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COMPARISON OF SINUSOIDAL AND INVOLUTE
SPUR GEARS BY MESHING CHARACTERISTICS

IIM. Tkau, IIJI. Hocko, O.B. bawma, [0.0. Lubpii, O.0O. Pessxina, I.O. Foiiko. TlopiBHAHHS CHHYCOIIAJILHOIO Ta
€BOJIbBEHTHOTO NPAMO3YOMX 3a4enjieHb 32 SIKICHUMH NoKa3HMKamMH. CTaTTs TNpUCBSYCHA AaKTyallbHOMY 3aBJIaHHIO CTBOPEHHS
3aUeIUICHb, SIKI € AIBTCPHATHBHUMH O CBOJBBEHTHOTO (TPAJUIIHOI0), Ta MOXYTh OyTH 3aCTOCOBaHI B CHJIOBHX IPHBOJAX MAIIHH.
HaiinommpeHimow BUMOro0 10 albTePHATUBHUX BHIIB 3a4eIUICHb € OifbIla y MOPIBHAHHI 3 TpaAULIiHUM HaBaHTa)XKyBaJbHA 3[aTHICTH Ta
JOBroBiuHiCTh. Jlyist 3a0e3medeHHs 3a3HAYCHOI BUMOIM MOKE OyTH BHKOPHCTAHO CHHYCOifagbHE 3adcIUIeHHs. Meroro maHoi pobotH €
BCTQHOBJICHHS HOTO TIepeBar y MOPIiBHSHHI 3 TPaAULIHHOIO nepenavero. Jist JocsrHeHHs: METH OyJI0 BUKOHAHO TEOPETHYHE JOCIIIKEHHS
SIKICHUX TIOKa3HUKIB IPAae3JaTHOCTI, SIKI BITHOCATBCA A0 TPhOX PIBHIB — OJMHUYHI, KOMIUICKCHI Ta iHTerpanbHuid. [lns 3yO4acTux
3a4eIIeHb SKICHUMH MOKAa3HUKAMHU € IIBHAKICTh KOB3aHHS, IIBHJKICTH PYXy TOYOK KOHTAKTy y HANPsIMKY, HOPMaJIbHOMY 10O KOHTAKTHOI
NiHii, BITHOCHI KOB3aHHS Ta NpUBEICHA KpUBU3HA. L{i MOKAa3HUKH BITHOCATHCS IO IPYNH T'€OMETPO-KiHEMAaTUYHUX, OCKIIBKU 3aJI€XKaTh Bil
reomerpii 3y6IiB Ta KiHeMaTHKH Mepeadi. IX BifHeCEeHO 10 OJMHMYHMX Ta BOHH BXOJATH IO CKJIALy KOMILTEKCHHX MOKA3HUKIB, 0 SKHX
3a3BUYail BIHOCSATH KOHTAaKTHY MII[HICTh aKTUBHHX IOBEPXOHb 3YyOLIB, CTIHKICTh MPOTH 3ailaHHS, 3HOCOCTIHKICTb, TOBLUIMHA MACJISHOTO
mrapy Ta muToMa poboTa cmir Tepts. KoMIUIeKCHI NOKa3HUKH pa3oM 3 TeOMeTpo-KiHeMaTHYHHMH BH3HA4YalOTh BTpATH y 3aderuieHHi. Lleit
MOKAa3HUK 32 CBOEK CYTTIO € Mipor0 €(EeKTHBHOCTI 3a4YeIUICHHs, a 3a aJTOPUTMOM HOr0 BHM3HAUEHHS — IHTETPAJbHUM IIOKa3HUKOM.
BcraHoBieHo, 10 y KpalHIX TOYKaX IONS 3a4eIUICHHS CHHYCOifalbHI mepenadi MaroTh moHaiimenme y 10,14 pasu Ginbmmii moxasHUK
KOHTaKTHOI MitHOCTI; ¥ 10,13 pa3u MeHmmii mokasHuK 3aiganHs; y 21,58 pasu MeHIIMi MOKa3HHUK 3HOCY MOBEPXOHb 3yOI(B MICCTIPHI; Yy
36,81 pa3m MeHIIMiT TOKa3HHUK 3HOCY NOBEPXOHB 3yOIiB Kojeca; y 6,57 pasu OinbImii MOKAa3HUK TOBIIMHU MacTWIBHOI ITiBky; y 8,3 pasu
MEHIIy MTUTOMY POOOTY CHIJI TepTsi Ha MOBEepXHi 3yOuiB mecTipui; y 14,16 pa3u meHury mutomy poOOTy CHI TEpTsS Ha MMOBEPXHi 3yOIliB
Koineca. Brpatn y 3aderuieHHi cuHycoiganeHoi mepemadi y 2,13 pasu MeHmi. TakuM YHMHOM MiATBEpPKEHO NPHUITYLICHHS PO3POOHMKA
cuHycoinansHoro 3aueruiennss E. BinparaGepa (Ernest Wildhaber) mpo mninBuineHy HaBaHTakyBajbHY 3[aTHICTh, @ TaKOX MONEPEIHi
pe3yIbTaTH, OTPUMAHI IEpPIINM JOCTIJHUKOM Iboro 3aderuieHHs }O.B. AHikinmm. PesympraT poOOTH MOXYTH OYTH BHKOPHCTAHI IS
HOJAJBIINX EKCIEPUMEHTAIBHUX JAOCIIIKCHb, 30KpeMa [l BHOOPY PiBHIB HABAHTAXXCHHS PEIYKTOPIB IIPU BUIPOOYBaHHSX.

