a certain wrap
angle and less force S, applied to one end of the thread, we
sorted out bigger force S;, applied to the other end of the
thread so that the sliding speed of the thread over the drum
was constant. Sliding speed of the thread over the drum was
determined regarding the time of several revolutions of the
labelled deflecting roller. The time of a number of turns of
the deflecting roller was measured with a stopwatch. The
greater force §;, applied to the other end of the thread, was
set with the linear interpolation of the results of several tests
at the same sliding speed of the thread over the drum, equal
to 46 mm/s.

6

s :

L

1 2 3 4 5

Fig. 2. The kinetic scheme of the test bench to determine
the friction force between the thread and the fixed
drum of the normal reaction between the bodies slid-
ing over the fixed block: 1 is the test bench bed; 2 is
the load; 3 is a thread, 4 is a fixed drum; 5 is the load;
6 stands for diverting pulleys

For the given angle of the thread wrap around the drum
and other smaller forces of S, (the normal reaction of other
bodies) greater forces S; were set analogously.

The normal reaction between the flexible body and the
drum was defined excluding the centrifugal forces of the
thread from the new solutions of classical Euler problem
which, unlike the known solution by Euler, does not depend
on the frictional properties of the flexible body. Thus, it was
determined according to the formula

N=[<0~S1;S2}
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According to Euler's known solution, the normal reaction
between the flexible body and the drum depends on the coef-
ficient of friction and is determined using the formula

:jaa)da I( ﬂ)da:[SZ.

s
e/“’j|g =2 (e"? -1).
# #

The friction force between the flexible body and the
drum was determined without taking into account the cross-
section of the thread according to the formula

F=5,-5,

The coefficient of friction between the flexible body and
the drum was first determined with the direct method as the
ratio of the frictional force to the normal reaction between
the bodies by the formula

F _ 2’(51 _Sz)

N @(5+5,)

According to the Euler’s decision, the coefficient of fric-
tion between the flexible body and the drum is determined
indirectly by the formula

In practice, the coefficient of friction for conveyor belts
determined according to Euler’s decision is up to 30% higher
compared to its actual value.

Fig. 3 shows the dependence of the resulting friction be-
tween the thread and the drum on the normal reaction be-
tween the bodies.
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Fig. 3. Dependence of the frictional force between the
thread and the drum on the normal reaction between
the bodies (sliding speed is 46 mm/s and the wrap an-
gleis 720°)

The analysis of the experimental data shows that the de-
pendence of the friction force on the normal reaction be-
tween the bodies is well described with a linear function.

F=6+axN,

where a is the slope of the experimental curve #gf; b is const
which is the starting ordinate of the linear function.
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The experimental dependence is a two-parameter linear
function with positive parameters of @ and b and corresponds
to Coulomb’s friction law for solids and Euler’s new solution
of the problem. The value of the parameters a and b indicates
the magnitude of the molecular component of the friction
force between the thread and the drum and the slope of the
dependence of the friction force on the normal reaction be-
tween the bodies

F=F +igfB-N.

The linear approximation of the experimental depende-
nce gave the value of Fc, equal to 0.066 N, and setting #gf,
equal to 0.123.

Fig. 4 shows the dependence of the coefficient of friction
between the thread and the drum on the normal reaction of
the bodies.

7 \
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a(l</))
0,12
0,11
0 20 40 60 80 N, H

Fig. 4. Coefficient of friction between the thread and the
drum on the normal reaction between the bodies (slid-
ing speed is 46 mm/s and the wrap angle is 720°)

The analysis of the data showed that the experimental
dependence of the friction coefficient x on the normal reac-
tion between the bodies N while sliding over the fixed drum
is described with a monotonically decreasing function. The
rate of dependence decay decreases with increasing normal
reaction between the bodies, while the friction coefficient as-
ymptotically approaches the value of the parameter #gf.

The dependence of the friction coefficient corresponds to
Coulomb’s two-parameter friction law for solids, to Euler’s
new solution [2] and the accumulated data practices. The de-
pendence parameter values indicate the magnitude of the
molecular component of the friction force between the bod-
ies Fc and the slope of the dependence of the friction force
on the normal reaction between the bodies #gf3, correspond-
ingly. The coefficient of friction is well described with a two-
parameter nonlinear inversely proportional function of the
form

Conclusions. Thus, for the first time, the linear depende-
nce of the friction force of the flexible body and inversely
proportional dependence of the friction coefficient on the no-
rmal reaction between the bodies sliding over the fixed block
was experimentally obtained. Experimental dependences
correspond to currently valid Coulomb’s friction law for so-
lids, to the new solution of classical Euler’s problem regard-
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ing the flexible body sliding over the fixed block and accu-
mulated data of practices.
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Meta. ExcniepuMeHTanpHE BH3HAUCHHS 3aJ€KHOCTI
CHITH Ta KoeilieHTa TepTs THyYKOro Tila BiJ HOpMallb-
HOI peakiil MK TiJaMH TIPH KOB3aHHI MO HEPYXOMOMY
0JI0KY.

Metoauka. Ha BunpoOyBajibHOMY CTEHII NpOBEICHE
BU3HAUCHHS (DPUKIIHHMX BIACTUBOCTEH Mapu TEpTsl THY-
YKe TiI0 — OJIOK 3a PI3HUX 3YCHJIb, IPUKIIAJICHHUX JI0 KiHIIIB
THy4dKkoro Tina. [1oTiM, 3TigHO 3 HOBHM pIIICHHSIM 3aadi
Eitnepa, moOymoBaHi eKCIIEpUMEHTATbHI 3aJIGKHOCTI CH-
7 Ta Koe(illieHTa TepTs Bil HOPMAJIbHOI peaKIlii MK Tija-
MH ¥ CHIBCTaBJIeHI 3 HAKOIMYCHUMH JaHUMH Teopii Ta
MPAKTUKH.

