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Abstract: The aim of this paper is to present a theoretical model for efficiency evaluation of a simple cycloid drive train with one degree of freedom (DOF) or constrained 
cycloid drive. In order to evaluate the efficiency, it is necessary to find the losses generated in the simple cycloid drive, where only losses depending on the load were 
considered. Expressions for determining speed ratios, efficiency, velocities and forces acting inside the cycloid drive are presented. These expressions are implemented in 
the theoretical model, where the places where the losses occur are defined. A computer program was created to facilitate analysis and obtain loss values based on different 
input data. Only load-dependent losses were considered in the theoretical model and computer program. In order to verify the theoretical model, experimental measurements 
were performed. A physical model of the simple cycloid drive train was created and analyzed on the test bench. The results for "S1" operating mode, i.e. when shaft 2 is 
stopped, show a mean value of the efficiency of 63.49%, for experimental measurements, while the mean value for theoretical analysis is 65.25%. For the operating mode 
"S2", i.e. with shaft 1 stopped, the mean value of the experimental measurements of the efficiency is 60.9%, while the theoretical mean value is 62.82%. 
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1 INTRODUCTION 
 

Gears with a cycloid profile or cycloid gears have 
found their application in many modern drive trains, which 
require compactness, a large speed ratio, reliable operation, 
and a high efficiency. The drive trains that use cycloid 
gears or shorter cycloid drive train are mostly planetary 
transmissions and today they are often used as a single-
stage cycloid drive train with one degree of freedom [1, 2], 
which can be called constrained cycloid drive. Fig. 1 shows 
a schematic view of the simple cycloid drive train, which 
consists of the following basic members [3]: central ring 
with rollers (1), cycloid gear (1p), disc with rollers (2) and 
carrier or eccentric shaft (S). 
 

 
Figure 1 Simple cycloid drive train [3] 

 
Determining the efficiency of a cycloid drive train is a 

very complex problem and is insufficiently investigated 
today. In the manufacturer's catalogs [1, 2], the efficiency 
is given as a constant value, regardless of the different 
speed ratio and other characteristics of the cycloid drive 
trains. 

The first significant research on the efficiency of 
cycloid drive was done by Malhotra and Parameswaran, 
where they assumed the ideal geometry of the cycloid gears 
and that the value of the normal force is proportional to the 
distance from the kinematic pole [4]. Measurement of the 
efficiency under static load was done by Kosse [5] by 
measuring the area of the hysteresis loop, in which he 
established the efficiency of less than 65%, with the fact 
that for complex drive trains it can be even below 20%. 

This efficiency is much lower compared to the efficiency 
under dynamic load, so it is not relevant for operating 
conditions. Gorla et al. [6] presented an innovative design 
of a cycloid drive train, where the central ring is made with 
cycloid teeth. When analyzing the distribution of contact 
forces, they assumed that the elements are absolutely rigid, 
with ideal geometry and without friction. The authors 
calculated the efficiency by taking into account all partial 
power losses. Analytical expressions for calculating partial 
losses were obtained through kinematic analysis and 
simplified calculation for forces. They confirmed the 
accuracy of the analytical expressions experimentally on 
the cycloid drive model, where they changed the working 
conditions, i.e. angular velocity and torque. 

The contact forces between the meshing elements are 
very important for obtaining more precise values of friction 
forces, which influence the overall efficiency. At first, 
analytical expressions were used, which assumed an ideal 
load distribution [7, 8], while later numerical calculations 
were developed [9-12]. The distribution of contact forces 
and stresses is highly dependent on the clearances and 
tolerances between the meshing parts. Sensinger [13] 
presented a unified set of equations for calculating forces, 
efficiency and moment of inertia, including the clearances 
and profile corrections. He et al. [14] gave an overview of 
previous research that takes into account the influence of 
tooth profile modifications (TPMs) of the cycloid gear on 
the performance of cycloid drive. The paper presents a 
quasi-static load distribution model, with consideration of 
4 types of profile modification. 

There is considerable research and analysis of gerotor 
or trochoidal pump efficiency [15-19]. These studies can, 
with appropriate modifications, also be applied to cycloid 
drives. Sensinger [20], using the theoretical method given 
in [21] and with experimental measurements, established 
the difference in the efficiency between a single-stage and 
a reduced two-stage cycloid drive, with the same speed 
ratios. In addition, he compared the difference in the 
efficiency if fixed or free (rolling) pins were placed in the 
central ring. Blagojević et al. [22] presented the calculation 
of cycloid drive friction forces for four different values of 
the friction coefficient. The paper [23] analyzed the 
influence of geometric and kinematic parameters on the 
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efficiency of the cycloid drive, where the coefficient of 
friction was considered constant. 

