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EXPERIMENTAL RESEARCH OF FORCE WAVE
PRECESSION GEARS WITH ROLLING ELEMENT

M.B. Mapeynic, A.0. Iopoienxo. ExcnepHMeHTA/IbHI JOCHII:KeHHS] CHJIOBOI XBHJILOBOI mpeneciiiHoi mepenaui 3 Tinamu
Ko4yeHHs1. [TiIBUIIICHHS AKOCTI Ta HaAIHOCTI MAIIMH I MEXaHi3MIB IIPU OAHOYACHOMY 3MEHILIECHHI 1X MacOBUX Ta rabapUTHUX MapaMeTpiB i
TMiZABUIICHHS CKOHOMIYHOCTI € OCHOBHUM 3aBIaHHSM Cy4aCHOTO MalIMHOOYIyBaHHS. Bimomo, 110 XBWIIBOBI mepeiadi 3 TiIaMU KOYEHHS €
HaiOLIBII €eKOHOMIYHUM PI3HOBHIOM XBHJIBOBHX Ilepelayd 3a MacoBHMH Ta rabaputHumMu mapamerpamu i KKJI. Lle mocsiraetbes 3aMiHON0O
XBHJIBOBOTO 3y0UacTOro 3auyeIuICHHsS KyJIbOBHM, K€ NPAKTUYHO BHKIIOYAE TepTs KoB3aHHA 1 mizBuirye KK/ (3a paXyHOK BHKITIOYEHHS
BTpPAT B XBUJILOBOMY 3y04YacTOMY 3a4€IUICHHI 1 TeHepaTopi XBUJIb) 1 HAIIHHICTB nepeaadi (3a paXyHOK BUKJIIOUYEHHS THYUKHUX JIAHOK). MeToro
BHUKOHAaHOI pPo0OTH Oy/ln0 MPOBENCHHS CKCICPUMEHTAIBHUX J[OCTIKCHb HOBOTO JOCIIAHHIBKO-IIPOMHCIOBOrO 3pa3Kka XBHJIBOBOI
npeneciiiHol mepeaavi 3 TIAaMH KOYEHHS 3 METOI0 MiATBEP/UKEHHs aKTyalbHOCTI BUKOHAHHMX TEOPETHYHMX JOCIIDKEHb 1 MPAaKTHYHOIO
BIJTIPALIOBaHHS PEKOMEHJAIIN I0JI0 PalliOHATFHOrO KOHCTPYIOBaHHS HOBHMX XBHMJIbOBHMX IpEIECIHHUX mepeaad 3 Tinamu KodeHHs. Ha
MiZCTaBi PO3pOOJICHUX PEKOMEHJIAliil 10 CTBOPEHHIO XBHJIBOBOI TNpPELECiHHOI mepeaadi 3 TilaMH KOUYeHHS OyB CHPOSKTOBAHUH i
BUTOTOBJICHHI MEXaHi3M 3 ONTHMIi30BaHHMH KOHCTPYKTHBHHMHM 1 TEXHOJOTIYHHUMH HapaMeTpaMH, SKWH YCIIIIHO IPOMIIOB CTEHIOBI
BUIIPOOYBaHHS, B NpoLIeC IKMX OyJia MiATBEp/KEHa Mpalie3JaTHiCTh MexaHi3My, Bu3HadeHi ioro KK/I, TemnepatypHi, BiOpauiiiti i mrymoBi
XapaKTEepUCTHKH, & TAKOXX BUKOHAHI BUNPOOYBAaHHS Ha JOBrOBIYHICTh. BUKOpHCTaHHS pO3pO0OIEHOT KOHCTPYKIIT XBHUIILOBOI MpeHeciitHOl
Tniepesiadi 3 TiIaMM KOYEHHS JI03BOIISE: 110 2,7 pa3n 3HU3UTH MaTePialoOMICTKICTh Nepe/iaBajlbHIX MEXaHi3MiB B TIOPIBHSAHHI 3 TPaJHIIiHHIMH
3yO4acTuMH nepeaayamu; 3a0e3rnednTy OUTbII HAIHY Hpane3AaTHICTh B NOPIBHAHHI 3 XBUJILOBUMHU 3yOUaCTUMHM MepefayaMu 3a PaXyHOK
BUKJIIOUCHHSI THYYKOTO JIAHKH; 3a0€3[I€UUTH IMiJABUIICHHS HABaHTA)XyBaJbHOI 37aTHOCTI MexaHi3My 10 30 % B MOPIBHSHHI 3 iCHYyIOUHMHU
XBIJILOBHMH IIepeladaMH 3 TiJlaMu KoueHHs. Ha mifcTaBi pe3ysbTaTiB eKCIepUMEHTAIbHUX JOCTIIKEHb XBIIBOBOI IpeleciiiHol nepenadi 3
TiJJaMH KOYEHHSI OTPUMAIN IMOJAJbIIMN PO3BUTOK OCHOBHM MILlHICTHOTO PO3PAaxyHKY 3 ONTHMI3alli€l0 KOHCTPYKTHBHHX HapaMeTpiB 3a
KPHUTEPIsIMH MiHIMaJIbHUX KOHTAKTHHX HAIPYXEHb 1 PIBHOMIPHOCTI PyXy TiJI KOYEHHS B3JIOBXK MEPiOJUYHUX JOPIKOK KoueHHs. [IpoBeneni
eKCIEepHMEHTaNIbHI JIOCHIUKEHHS. PO3POOJIEHOT0 MeXaHi3My MHiATBEPANIN NMPaBOMIPHICTh BHKOPHCTaHHS PO3POOJIEHUX pEKOMEHAamiil 1o
KOHCTPYIOBAaHHIO 1 TEXHOJIOTI] BUTOTOBJCHHS TP CTBOPEHHI CEPiMHMX aHAJIOTIYHMX HPHUBOMAIB 3 BUCOKHMMH TEXHIKO-€KOHOMIYHMMH
MOKa3HUKAMHU.