Knrouosi cnosa: ipsimosy0a mepenada, OIMyKJIO-BBITHYTHH KOHTAaKT, CHHYCOiJalbHe 3a4eIIeHHs, IIOKa3HUKH Ipane31aTHOCTI

P. Tkach, P. Nosko, O. Bashta, Yu. Tsybrii, O. Revyakina, G. Boyko. Comparison of sinusoidal and involute spur gears by
meshing characteristics. The article deals with the relevant task of development of gears, that are alternative to the involute (conventional)
ones, and can be applied in power drives of machines. The most common requirement for alternative types of gearing is higher comparing
with traditional load capacity and durability. To provide this requirement, a sinusoidal gearing can be used. The purpose of this work is to
detect its advantages comparing with conventional transmissions. In order to achieve the goal, the theoretical study of qualitative meshing
characteristics, which relate to three levels - single, complex and integral, was performed. For gearings the meshing characteristics are the
sliding velocity, the velocity of contact points in normal to the contact line direction, relative sliding and reduced curvature. These
characteristics belong to the geometric-kinematic group, because they depend on the teeth geometry and the transmission kinematics. They
are classified as single and they form part of complex characteristics, which usually include the surface strength of teeth, resistance to
scuffing, wear resistance, the oil film’s thickness and the specific work of frictional forces. The complex characteristics, together with
geometric-kinematic, determine the gearing power loss. This characteristic is inherently a measure of gearing effectiveness and it is an
integral characteristic by its algorithm of definition. It is established that at the extreme points of the line-of-action, the sinusoidal gearing
have the characteristic of surface strength at least 10.14 times greater; the characteristic of scuffing at least 10.13 times less; the characteristic
of wear of pinion’s teeth surfaces at least 21.58 times less; the characteristic of wear of gear’s teeth surfaces at least 36.81 times less; the
characteristic of oil film’s thickness at least 6.57 times more; specific work of frictional forces on the surface of the pinion’s teeth at least 8.3
times less; the specific work of frictional forces on the surface of gear in at least 14.16 times less. The gearing power loss of sinusoidal
meshing 2.13 times less. Therefore, the assumption of sinusoidal gearing developer Ernest Wildhaber about the increase of load capacity, as
well as the previous results obtained by the first researcher of this gearing Yu.V. Anikin, were approved. The results of the work may be used
for further experimental studies, in particular, for the reducers’ load levels selecting during the experiments.
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Introduction. The drives based on gears are widely used in all kinds of equipment, both general
and special purpose. The characteristics of gearing serviceability, such as load capacity, efficiency,
smoothness of work, determine the quality of equipment in general. Therefore, the task of gear drives
improvement is certainly relevant. The advanced way to improve gearing is the choice of rational ge-
ometry of gearing. This approach has been applied for the involute (conventional) gearing up to the
present [1 — 3]. Since the conventional gearing has practically exhausted the reserves for increasing the
load capacity, one of the ways to solve this problem is a search of alternative geometry for gearing.
The application of alternative gearing types, in particular, sinusoidal gearing, in which convex-
concave contact of active surfaces is realized, has high expectation.

