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Abstract: This paper deals with stress and strain state analysis for cycloid disk, as a
vital element at cycloidal speed reducer, for a case when machining tolerances exist.
Three cases of the most critical meshing have been analysed: single, double and triple
meshing. Values of forces between the rollers of the stationary central gear and cycloid
gear were analytically calculated. Stress and strain state analysis were numerically
realised by application of FEM. The whole range of models with different cases of load
distribution has been made. Obtained results are showed in a form of figures, diagrams
and tables. Finally, conclusions were made, based on realised analysis.
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1. INTRODUCTION

The most important application of the cycloid profile gears (cycloid gears) is
their use at cycloidal speed reducers. Due to a range of good characteristics they
posses, and firstly due to a big gear ration and low losses, cycloidal speed reducers
are very much used within modern industrial machines. Considering the fact that they
posses very compact design, they can be readily applied for devices with space
limitations. Model of the single-stage cycloidal speed reducer is shown in Figure 1.

The most important element of the cycloidal speed reducer is certainly cycloid
gear. As a teeth profile of the cycloid gear, equidistant of the shortened epitrochoid is
the most frequently used. Cycloidal gear teeth are meshed with rollers of the stationary
central disk. For theoretical case, when machining tolerances are not considered, half
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of cycloidal gear teeth participate at the load transmission process. The most
frequently, for each transmission rate, two identical cycloid disks are used, rotated
180° relative to each other. This way, good dynamical equilibrium of cycloidal speed
reducer elements is obtained and also the ability to accept even the significantly high
short-time overloads (up to 500%) without failures.

Fig. 1. Single-stage cycloidal speed reducer

The way of cycloidal gearing generation is defined by Kudrijavcev [1], and after
that, in more details by Lehmann [2]. Litvin and Feng [3] derived parametric equations
of the trochoid and its equidistant. Blanche and Yang [4] defined inter-dependencies
between machining tolerances, drive parameters (namely, gear ratio, pitch diameter
and normalized tooth heights) and drive performance (namely, backlash and torque
ripple), by using equations in vector form.

Analysis of loads that appear at cycloidal speed reducer, for a case when
machining tolerances do not exist, is represented in papers [5] and [6]. Papers [7] and
[8] describe the procedure for force calculation of cycloidal speed reducer elements, for
the case of modified tooth profile of cycloid disk. Yunhong, Changlin and Liping have
taken into account friction force during load analysis [9], whilst in paper [10],
experimental analysis of efficiency coefficient of cycloidal speed reducer is done.
Chmurawa and John [11] have done analysis of stress state and strain state of cycloid
gears when machining tolerances do not exist and when all teeth of cycloid disks are in
contact with appropriate housing rollers. Static and dynamic forces act upon elements
of the cycloidal speed reducer. Dynamical models of involute gear pair and cycloidal
speed reducer are represented in papers [12].

This paper deals with analysis of stress state and strain state of cycloid gears
for the case when machining tolerances exist in the presence of static forces.

2. CYCLOID DISC LOADS

Cycloid disk is the most significant element of the cycloidal speed reducer due
to its complex geometry, but also due to a complex stress state occurring within it. In
order to realise analysis of the stress and strain state, it is necessary to define forces
which act upon it. Cycloid disk in contact with housing rollers and output rollers, [5] is
shown in Figure 2.

Forces on cycloid disc are:

Fe — bearing reaction,

Fyi — force between housing roller i and cycloid disc,
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Fy; — force between output roller j and cycloid disc,
T, — input torque.

The following equations can be expressed, based on Figure 2:

T,=F.-e-cos(B+¢) (1)
leg-jileKj~sin(Bj+|3) 2)
%Fm‘cowi—%FKj-cosB—FE‘sins:O (3)
FE-cosa—éFNi-sinoci+ji=lFKj-sin[3:0 (4)
> Fug-h =3 Fig 1 sin(p, +B)=0 )

where:
e — eccentricity,
B — swivel angle of the input shaft,
€ — angle betce Fg and eccentricity e direction,
r; — radius of output rollers pitch circle,
z — number of teeth of cycloid disc (gearing ratio of the cycloidal speed reducer),
Bj — angular position of the output roller j,
a;— angle which force Fy; makes with vertical,
I;— lever arm of force Fy;,
p — number of housing rollers that carry the load,
q - number of output rollers that carry the load.
Values o, and /; are calculated according to Figure 2, based on the following
expressions:

sinB+rL~sin Yi
o, =arctg : (6)
CoSP—-——-cosy;
r-2
I =r,-sin(o; —B) (7)

Angle y; (angular position of the housing rollers) is calculated based on the
following expression:
~360-(2-i-1)

Yi —m (8)

where:
r - radius of housing rollers pitch circle,
ri - base circle radius of the cycloid disc,
r, - base circle radius of the housing rollers.
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Fig. 2. Cycloid disc in contact with housing rollers and output rollers

Forces Fy and Fg; are proportional to their respective distances from the
centre of rotation:

I—N‘ = const. (9)

R const (10)
sin(B;+B)

Only for ideal (theoretical) case all cycloid disk teeth are in contact with
appropriate rollers and half of them carry load. In reality, cycloidal speed reducer has
machining tolerances due to which number of teeth in contact is lower than in ideal
case, that is, the load per one tooth is increased.