Kniouosi cnosa: XBUIbOBa Tiepeziada, IepioJuiHa JopiXKka KOUeHHS, TiJIo KOUeHHs, KyT HyTalii, KOB3aHHs, ONTHMi3allis, perecis

M. Margulies, Y. Gordienko. Experimental research of force wave precession gears with rolling element. The main task of mod-
ern mechanical engineering is to improve the quality and reliability of machinery and mechanisms while reducing their overall dimensions
and increasing cost-effectiveness. Wave gears with rolling element are known to be the most efficient type of wave gears in terms of weight,
dimensions and efficiency factor. This is achieved by replacing the wave gearing with the spherical engagement which eliminates sliding
friction and increases the efficiency factor (due to the exclusion of losses in the wave gearing and wave generator) and gear reliability (due to
the exclusion of flexible links). The purpose of the work is to perform experimental research of the new industrial prototype of wave preces-
sion gear with rolling element in order to confirm the importance of the performed theoretical studies and practical recommendations devel-
oped for the rational engineering of new wave precession gears with rolling element. On the basis of the developed recommendations for the
production of wave precession gears with rolling element, a mechanism with optimized design and technological parameters has been engi-
neered and manufactured; it has successfully passed bench tests, during which the efficiency of the mechanism has been confirmed, its effi-
ciency, temperature, vibration and noise tests as well as performance tests have been performed. The use of the design developed for wave pre-
cession gears with rolling element allows: (a) reduce material consumption of gears in comparison with traditional gears up to 2.7 times; (b)
provide more reliable performance in comparison with wave gears by eliminating the flexible link; (c) ensure the increase of the load-
carrying capacity of the mechanism by up to 30 % in comparison with existing wave gears with rolling element. On the basis of the results of
experimental research for wave precession gears with rolling element, further strength calculations of wave precession gears with rolling
element has been developed with optimization of design parameters according to the criteria of minimum contact stresses and uniform mo-
tion of rolling element along the periodic roller path. The experimental research of the developed mechanism with wave precession gears
with rolling element confirmed the proper use of the developed recommendations on design and manufacturing technology in terms of serial
production of similar drives with high technical and economic indicators.

Keywords: harmonic drive, periodic race groove, rolling element, nutation angle, sliding motion, optimization, precession

Introduction

The development of modern mechanical engineering puts in a number of priority tasks a constant
increase of capacities and reduction of mass-dimensional indicators, concentrated in single machines
or units.
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Successful creation of a new high-efficiency technique depends on providing it with a reliable
and durable drive, the most laborious part of which is the mechanism of conversion of speed and out-
put moment — a reducer or a multiplier. The variety of requirements made by different consumers for
gearboxes is reduced, in the main, to an increase in reliability and durability, efficiency and load ca-
pacity while reducing their weight, overall dimensions and cost of manufacture. The leading place
among the mechanical gears used in the drives of the machines is occupied by non-wave gears, for
which, with increasing load capacity, there is a significant increase in overall dimensions and material
capacity, and in large gear ratios, a decrease in efficiency.

Complex satisfaction of these requirements with partial improvement of traditional gears be-
comes less effective. Therefore, the problem of creating new types of gears and mechanical gears is
particularly urgent and requires fundamentally new design solutions.

