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ABSTRACT: The Fourth Industrial Revolution is bringing about major and important changes to the world we
know today. One of the most significant results of this revolution is the development of "smart factories” in which the
manufacturing process will be fully automated and will take place without the presence of people. Industrial robots
will certainly form the backbone of these production systems. An industrial robot is a very complex mechatronic
system that, in addition to some mechanical, electrical, electronic and other types of components, has a number of
very precise high gear ratio speed reducers. In addition to the planetary and harmonic drive reducer, cycloid gears
are most commonly used as drive systems for industrial robots.

Speed reducers in industrial robots are expected to be very precise, reliable, efficient, and dynamically stable. In
order to do a comprehensive analysis of a speed reducer, it is primarily necessary to know the loads its vital elements
are exposed to. For this reason, the subject of this paper is the procedure of calculating the normal force that occurs
in the contact of the cycloid gear tooth and the stationary ring gear roller. In the load calculation procedure, apart
from getting accurate results, it is also essential that the procedure be quick and simple. So far, several algorithms
have been developed to calculate the normal force on cycloid gear, and this paper will present the results of two the
most relevant procedures for calculating this force (the Kudrijavcev's and the Lehmann’s method).
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INTRODUCTION

The Fourth Industrial Revolution brought about tectonic changes in the world's major industrial systems. The usage
of robots in the world is growing rapidly every year. One of the most important mechanical components in robots is
the high-precision reducer. Although industrial robots consist of a large number of mechanical and electrical
components, high-precision reducers participate with 25% in the total price of the robot, [17]. In addition to the classic
speed reducers, which still dominate the world industry, completely new solutions of mechanical power transmissions
have been developed in recent decades. When it comes to high-precision reducers, planetary reducers, wave
reducers and cycloidal speed reducers are most often used, [17]. All three types of gearboxes have their advantages
and disadvantages. Due to their extremely good working characteristics (compact construction, high transmission
ratio, dynamic stability, high efficiency, reliability in operation, steady and quiet operation...) cycloidal speed reducers
are increasingly used in industrial robots. The disassembled single-stage cycloidal speed reducer is shown in Figure
1. It can be noted that in recent years the use of cycloidal speed reducers in electric cars has become increasingly
important.
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In recent decades, there are very intensive researches conducted in the field of these power transmissions.
Researchers are engaged in defining new concepts of cycloidal speed reducers [3,6,16], analysis of stress-strain
state of its vital elements [4,7,10,19], dynamic analysis [20,21], determining the efficiency [2,13,15], by modifying the
gear profile and the gear side clearance [8,12,14], etc. Numerous researches are dedicated to the load distribution
in the gearbox, as in the case of ideal tooth meshing (when all tooth transfer the load) [9,11], as well as in the case
of taking into account the gap on the load distribution [1,5,18]. In the framework of this paper, a comparative analysis
of the calculation results of the normal force on cycloid gear in the case of ideal tooth meshing was conducted. The
values of normal forces were calculated using two basic analytical methods most commonly used in practice (the
Kudrijavcev's method and the Lehmann's method).

Figure 1 Disassembled single-stage cyclodial speed reducer

ANLYTICAL CALCULATION OF THE NORMAL FORCE

In order to perform the analysis of the dynamic behavior of the cycloid speed reducer, determine the efficiency, noise
and vibration level as well as the distribution of stresses and strains, it is hecessary to know the loads on its vital
elements. The cycloidal speed reducer is a very complex system, both from the aspect of geometric and from the
aspect of its kinematic and dynamic structure. The central element of the cycloid speed reducer is the cycloid gear.
Figure 2 shows the forces acting on the cycloid gear, [9, 11]:

» Fe — eccentricity force (force whose vertical component Fev make the input torque Ti1 due to eccentric

rotation),
» Fn—normal force in the meshing point between cycloid gear and ring gear (normal force),
» Fx—normal force in the meshing point between cycloid gear hole and output roller (output force).

Torques are:
» T1—cycloid gear input torque,
» T2-ring gear torque,
» Ts—cycloid gear output torque.

It is obvious that this is a statically indeterminate system. The only known force is the vertical component of the
eccentric force, Fev. Kudrijavcev defined the first procedure for the forces calculation in cyclodial speed reducers in
his book Planetary Gear Train in 1966, [9]. Lehmann later elaborated this procedure in his doctoral dissertation, [11].
Both Kudrijavcev and Lehmann analyzed the ideal meshing case (there is no gap between the teeth of the cyclodal
gear and the rollers of the stationary ring gear and half of them transfer the load). In reality, of course, this is not the
case because the existence of a gap is necessary for several reasons (possibility of assembling, provision of
adequate lubrication...). In addition, Kudrijavcev and Lehmann introduced another important assumption, and that
the cycloid gear is a rigid and non-deformable body, which does not correspond to real conditions.