Analysis of recent research and publications. More than half a century ago, the first alternative
Wildhaber-Novikov gearings began to develop actively and it was implemented in the industry. They
have a convex-concave contact. Since the contact in these gearings is the disadvantage is a small con-
tact ratio. However, the advantages of convex-concave contact have been confirmed by years of re-
search and practice of their application.

Since then, a number of alternative types of gearing with a convex-concave contact of teeth ac-
tive surfaces have appeared. Moreover, in recent years the researches aimed at creating unconventional
gears with convex-concave contact have been carried out actively. This is quite logically, because the
new methods of teeth cutting by disc [4, 5] or shank-type [6] milling cutter have become available.

The authors of [7] proposed a new type of C-C gearing with the shape of a tooth that implements
the convex-concave contact. The tooth shapes are constructed on the basis of line-of-action defined by
the arcs, which may be symmetrical or asymmetrical relatively to the pitch point. The comparison of
such gears with conventional ones presented in [8] shows the advantages of C-C gears in terms of sur-
face strength and durability.

In [9] analytical dependencies were obtained for determining some characteristics of evolute
gearing [10]. As in the C-C gearing, in evolute one the convex-concave linear contact is realized.
However, by a contrast to the C-C gearing, the evolute one is based on the more general case of work-
ing surfaces synthesis by the line-of-action shape. The last one may be symmetrical or asymmetrical
relatively to the pitch point. The indicators of evolute gearing are higher than the conventional ones.

The study [11] is devoted to obtaining the analytical dependencies for determining the meshing
characteristics of a conchoidal gearing. The reference profile in such gearing is formed by segments of
circle arcs. However, unlike Wildhaber-Novikov’s gearings a linear contact is realized in conchoidal
gearings and the line-of-action is Nichomed’s conchoid. The further studies of such gearings allowed
to establish their advantages comparing to the conventional ones.

In addition to the choice of rational geometry and synthesis by the line-of-action, an effective
way of gears’ improving is a synthesis of reference profile according to the given geometric-kinematic
meshing characteristics. Moreover, such synthesis by complex characteristics is also possible for spur
gears and this is confirmed by the results of [12]. This study presents recommendations for determin-
ing the geometry of gearing with increased wear resistance. In the presented gearings, a convex-
concave contact is also realized.

Among the existing alternative gearings, except the above mentioned, a sinusoidal gearing pro-
posed by E. Wildhaber more than half a century ago (US3251236) is of great interest. The author pro-
posed the shape of the teeth profiles providing a high smoothness of work. In a later study by
Yu.V. Anikin which was performed under the advising of prof. V.A. Gavrilenko, a lower noise level
was confirmed and the possibility of sinusoidal gearing in power drives application was suggested.

The article [13] presents the dependencies for determining the meshing characteristics of sinusoi-
dal gearing, but the values of these characteristics are not defined.

The purpose of this research is to confirm the above-mentioned assumption by a detailed study
of the meshing characteristics of sinusoidal gearing and their comparison with the characteristics of
conventional gears.
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Materials and Methods. For the qualitative es- x|l A\ Basicrack
timation of gearing serviceability, a number of geo- 0.25zm ” X
metric-kinematic indicators can be used, which can be P __*'__' /"'_ ;
obtained for the sinusoidal gearing based on the results — | 1 2 o
of study [13]. [ T / 7 X # R
1. Sliding velocity: = || /{,{‘/{Y L
1 LAY YA \NA
Vs =ml(&]hsinx ahzcosth+l, (1) /0 N N B
u Reference ' \ ack pitch surface
profile /, 0.5mm \
where o, is an angular velocity of pinion; =
u is a gear ratio; Fig. 1. Basic rack and reference profile
h is a height of sinusoidal reference profile in of sinusoidal gearing

fractions of gearing module m. It equals to a radius of
the circle which creates the sinusoid (Fig. 1);
A is a parameter for the sinusoid, this angle A varies from 0 to A, for the working part of pro-

file hy,, from A, to =/ 2 for the root fillet (Fig. 1).

It should be noted that h and A clearly determine the basic rack in the system of coordinates re-
lated to the reference profile x, =hsinA, y.=A/2.