The known wave gears have the following advantages over gears: a larger gear ratio in one step
(up to 455); high load capacity due to multi-pair contact of teeth at comparable gear sizes; high effi-
ciency (0.80...0.90) due to the low speeds and relative displacements of the teeth in the wave gearing.

The known wave gears have a number of advantages over gears: a larger gear ratio in one stage
(up to 455); high load capacity due to multi-pair contact of teeth at comparable gear sizes; high effi-
ciency (0.80...0.90) due to the low speeds and relative displacements of the teeth in the wave gearing.
The use of wave gears in the drives of heavily loaded machines allows to reduce by 1.5...2.5 times the
overall dimensions of the actuators and supports under the actuators, as well as to reduce dynamic
loads by 30...40 % due to the reduced torsional rigidity of the flexible gear wheel with similar opera-
tional characteristics [1]. The main disadvantage of wave gearing is the presence of a flexible gear
wheel. This wheel is a thin-walled sheath, operating in heavy duty mode with alternating bending
loads. The possible fatigue failure of the flexible gear wheel is the most likely cause of the failure of
the wave gearing, which imposes limitations on reliability and durability. The manufacture of flexible
gears requires the use of high quality steels with strict requirements for the presence of internal defects
and special heat treatment. The low manufacturability of the production of flexible gear wheels is due
to the use of special individual technological equipment and low coefficient of material use, which
significantly increases the cost of production.

Currently, active research, development and development of mechanisms of motion conversion,
using gears not in the gearing, but in the types of gearing, in which the torque transmission is carried
out by means of rolling element, balls or rollers moving in periodic rolling tracks, are underway.

Exclusion from the wave gearing of a flexible link and its replacement by functional purpose on a
rolling body and periodic paths of a swing allows to increase reliability and to reduce the complexity
of manufacturing of similar gears in terms of operational parameters, while maintaining all the ad-
vantages of wave gearing, which is why working.

Analysis of recent publications and problem statement

At the moment, on the basis of Tomsk Polytechnic University, wave transmissions with interme-
diate rolling element are being actively developed and investigated [2 — 9]. A significant contribution
to the theoretical and experimental study of gears with rolling element was made by professors A.
Belyaev [10] and R. M. Ignatishchev [11], I. A. Bostan [12]. However, the existing works cannot be
used to assess the performance of the proposed new wave gears with rolling element due to significant
differences in the kinematics of gears and the geometry of the main links (a significant difference in
the spatial trajectories of the periodic race grooves, as well as the designs of the nodes of the main
links), which caused theoretical and subsequent experimental studies of a new transmission design
with rolling element [13].

The purpose and objectives of research

The aim of this work was to conduct experimental studies of a new pilot industrial model of wave
precession transmission with rolling element (WPGRE) [13] in order to confirm the relevance of the
theoretical studies and practical development of recommendations for the rational design and manu-
facturing technology of new WPGRE.

To achieve this goal, the following series of tasks were solved:
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—an analysis of modern manufactured structures and research on gears using rolling element to
transmit torque was performed,;

— developed a new rational design of WPGRE;

— recommendations were developed for calculating the geometric parameters of the main links of
the WPGRE [14];

— developed a rational technology for the manufacture of the main parts of WPGRE [15];

— a workable prototype industrial design of WPGRE and a test bench were manufactured;

— bench tests of the WPGRE model were carried out according to the main operational indicators.

Statement of the main material

The pilot industrial design of WPGRE was manufactured and tested at the machine-building en-
terprise MAGMA LLC in Mariupol in accordance with our developed methodology.

The transmission gear under study (Fig. 1) contains: an input shaft 1 mounted on radial bearings
3, based on a threaded cover 4 and an output shaft 6; thrust roller bearings 2 mounted on the eccentric
journals of the input shaft 1, which interact with the precession wheel 11; output shaft 6 mounted on
tapered angular contact bearings 7, based in a glass 8, rigidly connected to the housing 5; an interme-
diate wheel 9 connected by a spline connection to the output shaft 6; an intermediate wheel 10 con-
nected by a spline connection to the housing 5; balls 12 located in the holes of the separators 13. Balls
12 are based on the surface of the MPC, made on the outer spherical surface of the precession wheel
11 and the inner spherical surfaces of the intermediate wheels 9 and 10. The precision wheel 11 is
mounted on bearings 2, with the possibility of making rotational and translational axial movements,
providing self-alignment of the input shaft 1 in the axial direction.