Numerous researchers have in recent years been engaged in the analysis of load distribution in cyclodal speed

reducers, taking into account the gaps that occur between the cyclodal gear and the corresponding elements,
[2,8,12,18]. They also took into account the influence of the stiffness of the contact elements, [1]. In this way, a
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system of very complex equations is obtained, the solution of which implies the use of complex algorithms. In addition,
it takes a lot of time. Given the fact that time is a very important factor in the product development process, it is
justified to calculate the cycloid gear forces on the basis of the procedures defined by Kudrijavcev and Lehmann,
[9,11,1]. In this paper, a comparative analysis of the results of normal force calculations using the Kudrijavcev's
method and the Lehmann's method is made.

Figure 2 Cyloidal gear acting forces distribution

The Kudrijavtcev's procedure for the normal force calculation that occurs in the contact of the cycloid gear tooth and
the fixed ring gear roller is described in detail in the literature, [9]. Only basic expressions are given in this paper. The
normal force on the i-th roller is calculated based on the expression:

Fni = Fumax - (1)
n
where are: F,..— maximum value of the normal force, |, — normal distance from cycloid gear center to pair normal
force (Figure 2), r,— fixed circle radius.
Since the output torque is on the cycloid gear T,:
2
2
T3 =Fymax T1-Z2- 2| (2)
-z,
the maximum value of the normal force after solving the equation (2) is calculated as:
4.T
Fumax = ——
e =7 (3)

Where z,— number of ring gear rollers.
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Manfred Lehmann elaborated Kudrijavcev's procedure in details in his doctoral dissertation, [11]. He defined a
complete algorithm for normal force calculation that takes into account all geometric and kinematic parameters.
Based on the Lehmann's procedure, the values of the normal force as a function of the drive angle 8 are obtained.
In order to determine the values of normal forces with this method, it is necessary to write an appropriate computer
program based on the developed algorithm.

Normal force (Lehmann) can be calculated by equation:
Fui =(C-AB)-, -siny, (4)

where are: ¢ —ring gear roller stiffness, A — elemental angle movement of the cycloid gear, r, — distance between
contact point of i — th ring gear roller and cycloid gear center Bi [11], y, — angle between direction of normal force
and direction of line B;C (Figure 3), [11].

Product (c-AB) is calculated by following expression:

) _ Fev
(c- ) Zri -siny; -cos x; )

X, — angle between normal force i — th ring gear roller and vertical direction (Figure 3), F., — vertical component of
the eccentricity force.

Figure 3 Determining of ring gear roller deflection

In Figure 4 is shown application segment for normal force calculation according to Lehmann. Application is written in
Fortran programming language.

UNESI BROJ ZUBACA CIKLOZUPCANIKA:

13

UNESI STEPEN ISKORISCENJA CIKLOREDUKTORA:

0.94

UNESI OBRTNI MOMENT ELEKTROMOTORA U Nmm:

12300

UNESI VELICINU EKSCENTRITETA U mm:

4

UNESI POLUPRECNIK PODEONOG KRUGA CENTRALNOG ZUPCANIKA U mm:
86

UNESI POLUPRECNIK VALJKA CENTRALNOG ZUPCANIKA U mm:
7

UNESI PRIRASTA] UGLA B U STEPENIMA:

10

Figure 4 Application segment for normal force calculation (Lehmann’s method)
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NORMAL FORCE CALCULATION RESULTS

In order to compare the values of normal forces obtained using the methods of Kudrijavcev and Lehmann, a single-
stage cycloidal reducer with the following operating parameters was chosen: input power (P = 4 kW), transmission
ratio (ucr = 13), number of fixed ring gear rollers (zz = 14), eccentricity size (e = 4 mm), radius of the ring gear pitch
circle (r = 86 mm). The calculation was performed for the values of the drive angle 8 in the interval from 0° to 180°.
The number of rollers in contact varies from 6 to 7. By rotation of the cycloid gear, the rollers of the ring gear which
are in contact with the teeth of the cycloid gear and which transfer the load are also changing. The following tables
show the most relevant calculation results, as well as the deviation percentage between these two methods.