2. The velocity of contact point in the direction normal to the contact line on the pinion’s and
gear’s surfaces:

4hZcos2i +1
where ®; is an angular velocity of pinion (i =1) or gear (i =2), rad/s;
R is aradius of pinion’s (i =1) or gear’s (i = 2) pitch circle in fractions of m;
3. The total velocity of contact points:

Vs =M{L+(l—i)hsink}/4h2coszk+1. 3)

Vi =i (Li hsink)\/4hzcoszk+1, (2)

4h?2cos2i +1 u
4. The specific sliding on the pinion’s (i =1) and gear’s (i = 2) teeth surface:
(u+1)  hsinA(4h?cos2A +1)
U R +hsinA(4h?cos2%+1)
5. The reduced curvature of working surfaces in the direction perpendicular to the instant contact line:
_ (R + R2)(4h? cos 2\ +1)? (4h? cos? A + 1) 15 ' (5)
[Re + hsinA(4h? cos 2\ + D][R: —hsinA(4h? cos 2A +1)]

In the equation (2) and (4) the sign “+” is taken for the pinion, and “-” for the gear.

For a more complete estimation of gearing quality the complex meshing characteristics depending
on the geometric-kinematic indicators (1) — (5) may be applied.

1. The surface strength is evaluated based on the assumption that in the result of gearing con-
formability under the load the surface stresses have constant values. This assumption is usually used in
calculations of traditional gearing, because it is consistent well with the experimental results. It was used
in study [13] for the determination the relative characteristic of surface strength. If the expression [13] is
converted for spur gears it will be obtained:

(4)

ni==

A red

hcosA

 yrea/N2COS2A +0.25

On

(6)
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This characteristic is actually the load factor for the surface stresses determine. It contains the geomet-
ric parameters of tooth and affects the critically allowable load for the condition of surface strength:

Tl = lebw®H , (7)
where b, is a width of gearing;
k is a proportionality factor;
kzl(%), ®)
Ered 0.418
determined from the Hertz equation:
on =0.418 anreered ) (9)

where g, is a force acting on the unit of length of contact line (directed normally to the working sur-
faces of the teeth);

Erq is areduced modulus of elasticity of gears’ materials.

Obviously, the critical load corresponds to the limit value of Kmax for oy =[on]. Then, taking in-
to account (8) and (9), the maximum specific force:

pax _ Ko (10)

A red
2. The scuffing is usually estimated by the values of teeth working surfaces temperature which is
determined by the Block’s theory [14]. However, for the comparative evaluation of various gearings
the instantaneous flash temperature in the zone of contact [15] based on the Block theory may be used:

1.84f G87Vsy025
5 = .
NN

The coefficient 1.84 in this equation contains the physical characteristics of gears and oil. Since
for comparison we will consider gears made of identical materials and the same oil, we will use a rela-
tive characteristic:

C

6. - f Vs
s=E—F/———"7—".
NYENA

In the equation (11) f is the coefficient of sliding friction in the teeth contact zone. It is defined
according to [16]:

(11)

HB' Ra'Xred

red

f =0.09g31 {10 +1g ( H YoV OO/ OIS0 (12)

where ¢, is in kgf/cm;

Erea IS in kg/sm?;

Yred 1SN L/cm;

Vs and Vs is in cm/s;

HB is a Brinell’s hardness number of harder gear’s teeth, kg/cmz;

Ra is a surface roughness of harder gear’s teeth, cm;

v is an oil viscosity, cSt.

The equation (12) is valid under conditions v>1 c¢St; g, >300 kgf/cm; Vs >100 cm/s;
HB > 5000 kg/cmz; Vs > 20 cm/s; 1/ yra > 0.5 cm; Ra >10- cm. If these conditions are not met, the
coefficient of sliding friction is determined by the equation [15]:
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f= ! ,
0.008V /v +0.01Vs®(on, v) +13.4

where ®(oy,v)=0.47-0.13-10%cy —0.4-103v ,

on is in kg/sm?.