In addition to the classic cycloid drive, modified 
variants and prototypes of drives were also investigated. In 
papers [24-26], dynamic analysis and optimization of the 
shape of meshing elements were performed, while in paper 
[27] the efficiency of a novel planar ball reducer based on 
a rolling bearing was examined. 

In the case of a simple cycloid drive train, the biggest 
influence is the loss of power due to friction between the 
teeth of the cycloid gear and the central ring rollers [5, 6]. 
These power losses are directly and indirectly influenced 
by various geometric, kinematic and other parameters, 
where the contact forces, as well as the sliding and rolling 
speeds between the contact surfaces, are the most 
important [13, 23]. Therefore, in this paper, only load-
dependent losses will be analyzed. 
 
2 SPEED RATIOS AND VELOCITIES 
 

In papers [28, 29], it is defined the basic speed ratio, 
as: 
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where is: n1 - speed of central ring shaft 1, n2 - speed of 
disc shaft 2, ns - speed of eccentric shaft S. 

Tab. 1 shows the expressions for the speed ratios of 
constrained cycloid drive, when it is assumed that the 
number of rollers is one greater than the number of teeth. 
 

Table 1 The equations of speed ratio of constrained cycloid drive [28] 
Description The equations of speed ratio 

Minimum multiplication i12 = i0 i12 = z1 – 1/ z1 
Minimum reduction i21 = 1/i0 i21 = z1/ z1 – 1 

Maximum multiplication i1S = 1 − i0 i1S = 1/ z1 
Maximum reduction iS1 = 1/1 − i0 iS1 = –z1 

Reversible multiplication i2S = 1 – 1/i0 i2S = 1/ 1 – z1 
Reversible reduction iS2 = i0/i0 – 1 iS2 = 1 – z1 

 
The velocities and kinematic gearing model of simple 

cycloid drive are similar to the kinematic model of trochoid 
pump. The research presented in references [15-17] can be 
used to define a kinematic model of cycloid drive. 

The absolute velocity of the profile of the central ring 
and cycloid gear (Fig. 2), at the point of contact P, is 
respectively [15, 16]: 
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where the index p corresponds to the transfer and the index 
r to the relative velocity. 

The summary rolling velocity is [16, 17]: 
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where is: e - eccentricity, λ - coefficient of the trochoid 
[15], rc - outer radius of the rollers on central ring, β - 
rotation angle of cycloid gear, ωt - angular velocity of 
cycloid gear, ωa - angular velocity of central ring. 

The intensities of the relative velocities of the meshing 
profiles at the point of contact are determined by the 
following equations: 
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The sliding velocity at the point P, which increases 

wear and the possibility of pitting, occurs only if there are 
fixed pins around on the central ring and can be eliminated 
by placing rollers or bearings on the central ring pins     
(Fig. 3). In this way, sliding and wear are no longer present 
at point P, since the bearing rotates freely around point D. 
At the same time, the peripheral velocity of the outer ring 
of the bearing is equal to the relative velocity of the cycloid 
gear profile at the meshing point P. Then at the point P, 
only rolling is present, without sliding. If the coordinate 
system Dxdyd is fixed at point D, then the angular velocity 
of the roller, in relation to the coordinate system Dxdyd, will 
be: 
 

 
Figure 2 Velocities of the meshing profiles [16] 
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where is: dv1 - outer diameter of the roller. 

The sliding is transferred to the contact point T         
(Fig. 3), between the roller, which rotates around the point 
D, and the pin. Thus, the sliding velocity of the pin relative 
to the coordinate system Dxdyd is equal to: 
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where is: do - inner diameter of the roller. 
 

 
Figure 3 Velocities on the roller of the central ring 

 
3 FORCES AND TORQUES 
 

Fig. 4 shows the forces and torques acting on the 
cycloid gear. Exactly the same forces act on the second 
cycloid gear, which is rotated by 180°. Further analysis of 
the parameters will be performed only for one cycloid gear. 

The torques acting on the cycloid gear are: 
 Torque on the central ring T1. 
 Torque on the disc T1. 
 Torque on eccentric shaft TS. 