Table 1 Normal force values (8 = 0°)

Roller no., i Normal force Fni, N Deviation,
Kudrijavcev Lehmann %
1 861.22 835.70 2.96
2 993.29 963.70 2.98
3 909.77 882.75 2.97
4 740.24 718.14 2.98
5 519.67 504.19 2.98
6 267.58 259.61 2.98

Table 2 Normal force values (8 = 60°)

Roller no., i Normal force Fni, N Deviation,
Kudrijavcev Lehmann %
3 691.31 662.18 4.21
4 986.79 945.10 4.22
5 948.95 909.99 4.11
6 803.50 769.62 4.22
7 595.93 572.28 3.97
8 354.16 339.14 4.24
9 90.02 86.16 4.29

Table 3 Normal force values (8 = 130°)

Roller no., i Normal force Fni, N Deviation,
Kudrijavcev Lehmann %
6 839.62 810.91 3.42
7 993.67 959.66 3.42
8 917.22 885.69 3.44
9 751.32 725.31 3.46
10 532.48 514.57 3.36
11 282.10 272.43 3.43
12 15.29 14.49 5.23

If it is carefully looked at the values of normal forces obtained using the methods of Kudrijavcev and Lehmann in
tables 1, 2 and 3, it can be easily noticed that the deviations are minimal and its amounts are approximately from 3%
to 5%. This further means that when it is necessary to perform a calculation of normal forces in the contact of the
cycloid gear tooth and the fixed ring gear roller, it is possible to use either of these two described methods.
Kudrijavcev's method is definitely simpler and faster. Lehmann’s method requires writing an appropriate computer
program with making numerous simulations, which is much more time taking. However, once a program is written, it
can be used to calculate normal forces for different values of input parameters and in that case the Lehmann's
method is much simpler and faster.

CONCLUSIONS

Cycloidal speed reducers as gearboxes with high gear ratio and high precision have been increasingly used in
modern mechanical engineering in recent decades. Their usage in the robot and electric car industry is especially
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significant. According to given reason, the number of researches in the field of cyclodial speed reducers has
increased.

In order to make the correct choice of cycloidal speed reducer for a specific industrial purpose, it is necessary to
know the loads on its vital elements. A large number of researches are dedicated to determining the loads in cycloidal
speed reducers. Although they do not take into account the influence of stiffness and the gap between the elements
in contact, the methods of Kudrijavcev's - and Lehmann's - as the oldest methods still have the greatest application
today.

This paper presents the methods Kudrijavcev's and Lehmannn's for the calculation of the normal force in the contact
of the cycloid gear tooth and the fixed ring gear roller. After that, for one specific single-stage cycloidal speed reducer,
the values of normal forces for different values of the angle 8 as well as percentage deviations were calculated using
these two methods.

Since the deviations of the results range from 3% to 5%, both methods can be used with great reliability. Compared
to the Kudrijavcev's method, which is mathematically much simpler, Lehmann's method involves writing a
mathematical program for calculating normal force, which means that the Kudrijavcev's method is significantly faster.
However, when a program exists, it can be used to calculate normal forces for different values of input parameters
and in that case the Lehmann’'s method has an advantage.

REFERENCES

[1] Artyomov, I.1., Tchufistov, E.A., Tchufistov, O.E.: “Analysis of static loading of meshing in planetary cycloid gear”,
2020 IOP Conf. Series: Materials Science and Engineering 734 012056, MIST-Aerospace 2019. Doi:
10.1088/1757-899X/734/1/012056

[2] Bednarczyk, S.: “Determining power losses in the cycloidal gear transmission featuring manufacturing
deviations”, 14t International Scientific Conference: Computer Aided Engineering CAE 2018, pp. 55-63.

[3] Blagojevic, M., Marjanovic, N., Djordjevic, Z., Stojanovic, B., Disic, A.: “A new design of a two-stage cycloidal
speed reducer”, Journal of Mechanical Design, Vol.133, No.8, 2011, pp. 085001-1-085001-7. Doi:
10.1115/1.4004540

[4] Blagojevic, M., Marjanovic, N., Djordjevic, Z., Stojanovic, B., Marjanovic, V., Vujanac, R., Disic, A.: “Numerical
and experimental analysis of the cycloid disc stress state”, Technical Gazette, Vol.21, No.2, 2014, pp.
377-382.