The parameters’ measurement units included in (12) and (13) are given in accordance with [15, 16].
The specific load g, in the equations (11), (12) and (13) taking into account the equations (7) — (9)

equals:

(13)

A red ROy .
3. Wear of teeth active surfaces may be estimated by the relative value of wear layer thickness [16]:

On (14)

hui = 1Q i il (15)
A red
where Q is a coefficient depending on the lubricant properties, it doesn’t take into account the geome-

try of the teeth;
I is an intensity of surfaces wear, which for the run-in surfaces is determined in accordance with
the recommendations of 1.V. Kragelsky [16] by the equation:
| =Koy ftr, (16)
where K is a coefficient depending on the elastic properties and hardness of gear’s material;
ty is a parameter of frictional fatigue curve.
The equation (15) taking into account (9), (14) and (16) may be represented as:

_ 0.418KQTiEwea ! [
Ry Xred®H '

hui

The relative value of wear:

-
_ | 17
hW Xred®H ( )

may be used as for a comparative evaluation of gearings with different teeth profiles but made of iden-
tical materials and works in identical conditions under the same load
4. The oil film’s thickness is determined on the basis of dependence shown in the study [17]:

ho =3.17u 375 a00V 075y 04,015 | (18)

where o is a dynamic viscosity of oil at atmospheric pressure;

o Is an oil viscosity’s piezo coefficient, which depends on the temperature and surface stress in
the contact zone of the teeth.
The equation (18), taking into account (14), may be represented as:

ho — 317 Rl(JAISTl—O.ISH 00'75(X,O'GVZOJSXng%@?_ilS . (19)

The relative value of oil film’s thickness obtained from (19) after excluding parameters that don’t
depend on the teeth geometry:

hy = V5075 -025@015 (20)
can be used for the comparative evaluation of gearing with different teeth profiles.

5. The specific work of frictional forces on the contact line area of unit length is determined by
the equation [15]:

dAfi = qnf |1’]|| . (21)
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According to the results of work [13], the gearing power loss is an integral characteristic, based
on the geometric-kinematic (1) and complex (6) characteristic as well as specific load (14). It is de-
fined as:

R 020
Wi =T 4 1 Vedo, (22)

o 1T1 10

where @10, @20 iSthe pinion’s turning angles, that correspond to the starting and end of the gearing.

Correspondence of pinion’s turning angle with the position of contact line on the profile is de-
termined from the equation [18]:

h2sin 2\ + 0.51
=
R

The bending strength of sinusoidal tooth in the first approximation was evaluated in [19]. Its re-
sults are in good agreement with the assumption of Yu.V. Anikin [20] about the sinusoidal tooth’s ad-
vantages. However, a more detailed estimation of stress state of sinusoidal teeth is quite huge and
complex task, so it should be extract in an independent study.

So, the geometric-kinematic (1) — (5), complex (6), (11), (17), (20), (21), as well as integral (22)
characteristics was applied for comparison of sinusoidal gearing with conventional one. The geometric-
kinematic meshing characteristics of conventional gearing were determined using the formulas of [21].
It may be applied because quasi-involute arc or crowded gear have the involute spur gearing in a mid-
section. The dependence of ¢ on the contact line position for the conventional gearing is also deter-
mined by [21]. For comparison, we choose gearings with the parameters presented in the Table 1.

(29)

Table 1
Output for gearing comparison

Parameter Designation Units Value
Gearing Module m mm 10
Number of Pinion’s Teeth 7 20
Number of Gear’s Teeth Z, 100
Addendum and Dedendum Coefficients of Involute Tooth ha, by 1.25
Addendum Coefficient of Sinusoidal Tooth hy 1.37
Pressure Angle o ° 20
Brinell Hardness of Teeth Working Surfaces HB kg/cm? 25000"
Roughness of Working Surfaces Ra cm 0.00032"
Materials Modulus of Elasticity Ereq kg/cm? 2141404"
Qil’s Viscosity v cSt 20"
Torque on the Pinion Shaft T, kgf-m 12730
Angular Velocity of Pinion o rad/s 150
Parameter of Friction Fatigue Curve te 2

Results and Discussion. Geometric-kinematic characteristics of both gearings are presented in
Fig. 2 — 5 and complex characteristics are presented in Fig. 6 — 12. The solid and dashed lines corre-
spond to sinusoidal and conventional gearing respectively.