This paper deals with three the most critical cases (single, double and triple
meshing). For observed single-stage cycloidal speed reducer ( P = 5,5 kW, n = 1500
mn',z=11, e=4mm,r,=44mm,rn,=48mm,r=72mm ) values of forces Fy;
are calculated, based on expressions (1) — (10) and results are given in Table 1.

Table 1. Values of forces between housing rollers and cycloid disc

Meshing: Fni, N Frnz, N Fns, N
Single 4628,5 - -
Double 2211,1 2312 -

Triple 1969,3 2059, 1 998,3
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3. ANALYSIS OF STRESS - STRAIN STATE OF CYCLOID DISC USING
FEM

Analysis of stress and strain state of cycloid disk is realised using FEM. For this
purpose, the whole range of numerical models has been made. Cycloid disc is
considered to be deformable elastic body. Three the most critical cases (single, double
and triple meshing) are analysed, for the value of the swivel angle of the input shaft B =
20° . It is considered that at one instant two output rollers are in contact with cycloid
disc, for all numerical models. Supports have been set up at these points. Bearing
reaction is decomposed into nine components and supports have been set up also at
points of these components. External loads are forces Fy. Problem is observed as
being planar. Quadrilateral two-dimensional isoparametric finite elements have been
used. Cycloid disc model consists of 9227 finite elements and 9753 nodes. Steel
30CrMoV9 (WNr 1.7707) was selected as a cycloid disc material, with the following
characteristics:

e Yield stress: R.y =700 MPa,

e Tensile strength: R, =1100 MPa,

e Modulus of elasticity: E = 2,1-10° MPa,
e Poisson coefficient: p=0,3.

Two from 6 analysed numerical models with loads and limitations presented,
are shown in Figures 3 and 4.

Fig. 3. Numerical model of cycloidal disc Fig. 4. Numerical model of cycloidal
for the case of single meshing when force disc for the case of triple meshing
Fni acts in one node when each of the forces Fy;, Fnoand
Fnzis decomposed into three
components

Beside analyzing single, double and triple meshing, stress and strain state of
cycloid disc are analysed for cases when forces between housing rollers and cycloid
disc are each decomposed into the three components, where at components of forces
act upon the neighbouring nodes.
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4. NUMERICAL ANALYSIS RESULTS

Stress and strain state analysis is realised by FEMAP software. Specifically,
modeling, pre- and post-processing is done by FEMAP, while the calculation itself is
done by MSC NASTRAN software. Stress and strain state for different models is
represented in Figures 5, 6, 7, 8 and 9.
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Fig. 5. Von-Mises stress distribution for the  Fig. 6. Von-Mises stress distribution
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Fig. 7. Von-Mises stress distribution for the Fig. 8. Von-Mises stress distributio
case of single meshing when force Fy. is for the case of triple meshing when
decomposed into three components each of the forces Fy;, Fyoand Fysis
decomposed into three components

Maximum values of Von Mises stress and strain are depending on single,
double or triple meshing and also on the forces between housing rollers and cycloid
disc acting at one or three nodes. Diagrams are shown in figures 9 and 10.
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Values of stress and strain are the largest in case of single meshing and when
total force acts at one node, what can be observed on diagrams in Figures 9 and 10.
In that case: omax = 225,3 MPa  and 8. = 0,000795 mm. The lowest values of stress
and strain are in case of triple meshing and when each of the forces Fyq, Fn2 and Fys
is decomposed into three components. In that case: omax = 104,9 MPa  and 8. =
0,000360 mm. Obviously, values are almost doubled compared to each other, what
certainly should be taken into account during design and manufacturing of the cycloidal
speed reducer.

5. CONCLUSIONS

As with all machines and devices, there exist machining tolerances at cycloidal
speed reducer. As a consequence to it, all housing rollers are not all simultaneously in
contact with cycloid disc and do not all carry load. Three the most critical cases have
been analysed in the paper, from aspects of stress and strain values. The cases of
single, double and triple meshing have been analysed, when the total force between
housing roller and cycloid disc acts at one node and also when that force is divided into
three components and act at three neighbouring nodes.

Based on realised stress-strain analysis using FEM, the following conclusions
can be made:

e The most unfavorable case, from aspect of stress and strain values, is the case
of the single meshing when total force Fy; acts at one node and the most
favorable case is the triple meshing when each of the forces Fy4, Fn2 and Fys
is decomposed into three components which act upon neighbouring nodes
(stress values are in this case more than two times lower);

e Maximum stress and strain values, for numerical models where total force Fy;
acts at one node, are located exactly at these nodes (Figures 5 and 6);

e When forces Fy; are decomposed into components, maximum stress and strain
values are located in the contact zone of output rollers and cycloid disc -
openings at the body of the cycloid disc (Figures 7 and 8);

e Even in the case of the most unfavorable single meshing, maximum stress and
strain values are within the limits that provide reliable work of cycloid disks
during the foreseen working life, what is extremely good recommendation for
even more extensive use of cycloidal speed reducers.
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