[5] Efremenkov, E.A., Efremenkova, S.K., Dyussebayev, |.M.: “Determination of geometric parameter of cycloidal
transmission from contact strenght condition for design of heavy loading mechanism”, 2020 IOP Conf. Series:
Materials Science and Engineering 795 012024, MEMT — 2019. Doi: 10.1088/1757-899X/795/1/012024

[6] Gorla, C., Davoli, P., Rosa F., Longoni, C., Chiozzi, F., Samarani A.: “Theoretical and experimental analysis of
a cycloidal speed reducer”, Journal of Mechanical Design, Vol. 130, No. 11, 2008, p. 112604. Doi:
10.1115/1.2978342

[7] Hsieh, C.F., Aznar, A.F.: “Performance prediction method of cycloidal speed reducer”, Journal of the Brazilian
Society of Mechanical Sciences and Engineering, Vol. 41, 2019, pp. 1-15. Doi: 10.1007/s40430-019-1690-2

[8] Hu, Y., Li, G., Zhu, W., Cui, J.: “An elastic transmission error compensation method for rotary vector speed
reducers based on error sensitivity analysis”, Applied Sciences, Vol. 10, 2020, pp. 1-22. Doi:
10.3390/app10020481

[9] Kudrijavcev, V.N.: “Planetary gear train” (in Russian), 1966, Moscow.

[10] Kumar, N., Kosse, V., Oloyede, A.: “A new method to estimate effective elastic torsional compliance of single-
stage cycloidal drives’, Mechanism and Machine Theory, Vol. 105, 2016, pp. 185-198. Doi:
10.1016/j.mechmachtheory.2016.06.023

[11] Lehmann, M.: “Calculation and measurement of forces acting on cycloid speed reducer”. PhD Thesis, Technical
University Munich, Germany, 1976. (in German)

[12] Li, X., Li, C., Wang, Y., Chen, B., Lim, T.: “Analysis of a cycloid speed reducer considering tooth profile
modification and clearance-fit output mechanism”, Journal of Mechanical Design — ASME, Vol. 139, 2017, pp.
033303-1- 033303-12. Doi: 10.1115/1.4035541

[13] Malhotra, S.K., Parameswaran, M.A.: “Analysis of a cycloid speed reducer”’, Mechanism and Machine Theory,
Vol. 18, No. 6, 1983, pp. 491-499. Doi: 10.1016/0094-114X(83)90066-6

[14] Martinez, C.R.D., Diaz, R.C.: “Determinacion del backlash de un reductor cicloidal con metodo grafico”, Revista
Iberoamericana de Ingenieria Mecanica, Vol. 23, No.1, 2019, pp. 55-69.

[15] Olejarczyk, K., Wiklo, M., Kolodziejczyk, K., Krol, K., Nowak, R.: “Experimental impact studies of the application
mineral oil and syntehetic oil on the efficiency of the single-gear cycloidal”, Tribologia, Vol. 1, 2017, pp.
67-73.

[16] Pawelski, Z., Zdziennicki, Z., Uspzpolewicz, G., Mitukiewicz, G., Ormezowski, J.: “Impact of the geometry
accuracy of the cycloidal gear output shaft with pins of the efficiency and vibrations”, Journal of KONES
Powertrain and Transport, Vol. 25, No. 4, 2018, pp. 337-345.

136


https://iopscience.iop.org/article/10.1088/1757-899X/734/1/012056
https://asmedigitalcollection.asme.org/mechanicaldesign/article/133/8/085001/478291/A-New-Design-of-a-Two-Stage-Cycloidal-Speed
https://iopscience.iop.org/article/10.1088/1757-899X/795/1/012024
https://asmedigitalcollection.asme.org/mechanicaldesign/article/130/11/112604/470471/Theoretical-and-Experimental-Analysis-of-a
https://link.springer.com/article/10.1007%2Fs40430-019-1690-2
https://www.mdpi.com/2076-3417/10/2/481
https://www.sciencedirect.com/science/article/pii/S0094114X16301288
https://asmedigitalcollection.asme.org/mechanicaldesign/article/139/3/033303/384153/Analysis-of-a-Cycloid-Speed-Reducer-Considering
https://www.sciencedirect.com/science/article/pii/0094114X83900666

[17] Pham, A.D., Ahn, H.J.: “High precision reducers for industrial robots driving 4t industrial revolution: state of arts,
analysis, design, performance evaluation and perspective”, International Journal of Precision Engineering and
Manufacturing-Green Technology, Vol. 5, No. 4, 2018, pp. 519-533. Doi: 10.1007/s40684-018-0058-x

[18] Sun, X.X., Liang, H.: “A new numerical force analysis method of cbr reducer with toth modification”, Journal of
Physics: Conference Series 1187, 032053, 2019, pp. 1-8. Doi: 10.1088/1742-6596/1187/3/032053

[19] Tsai, S.J., Huang, C.H., Yeh, H.Y., Huang, W.J.: “Loaded tooth contact analysis of cycloid planetary gear drives”,
The 14 IFToMM World Congress, Taipei, Taiwan, October 25-30, 2015.