From Fig. 4, the following forces can be observed: 
 FN - normal force, between the tooth of the cycloid 
gear and the central ring roller. 
 FK - normal force between the cycloid gear and the disc 
roller. 
 FE - force on eccentric shaft 
 

 
Figure 4 Forces and torques acting on cycloid disc 

 
1) Normal force FN (Fig. 5): 
If the central ring turns by an angle ∆φ, then the 

displacement in the normal direction at the meshing point 
will be: 
 

sin sinN c cl l r                                                         (10) 

 
The force in the normal direction is equal to: 

 
sinN N N N cF c l c r                                                          (11) 

 
where is: cN - stiffness between meshing elements. 
 

 
Figure 5 Force on central ring roller [30] 

 
In order to find the values of force FN, it is necessary 

to determine the product kN1 = cNrΔφ, which is obtained by 
an iterative procedure, using the equation [17, 30]: 
 

1 1 sin sinN ci ni
i
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where is: δci - grip angle on i-th roller, αni - the angle 
between the x-axis and the line that passes through the 
points C and P. 

2) Normal force FK (Fig. 6): 
If the disc is turned by an angle Δφ, then the 

displacement in the direction of the normal at the meshing 
point will be: 
 

   2 2 2sin sinKj j Kj c m Kj cl l r                    (13) 

 
where is: rm2 - pitch radius of disc rollers, αKj - straight line 
which connects the point Oa with the center of the j-th disc 
roller, βc2 - the rotation angle of the disc and is calculated 
as: 
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The value of the force FK on the j-th disc roller can be 

obtained using the expression: 
 

 2 2= sinKj K Kj K m Kj cF c l c r                                  (15) 

 
where is: cK - stiffness between meshing elements. 

The product cK Δφ is obtained by an iterative 
procedure, using the equation: 
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3) Force on eccentric shaft FE (Fig. 4): 
Vertical component: 
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Horizontal component: 
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The force EVF  can also be found using the expression: 
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Figure 6 Force on disc roller 

 
4 LOSSES AND EFFICIENCY 
 

Defining the expression for determining the efficiency 
of the cycloid drive is done by determining the total power 
losses or calculating the total work of the friction forces    
[4, 6]. In this paper, analytical expressions for power losses 
are developed based on kinematic analysis and simplified 
force calculations. In order to determine the power losses 
in the simple cycloid drive, the so-called basic mode will 
be observed, where the carrier or eccentric shaft is stopped 
ωs = 0 or considered stopped. The total power losses can 
be divided by segments and given by the following 
expressions: 

A) Losses in the bearing between cycloid gear and 
eccentric shaft: 

The determination of the power losses in the bearing 
can be simplified based on the following expression: 
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where is: Dp - outer diameter of bearing, μr1 - coefficient of 
friction of bearing, ωv - angular velocity of the outer ring 
of bearing, ωu - angular velocity of the inner ring of 
bearing. 

Since the eccentric shaft is considered to be stopped, 
when only relative power is transmitted, it can be written: 
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B) Losses between the disc roller and the hole of 

cycloid gear: 
The assumption is that one uses plain or needle 

bearings, placed on the pins, so in this case only the rolling 
of the bearings occurs. The rolling speed of the bearings is 
equal to: 
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where is: DCZ - diameter of hole, ωp - angular velocity of 
cycloid gear. 

Therefore, the power losses are: 
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where is:  2r j  - coefficient of rolling friction between 

the j-th roller and the hole. 
C) Losses between the rollers and the pins of the disc: 
Slippage occurs between the roller and the disc pin. 

The sliding speed, in relation to the fixed coordinate system 
related to the central axis, is: 
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where is: do2 - diameter of disc pin, dv2 - outer diameter of 
disc roller or bearings. 

The power losses are: 
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where is:  3s j  - coefficient of sliding friction between 

the j-th roller and pin. 
D) Losses between the cycloid gear and the central 

ring rollers: 
At the meshing point, rolling occurs and the rolling 

speed is equal to the relative speed of the cycloid gear 
profile, Eq. (6), so the losses due to rolling friction are: 
 

   5 5L r Ni rt
i
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where is:  5r i  - coefficient of rolling friction between 

the i-th roller and cycloid disc,  rtv i  - relative velocities 

of cycloid disc profile at the meshing point on thei-th roller. 
E) Losses between the rollers and the pins of the 

central ring: 
It is assumed that these losses, in addition to the losses 

between the rollers and the pins of the disc, affect the total 
losses the most. Inserting the Eq. (9), the power losses can 
be obtained as: 
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where is:  6s i  - coefficient of sliding friction between 

the i-th roller and pin,  rv i  - sliding velocities at the 

meshing point on the i-th roller. 
Total power losses are calculated as the sum of partial 

losses, so the total efficiency can be written in the form: 
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where is: ulP  - input power, 

i
  - partial power loss factors, 

   -total power loss factor. 