7 3 212103 1

13 1211 .54

Fig. 1. Transmission gear under study with a two-stage WPGRE: 1 — input shaft, 2 — thrust bearing, 3 — radial
bearing, 4 — cover, 5 — housing, 6 — output shaft, 7 — bearings, 8 — glass, 9 — intermediate wheel, 10 —
intermediate wheel, 11 — precession wheel, 12 — balls, 13 — separator

This mechanism operates as follows. When the input shaft 1 is rotated through the thrust bearings
2, the precession movement of the precession wheel 11 is excited. Two symmetrically arranged peri-
odic race grooves are made on the outer spherical surface of the precession wheel, one of which inter-
acts via balls 12 with periodic race grooves made on the inner spherical surface of the stopped the in-
termediate wheel 10, and the other with a periodic raceway made on a rotating intermediate wheel 9.

The intermediate wheel 10 is fixedly mounted in the housing 5. The intermediate wheel 9 is connect-
ed to the output shaft 6 motionless, which ensures the transmission of torque. The difference in the numbers
of periods of the periodic raceway of the precession wheel 11 and the intermediate wheel 10 provides rota-
tion with reduction of the precession wheel 11. The difference in the numbers of periods of the periodic
raceway of the precession wheel 11 and the intermediate wheel 9 provides rotation with reduction of the
intermediate wheel 9. The rotation speed of the output shaft 6 is determined by the algebraic sum of the
rotational speeds of the precession wheel 11 and the intermediate wheel 9 relative to the precession.

Experimental studies were conducted to determine the compliance of its calculated and actual
characteristics and identify possible design flaws for their subsequent elimination.
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Specifications of developed WPGRE:

— maximum torque on the output shaft, Nm 2500
— gear ratio 100
— number of steps 2

— frequency of rotation of the input shaft of the gearbox, rpm 1500
The mass of the gearbox, kg 70

In the process of bench testing, the following transmission characteristics were investigated:

— performance in operating modes,

— coefficient of performance

— the presence of wear of the periodic raceway after a test cycle under loads,

— temperature condition

—noise level,

— durability.

The study of the main parameters of the WPGRE pilot industrial model was carried out by ob-
serving, recording and analyzing the results of experiments in the bench operating conditions of the
transmission.

In order to evaluate the performance of the WPGRE links in the research process, reverse loading
(smooth and stepwise) was carried out under steady and transient operating conditions. The main
characteristics of WPGRE were determined at steady loads and rotational speeds.

During the initial tests, the transmission kinematics was verified and the theoretical methodology
of the kinematic calculation was confirmed.

The test bench developed by us for testing a pilot industrial design WPGRE (Fig. 2) contains a drive
motor 1, powered by a frequency converter, the output shaft of which is connected through an elastic cou-
pling 2 to the gearbox under test with VPGRB 3, the output shaft of which is connected through a gear
coupling 4 to a pair of gear gearboxes 5 and 6, connected by a gear clutch 7 and operating in multi-
multiplier mode. The output shaft of the second gearbox through the second elastic coupling 8 is connected
to the shaft of the generator 9 with a frequency converter.

The efficiency was determined by the ratio of the
electrical parameters on the WPGRE drive motor and 9 8 6 7
the generator installed as a load element on the side of
the WPGRE output shaft through two multipliers (the
method of measuring electric power). Previously, prior
to testing, the efficiency of all the constituent elements
of the stand involved in the transmission of torque for
their consideration in calculating the efficiency of the
mechanism was determined by a similar method.

The measurement of electrical parameters was
performed by a three-phase energy recorder PEL103 —'t
No. 166486 PKH.

=
e

Research results e

The efficiency study was carried out with a torque
on the output shaft and the rotation speed of the input
shaft in the range: To, = 0...2500 N-m; V;, = 300, 500,
750, 1000, 1250, 1500 rpm. tjo2/) 3] A 8/

At the beginning of the tests, the gearbox was run
in idle (about 10 hours) and run-in under load. The cri- Fig. 2. Scheme of the test bench for WPGRE: 1 —
terion of running-in transmission was adopted the con- electric motor, 2 — coupling MYBIT 250, 3 —
dition for obtaining a stable efficiency. The gear run-  gearbox with WPGRE, 4 — gear coupling M3

ning-in process took about 20 hours. 6300, 5 — gearbox 1{2Y-250; 6 — gearbox 21{2-
The increase in the efficiency of the mechanism  100H, 7 = cluzch gear M3 1600, 8 - clutch
under study during its running-in can be explained by MYBII 250, 9 - generator
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the elimination of the initial edge contact of the periodic race grooves with the rolling element, re-
vealed during repeated disassemblies of the WPGRE.