[20] Wiklo, M., Krol, R., Olejarczyk, K., Kolodziejczyk, K.: “Output torque ripple for a cycloidal gear train”, Proceedings
of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, Vol. 233, Iss. 21-
21, 2019, pp. 7270-7281. Doi: 10.1177/0954406219841656

[21] Yang, Y.H., Chen, C., Wang, S.Y.: “Response sensitivity to design parameters of RV reducer”, Chinese Journal
of Mechanical Engineering, Vol. 31, Iss. 49, 2018, pp. 1-13. Doi: 10.1186/s10033-018-0249-y

137


https://link.springer.com/article/10.1007/s40684-018-0058-x
https://iopscience.iop.org/article/10.1088/1742-6596/1187/3/032053
https://journals.sagepub.com/doi/abs/10.1177/0954406219841656
https://link.springer.com/article/10.1186/s10033-018-0249-y

	Proceedings MVM2020.pdf
	Uvodna predavanja naslovna strana
	Uvodna predavanja naslovna strana
	MVM2020_IL1
	MVM2020_IL2
	MVM2020_IL3

	Sekcija A
	Sekcija A.pdf
	Sekcija A.pdf
	Sekcija A.pdf
	MVM2018_001
	MVM2018_004
	MVM2018_005
	MVM2018_011
	MVM2018_012
	MVM2018_014
	MVM2018_016
	MVM2018_017
	MVM2018_023
	MVM2018_029
	MVM2018_044
	MVM2018_062
	MVM2018_065

	MVM2018_001
	MVM2018_004
	MVM2018_005
	MVM2018_011
	MVM2018_012
	MVM2018_014
	MVM2018_016
	MVM2018_017
	MVM2018_023
	MVM2018_029
	MVM2018_044
	MVM2018_062
	MVM2018_064
	MVM2018_065

	MVM2020_001
	MVM2020_009
	MVM2020_010
	MVM2020_011
	MVM2020_024
	MVM2020_025
	MVM2020_027
	MVM2020_040

	Sekcija B
	Sekcija B
	Sekcija B.pdf
	MVM2018_002
	MVM2018_010
	MVM2018_027
	MVM2018_031
	MVM2018_033
	MVM2018_034
	MVM2018_036
	MVM2018_040
	MVM2018_045
	MVM2018_046
	MVM2018_047
	MVM2018_056
	MVM2018_059
	MVM2018_066
	MVM2018_067

	MVM2020_007
	MVM2020_012
	MVM2020_015
	MVM2020_017
	MVM2020_019
	MVM2020_028
	MVM2020_036
	MVM2020_037
	MVM2020_039
	MVM2020_044

	Sekcija C
	Sekcija C
	Sekcija C.pdf
	MVM2018_037
	MVM2018_042
	MVM2018_051
	MVM2018_052

	MVM2020_004
	MVM2020_005
	MVM2020_006
	MVM2020_016

	Sekcija D
	Sekcija D
	Sekcija D.pdf
	MVM2018_003
	MVM2018_015
	MVM2018_019
	MVM2018_021
	MVM2018_035
	MVM2018_053
	MVM2018_057

	MVM2020_026
	MVM2020_030
	MVM2020_032
	MVM2020_038

	Sekcija E
	Sekcija E
	Sekcija E.pdf
	MVM2018_006
	MVM2018_007
	MVM2018_008
	MVM2018_013
	MVM2018_020
	MVM2018_025
	MVM2018_026
	MVM2018_032
	MVM2018_039
	MVM2018_041
	MVM2018_058
	MVM2018_061

	MVM2020_003
	MVM2020_008
	MVM2020_018
	MVM2020_022
	MVM2020_033
	MVM2020_034
	MVM2020_041
	MVM2020_042
	MVM2020_043
	MVM2020_046
	MVM2020_048
	MVM2020_049
	MVM2020_050

	Zadnja korica MVM2020