If needle bearings are used as rollers, the SKF model 
[31] will be used for power loss calculations, where only 
load-dependent losses will be taken into account. The 
values of the instantaneous friction coefficients were 
obtained based on the methods and results given in the 
paper [16]. 

The efficiency from Eq. (28) is same as the basic 
efficiency, which is explained in paper [3] and is given as: 
 

2 2

1 1 0
12o

s

T

T 








 
 
 

                                                   (29) 

 
The еxpressions for the other efficiencies (Tab. 2) can 

be obtained, applying the method from paper [3]. The 
sequence of indices symbolizes the input and output shaft, 
respectively, without the symbol of the stopped shaft. 
 

Table 2 The equations of efficiency of constrained cycloid drive 
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Using the derived Eq. (20) to Eq. (28), it is possible to 

obtain values of partials and total loss. In order to obtain 
the value of losses more easily, a computer program was 
developed in the Matlab software package. Fig. 7 shows 
the calculated value and impact of individual power losses. 
 

 
Figure 7 Partial losses 

 

5 EXPERIMENTAL RESULTS AND COMPARISON 
 

Fig. 8 shows the tested model of simple cycloid drive, 
which consists of basic elements: 1 - disc, 2 - central ring, 
3 - eccentric shaft and 4 - cycloid gear. 

The gear and shaft material is C45 steel, which has 
been further improved to a hardness of 40 HRC. Roller 
bearings were used, instead of sliding bearings, in order to 
obtain better efficiency. Lithium-complex grease NLGI 
class 2 (standard DIN 51502, KP2PN-20) with kinematic 
viscosity vk = 200 mm2/s was used for lubrication. 

Finish quality was measured using a Mitutoyo surftest 
SJ-310 roughness meter. On the profile of the teeth, the 
mean roughness value of 1.221 μm was measured, while 
the mean roughness value of 0.953 μm was obtained in the 
holes of the cycloid gear. The mean value of the roughness 
of the outer rings of the needle bearings was also measured, 
which is 0.763 μm.The average value of bearing and profile 
roughness is calculated as: 
 

2 2
1 2a a aR R R                                                               (30) 

 
where is: Ra1, Ra2 - roughness of individual surfaces, μm. 

The measurements and corrections presented in paper 
[30] were implemented and entered into the software, in 
order to obtain the most accurate values of the contact 
forces. The gear is made with a profile correction of             
δrz = 0.05 mm, which ensures the necessary clearance 
during meshing. 

Test bench was constructed and made, which is located 
in the Laboratory for Measuring Techniques, at the Faculty 
of Mechanical Engineering in Banja Luka (Fig. 9). The test 
bench enables the measurement of revolutions and torques 
on transmission shafts and consists of: 1 - frequency 
regulator, 2 - electric motor with nominal power                     
P = 250 W and revolutions n = 2800 rpm, 3 - optical speed 
sensor HySense RS110, 4 - torque transducer HBM 
T22/20, 5 - tested simple cycloid drive train, 6 - torque and 
speed transducer HBM T30FN, 7 - mechanical brakes with 
felt. 
 

Table 3 Input data 

Symbol Data Value 

e Eccentricity / mm 2 

 Coefficient of the trochoid  1.6 

dv1 The diameter of the rollers on the central ring / mm 12 

dv2 The diameter of the rollers on the disc / mm 14 

z1 Number of rollers on the central ring 15 

k Number of rollers on the disc 7 

io Basic speed ratio 14/15 

rz The size of the profile correction / mm 0.05 

b1 The width of rollers on the central ring / mm 12 

b2 The width of rollers on the disc / mm 12 

dm2 Pitch diameter of the disc rollers / mm 56 

Dp Outer diameter of cycloid gear bearing / mm 32 

k Kinematic viscosity of grease / mm2/s 200 

Ra1 Mean roughness of cycloid gear teeth / m 1.263 

Ra2 Mean roughness of cycloid gear holes / m 1.439 

 
All transducers and sensors are connected to the HBM 

QuantumX MX840A data acquisition device, which is 
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connected to the HBM catman®Easy data visualization 
and analysis program. This enables the simultaneous 
measurement and analysis of input and output data and 
obtaining the value of the efficiency in real time. 