* Values are given in units for calculations by equations from [15]
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Fig. 5. Reduced curvature
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Fig. 8. Relative characteristic
of pinion’s teeth wear
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Fig. 10. Relative characteristic
of oil’s film thickness

Fig. 9. Relative characteristic
of gear’s teeth wear

* 1. An ordinate axis on Fig. 2 — 12 displays the whole depth of basic rack profile
2. The positive value of ordinate axis x. for Vs, Vs, %rea, On, ®s and h corresponds to the pinion’s addendum and

gear’s dedendum (end of meshing). The negative value of ordinate axis for these characteristics corresponds to pinion’s de-
dendum and gear’s addendum (starting of meshing)

3. The positive and negative values of ordinate axis x, for n;, hy, dAs; correspond to the pinion’s addendum and pin-

ion’s dedendum respectively

4. The positive and negative values of ordinate axis x for m,, hw, dAr, correspond to the gear’s addendum and gear’s

dedendum respectively
5. The values of velocities Vs and Vs was defined for @, =1 rad/s
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X Xe
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Fig. 11. Specific work of frictional forces Fig. 12. Specific work of frictional forces
on pinion’s teeth surfaces on gear’s teeth surfaces

The coordinates x, which correspond to the starting and end points of gearing was defined with
accordance to recommendations of [18] and [21] for sinusoidal and conventional gearing respectively.

Table 2
Comparison of meshing characteristics’ values

Vinv Vsin Vsin Vsin inv inv inv
Geometric-kinematic characteristics at | = — : z % % X;—fﬂ"

Vs Vi V; S N N2 Xred
— the end point of gearing 1.18 2.85 4.86 3.52 3.35 5.72 10.65
— the pitch point zone 1 1 1 1 1 1 1
— the starting point of gearing 1.4 | 206.82 24.23 42.92 | 288.86 | 33.84 3587.7

st of | oy | hy | hy | heo | dAy | dAn

Complex characteristics at o o T{] @ i anen aAT
— the end point of gearing 10.14 | 10.13 21.58 36.81 6.57 8.3 14.16
— the pitch point zone 1 1 1 1 1 1 1
— the starting point of gearing 3353 | 2671 341491 | 40002 | 438.57 | 9601.4 | 1124.71

Analysis of Table 2 shows that both transmissions have the same values in the near-pitch zone.
This fact is due to two reasons. Firstly, the curvature of the sinusoidal reference profile on the pitch
line according to the results of [18, 20] equals zero. It means that at the pitch point the sinusoidal gear-
ing has meshing characteristics of the involute one. Secondly, the profile angle of the sinusoidal refer-
ence profile on the pitch line is 20° (Table 1).

The geometric-kinematic characteristics of sinusoidal gear at the end point of gearing are
1.18...10.65 times better. Complex characteristics are 6.57...36.81 times better.

The most of sinusoidal gear’s characteristics at the beginning of the gearing are much better. This
fact is due to the dependence of complex characteristics on reduced curvature and specific sliding. The
beginning of the gearing takes place at the lowest point of the pinion’s tooth profile where the values
of reduced curvature and specific slides of involute gears are usually high. On the contrary, both of
characteristics of sinusoidal gearing have very low values at the beginning of gearing.

The gearing power loss, defined by formula (22), have the following values:

— Wiy =0.01 for conventional gearing;

— ¥iin =0.0047 for sinusoidal gearing.

It should be noted that the value of gearing power loss calculated taking into account the value of Vs

by the recommendations of [15] equals 0.011. Consequently, the formula (22) is in good correlation with
formula of [15]. So, sinusoidal gearing has an advantage of 2.13 times by an integral characteristic.
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Conclusions

1. As a result of the definition and analysis of meshing characteristics, the advantages of sinusoi-
dal gearing over the traditional one are determined. Thus, using the theoretical methods the assump-
tion of previous researchers about the possibility of using of sinusoidal gears in power transmissions
was confirmed.

2. The greatest advantages of sinusoidal gears, up to 5 orders of magnitude, occur at the begin-
ning of the gearing. They are caused by almost zero values of the reduced curvature and specific slid-
ing of the sinusoidal gearing, and the high values of these characteristics in the conventional gearing.
At the pitch point, both of transmissions have the same values of characteristics. At the end of the
gearing, the complex characteristics of sinusoidal gearing are 6.57...36.81 times better.

3. The gearing power loss was considered as an integral characteristic. The sinusoidal gearing’s power
loss is in 2.13 times less than involute’s one. It shows not only the higher energy efficiency, but also the
better combination of values of geometric-kinematic and complex characteristics of sinusoidal gearing.

4. The results of this work may be used for further experimental research. Particularly, in the re-
ducers’ tests for determination of the load levels using the formulas (6) — (10).
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