Subsequent verification of changes in the efficiency of the mechanism after 400 hours of operation at
the stand showed that it increased and amounted to 80% at a load of 2500 Nm, and an input shaft rotation
frequency of 300 rpm. In the future, the efficiency remained unchanged (Fig. 3). The results of an increase
in efficiency during its running-in are consistent with the findings of other studies [12].

The study of the influence of the rotational speed of the input shaft of the gearbox was carried out
in running gear. So, the maximum values of the gearbox efficiency were obtained at a rotation fre-
quency of 300 rpm. At rotation speeds of 500, 750, 1000, 1250 and 1500 rpm, the efficiency values
were 0.78, 0.76, 0.74, 0.72 and 0.7, respectively (Fig. 4).

A A
0.75 - 0.80
0.707 FV=1000 rpm+—————+ 0.781
20.65: - 30.76
o o
(8] o
& 0.601 / - £0.74
L L
0.55 0.72
0.501 i I — 3 0.70
50 100 150 200 250 300 350 t h 300 500 700 900 1100 1300 1500 V, rpm
Fig. 3. The dependence of the efficiency Fig. 4. The dependence of the efficiency
on the running-in time of the mechanism on the input shaft speed

A decrease in the efficiency of the transmission under study with an increase in the input shaft ro-
tation frequency is mainly associated with an increase in the sliding speed of the mating links at the
contact points of the periodic raceway and the rolling body and a concomitant increase in heat loss.
The results of this study confirm the findings of other studies [12].

The study of the load capacity by loading the gearbox on the test bench showed the ability to
transfer design loads with a margin of 25 %, further overloading of the mechanism was not performed.

The temperature regime was monitored by measuring the temperature of the housing of a work-
ing gearbox using a contact temperature sensor.

Temperature control was carried out by Novatek-Electro PT-100 sensors.

The measurement of temperature during each stage of the running-in transmission showed that
with an increase in the degree of running-in, the temperature decreases. This result is consistent with
an increase in efficiency during running-in.

During the experiment, it was found that with an increase in the load by 25 % above the nominal,
the lubricant temperature practically did not change and was in the range of 60...65 ° C. From the re-
sults of this study, we can conclude that with the adopted load level and the number of revolutions, the
created gear has no heating restrictions.

As a result of studies of the noise level, it was found that it was in the range of 50...55 dBA, and
with a decrease in load by 50 % there was a slight increase in noise (18...20 %). Measurements of the
noise level were carried out by the sound meter Assistant S — (Auto).

The duration of the entire set of tests was over 400 hours, which corresponds to 3.6 * 107 cycles.

Conclusions

Based on our recommendations on the creation of WPGRE, a mechanism with optimized design
and technological parameters was designed and manufactured that successfully passed bench tests.
During these tests, the operability of the mechanism was confirmed, its efficiency, temperature and
noise characteristics were determined, and durability tests were performed. A decrease in efficiency
with an increase in the speed of the high-speed shaft was revealed.
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Using the developed design of WPGRE allows:

— reduce material consumption of transmission mechanisms up to 2.7 times in comparison with
traditional gears (for example, with a three-stage cylindrical gearbox 1TcZU-200) of similar opera-
tional parameters;

—to provide more reliable performance in comparison with wave gears due to the exclusion of
the flexible link, the fatigue potential destruction of which is the most likely cause of the failure of the
mechanism;

—to provide an increase in the bearing capacity of WPGRE up to 30 % in comparison with exist-
ing wave transmissions with rolling element [10 — 12] by increasing the number of rolling element
involved in torque transmission (up to 100 % in a single-stage symmetrical WPGRE) [16].

This confirms the rather high technical and economic efficiency of the new gear mechanism and
the possibility of their use instead of wave gears.

Below are the comparative characteristics of the created gearbox and the serial manufactured gearbox
manufactured by Sumitomo (Japan), as well as the standardized domestic cylindrical gearbox (Table).

Comparative characteristics of gearboxes

Gear unit designation developed WPGRE Sumitomo DRIVE 1TcZU-200
6165DB
Manufacturer LLC “MAGMA” Sumitomo Cyclo Drive Standardized gearbox
Germany GmbH
The wave with the intermediate rolling ele- Cylindrical three-stage
Gear type
ment gearbox

Rated torque on the output shaft 2500 2520 2500

Gear ratio 100 104 100

Weight 70 87 190

Based on the results of experimental studies of WPGRE, the basis for the strength calculation of
WPGRE was further developed with optimization of design parameters according to the criteria of
minimum contact stresses and uniformity of movement of rolling elements along the periodic raceway.

The conducted experimental studies of the developed mechanism with WPGRE confirmed the
legitimacy of using the recommendations we developed on design and manufacturing technology
when creating serial analogous drives with high technical and economic performance.
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