Pe3ynbTaTu. BcTaHOBIEHI eKCIIEPUMEHTANTBHI 3aJIeK-
HOCTI CHJIM Ta Koe(IIlieHTa TepTs THYYKOro Tijla Bix HOpMa-
JIBHOI peakifii MK TUTaMH TPHU KOB3aHHI II0 HEPYXOMOMY
OJIOKY.

HayxoBa HOBH3HA. Y1iepiie eKClIepUMEHTAILHO OTPH-
MaHi: JIBOIIapaMeTpHYHa JIiHIiHA 3aJIe)KHICTh CHUITH TEPTS Ta
00epHEHO MPOIOPIifHA 3aJIEXKHICTh KOC(II[IEHTa TEPTSI THY-
YKOTO TiJIa BiJl HOPMAIBHOI PEaKIlii MK TLIaMH NPU KOB-
3aHHI TI0 HEPYXOMOMY OJIOKy. 3a3HaueHe BiJIOBia€ 3aKOHY
Tepts TBepuX TiNl KysioHa, HOBOMY pillIeHHIO KJIACHYHOT 3a-
nmadi Eiinepa Tpo KOB3aHHS THYYKOTO TiJia TI0 HEPYXOMOMY
OJIOKY Ta TaHUM TIPAKTHKH.

IIpakTnyHa 3HaYMMicTb. Pe3ynsrati gociimkeHs Oy-
JIyTh BUKOPHCTaHI B MAaIIMHOOYTyBaHHI TPH MPOEKTYBaHH1
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Ta eKCIUTyaTalii TPaHCIIOPTHHUX MAILIMH 3 THYYKUM TSATOBHM
OpraHoM, HayKOBUX JOCII/DKEHHSX 1 HaBYaJILHOMY IIpOlLie-
cl.

KirouoBi ciioBa: s3axon mepms, enyuke mino, HUmKa,
KOB3aHHSl, ONIOK, 3YCUIA HAMAZYBAHHS, (DPUKYILIHI 61aCMU-
socmi, cuna mepms, KoeQiyicHm mepms, HOPMAIbHA PeaK-
yisi

Lenb. DxcriepuMeHTaIEHOE ONPECNICHHE 3aBUCHMOCTH
CIJTBI U KO3((pHIEHTa TPSHU THOKOTO Tea OT HOpMalb-
HOM peaKkImy MeK/Ly TeJIaMH TIPU CKOJIBKEHNH 110 HETOIBHU-
JKHOMY OJIOKY.

Mertoauka. Ha nucnbIraTensHOM CTEHE NIPOBECHO OIl-
penereHne (DPUKIMOHHBIX CBOWCTB Iapbl TPCHHUsI THOKOE
TEJIO0 — OJIOK TPH Pa3NMYHBIX YCUIIHSX, MPUIOKEHHBIX K
KOHIIaM THOKOTO Tena. 3aTeM, COIJIaCHO HOBOMY PEIICHHIO
3ajaun Oiinepa, MOCTPOEHbI SKCIEPUMEHTAIBHBIE 3aBUCH-
MOCTH CHJIBI ¥ KO3((PUIIMEHTa TPEHHUSI OT HOPMAJILHOH peak-
LMY MEXTY TEaMH U COTIOCTaBIICHBI C HAKOTUICHHBIMH JIaH-
HBIMHU TEOPHHU U TIPAKTUKH.

Pe3yJibTaThbl. YCTaHOBIIEHBI SKCIIEPUMEHTAIIBHBIE 3aBHU-
CHMOCTHU CHWJIBI M KO3(HIWEHTa TPEHUSI THOKOTO Tela OT
HOPMaJIbHOHM PEaKINK MEKILy TeIaMU MPH CKOJIBXKEHUH T10
HETIOZBIKHOMY OJIOKY.

Hayuynasi HoBM3HA. BriepBble 3KCIEPUMEHTAIBHO I10-
JIyYeHBI: IByXIIapaMeTpHyecKas JIMHEHHas 3aBUCHMOCTh CH-
JIBI TPEHUSI U OOPATHO MPONOPIMOHATBHAS 3aBUCUMOCTD KO-
sdduLeHTa TpeHust 'rHOKOro Tejia 0T HOPMAILHOM PeaKiuu
MEXIy TeJIlaMH [PH CKOJIEKEHUH 110 HETOIBU)KHOMY OJIOKY.
VYka3aHHOE COOTBETCTBYET 3aKOHY TpeHUs TBepAbIX Ten Ky-
JIOHa, HOBOMY PELICHHUIO KJIACCHMYECKOW 3agaun Jiliepa o
CKOJILKEHNH THOKOT'O TeJla 110 HeMOABIKHOMY OJIOKY | JlaH-
HBIM NPaKTHKH.

IIpakTHyeckast 3HAYUMOCTb. Pe3ysbTaThl HCCleoBa-
HUH OyIyT MCIONb30BaHbl B MAIIMHOCTPOSHUH TIPH TIPOEK-
THUPOBAHUH M SKCIUTyaTallMy TPAHCIIOPTHBIX MAIIMH C I'HO-
KUM TSTOBBIM OpPTaHOM, HAYYHBIX HCCIIEJIOBAHUAX U ydeO-
HOM TIpOLIecce.

KitroueBble ci1oBa: 3akon mpenusi, eubkoe meio, Humb,
CKOMbOICeHUe, ONIOK, YCcunue HamsiCceHus, QpuKyuoHHbvle
ceolicmea, cuna mpenus, Kodgguyuenm mpenus, Hopmato-
Has peakyus
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