In order to compare the mathematical with the physical 
model, it is necessary to enter all the known data into the 

computer program for the calculation of losses. These data 
are presented in Tab. 3. Only the reduction modes of 
operation, i.e. with stopped shaft 1 or 2, where the input 
eccentric is shaft S, were tested

 
a) Physical model  

b) Disassembled cycloid drive 

 
Figure 8 Experimentally tested simple cycloid drive 

 

 
Figure 9 Test bench 

 
Fig. 10 shows the results of the theoretical and 

experimental analysis in the "S1" operating mode, i.e. 
when the input shaft is S (eccentric shaft) and the output 
shaft is 1 (central ring shaft), with the shaft 2 stopped. 

The left graph shows the results of the efficiency 
depending on input torque and speed, while the ratio of 
input and output power is shown on the right side            
(Fig. 10b). An increase in efficiency can be observed with 
increasing torque values. In addition, the larger deviations 
of the experimental and theoretical results are at lower 
input power values. 

In experimental tests, the efficiency varies from 
61.50% to 64.85%, while the average value is 63.49%. In 
the case of theoretical results, the efficiency ranges from 
63.75% to 66.12%, while the average value is 65.25%. The 
assumption is that the difference between theoretical and 
experimental results, for output power, is a consequence of 
losses that were not considered in the theoretical analysis. 
Therefore, these losses will be calculated through the factor 
of additional power losses, as: 
 

 
, %t e

d
ul e

P P

P
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where is: Pt - theoretical result of output power, Pe - 
experimental result of output power, Pul(e) - experimentally 
measured input power. 

In order to evaluate the accuracy of theoretical results, 
the mean value of the factor of additional power losses will 
be taken into account, which is 1.76%, for the simple 
cycloid drive in the "S1" operating mode. 

Fig. 11 shows the results of the theoretical and 
experimental analysis in the "S2" operating mode, i.e. 
when the input is eccentric shaft S and the output is disc 
shaft 2, with the central ring shaft 1 stopped.  

The efficiency varies, for experimental tests, from 
58.21% to 63%, while the average value is 60.9%. In the 
case of theoretical results, the efficiency ranges from 61% 
to 63.99%, while the average value is 62.82%. The mean 
value of the additional loss factor is 1.92%. 

The same as for the "S1" operating mode, there is a 
much better matching between the results of the theoretical 
and experimental analysis at higher values of the input 
power. Better efficiency is obtained when the central ring 
shaft 1 is the output shaft, which correlates with the results 
from paper [3], for cycloid drive with stepped cycloid gear. 
Similar results of efficiency change were obtained in the 
experimental results presented in paper [32], where a 
classic cycloid drive with two cycloid gears was 
investigated. 
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a) Efficiency b) Output power  

 
Figure 10 Theoretical and experimental results in the "S1" operating mode 

 
a) Efficiency b) Output power  

  
Figure 11 Theoretical and experimental results in the "S2" operating mode 

 
6 CONCLUSION 
 

When evaluating the efficiency of a constrained 
cycloid drive, it is necessary to consider the influence of a 
large number of parameters, which directly or indirectly 
affect the total losses of the transmission. The paper 
presents the expressions for determining transmission 
ratios, efficiency, velocities and forces acting within a 
constrained cycloid drive. These expressions form the 
basis for the development of a theoretical model for the 
estimation of partial and total losses of constrained cycloid 
drive. 

The theoretical model is implemented in the software, 
which enables the input of various data, as well as the 
analysis of different variants of the simple cycloid drive. It 
was noticed that the biggest partial losses are those that are 
the result of the sliding between rollers and pins, both on 
the central ring and on the disc. These losses can be 
reduced, and therefore the overall efficiency increased, by 
using needle roller bearings. 

In order to verify the theoretical model and software, 
an experimental analysis was performed. A physical model 
of a simple cycloid drive was created, with the basic 
transmission ratio io = 14/15. Also, a test bench was 
constructed and made, on which it is possible to measure 
input and output data in real time. 

In experimental tests, with shaft 2 stopped, the 
efficiency varies from 61.50% to 64.85%, while the mean 
value is 63.49%. In the case of theoretical results, the 
efficiency ranges from 63.75% to 66.12%, while the mean 
value is 65.25%. The mean value of the additional loss 
factor is 1.76%. For the operation mode "S2", when the 

shaft 1 is stopped, the efficiency changes, for experimental 
tests, from 58.21% to 63%, while the mean value is 60.9%. 
In the case of theoretical results, the efficiency ranges from 
61% to 63.99%, while the mean value is 62.82%. The mean 
value of the additional loss factor is 1.92%. Finally, a very 
good correlation between theoretical and experimental 
results can be stated. In all measurements, the mean value 
of the additional loss factor does not exceed 2%. 
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