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 Abstract: The paper presents a study of the impact of oil mineral-based and synthetic-based oils on the efficiency of the 
single stage cycloidal gear. Experimental studies were carried out for different loads and input speeds of 
the gears. The reference levels were the results of theoretical calculations of efficiency of the cycloidal gear 
obtained at the corresponding values of loads and input speeds as in the experiment.
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 Streszczenie:  W artykule przedstawiono analizę wpływu zastosowanego środka smarującego na bazie mineralnej i synte-
tycznej na sprawność jednostopniowej przekładni cykloidalnej.  Przeprowadzono badania eksperymental-
ne dla różnych wartości obciążeń i prędkości przekładni. Referencyjnym poziomem odniesienia był wynik 
sprawności teoretycznej obliczony dla przekładni cykloidalnej przy odpowiadającej każdorazowo wartości 
obciążenia i prędkości z eksperymentu.

*  Institute of Applied Mechanics and Energetics, Kazimierz Pulaski University of Technology and Humanities in Radom,  
ul. Krasickiego 54, 26-600 Radom, Poland, e-mails: k.olejarczyk@uthrad.pl, m.wiklo@uthrad.pl, k.kolodziejczyk@uthrad.pl, 
k.krol@uthrad.pl.

** Graduate student of Faculty of Mechanical Engineering, Kazimierz Pulaski University of Technology and Humanities in Radom, 
ul. Krasickiego 54, 26-600 Radom, Poland, e-mail: renata.nowa78@wp.pl.

INTRODUCTION

The article presents a study of the impact of mineral-
based and synthetic based oil on the efficiency of the 
single stage cycloidal gear. Experimental studies were 
carried out for different loads and input speeds. The 
results were compared to theoretical calculations of the 
efficiency of the cycloidal gear at the corresponding 
values of working parameters.

Looking for the gear with a high reduction ratio 
in one stage, there are generally two choices cycloidal 
speed reducer and harmonic drives, but when the weight 
is not significant and most important aspects are stiffness 
and the possibility carry overload, the cycloidal gears 
are the best solution. 

The cycloidal gears are not very commonly used in 
the industry. Heavy machines use it more often because 
of their overload capability and large reduction ratio. 
The biggest advantages of the cycloidal gears are small 
backlash, a large reduction ratio, and high accuracy. 
Because of these features, they are commonly used in 
robotics, especially in positioners and multi-axis robots 
in the first joints where stiffness is more desirable than 
small mass.

In the literature, some research can be found: studies 
dedicated to operational principles, the generation of 
the cycloid shape, and the analytical calculation of the 
gear with geometrical assumptions/relations can be 
found [L. 1, 2, 3]. The empirical equation relating to 
machining tolerance with backlash and effective torque 
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ripple was presented in [L. 4], and a mathematical model 
which includes kinematics parameters and machining step 
to output moment calculation compared with experimental 
data was studied in [L. 5]. Propositions of cycloid 
generation with the elimination of lobes undercutting 
was proposed in [L. 6–12]. The power loss and efficiency 
calculation included all sources of efficiency loss was 
presented in [L. 13]. In [L. 14], the efficiency loss is limited 
to three sources having the biggest influence. A comparison 
of efficiency for Wolfrom, cycloidal, and harmonic gears 
with applied Del Castillo’s sensitivity framework [L. 15] 
for different reduction ratio was presented in [L. 16].

The problem of improving the efficiency of 
the cycloidal gear was also developed in [L. 19, 20, 
21], but considerations for improving the efficiency  
of cycloidal gears are not verified experimentally.

The article [L. 17] tries to give a unified approach 
to the designer about how to optimize any cycloidal gear 
with the comparison of the other gear transmissions. The 
research [L. 18] presents a comparison of the one stage 
gears - cycloidal and harmonic - in robotics.

CYCLOIDAL GEAR 

The cycloidal gear was (Fig. 1.) designed as the gear with 
an internal tooth profile with pinwheel. The cycloidal 
shape of the disk was generated with use of the equation 
provided in [L. 1, 2].

The cross sectional view of designed manufactured 
and tested cycloidal gear is shown in Fig. 1. The gear 
consists of two cycloidal discs (3) with an epicyclical 
profiles mounted eccentrically on the input shaft (1) and 
collaborate with external pins (4) with bushings located 
in the housing (2).

Fig. 1.  Cycloidal gear: 1 – input shaft, 2 – housing, 3 –  
two cycloidal discs, 4 –  external pins with bushes, 
5 – bearing of output shaft, 6 – output shaft with 
internal pins and bushes, 7 – bearing of input shaft

Rys.1.  Przekładnia cykloidalna: 1 – wałek wejściowy,  
2 – obudowa, 3 – koła obiegowe, 4 – piny zewnętrzne 
z tulejami ślizgowymi, 5 – łożyska wałka wyjściowe-
go, 6 – wałek wyjściowy z pinami wewnętrznymi i tu-
lejami ślizgowymi, 7 – łożyska wałka wejściowego

The torque moment from the input shaft rotation 
(1) to the output shaft (6) uses a straight-line mechanism 
consisting of an internal pin mounted in the output shaft 
(6), which is the same for external pins, bearings, or 
bushings. The internal pins are in circulation holes of 
two cycloidal disc (3).  

THEORETICAL   EFFICIENCY  CALCULATION 

Taking into account the comments, recommendations, 
and guidelines contained in [L. 22, 23, 24], the 
theoretical efficiency η [L. 25] of the cycloidal gear can 
be calculated as a function of power on input shaft N1 
and the loss of power P according the following formula 
(1):

 η =
−N P
N
1

1

                                (1)

The power loss is composed of components specified in 
Equation (2)

                         P P P P P P= + + + +1 2 3 4 5 ,  (2)

where:  P1  –  total power loss in the cooperation areas of 
external pins, bushings and cycloid disc,

 P2  –  total power loss in the cooperation areas of 
internal pins, bushings and cycloid disc,

 P3  –  total power losses in the bearings of the 
input shaft,

 P4  –  total power losses in the bearings of the 
output shaft,

 P5  –  total power loss in cycloidal gear seals.

Power loss P1  (10) was calculated as a sum of two 
components:

P P P1 11 12= +                             (3)

P11  comes from cooperation of cycloidal disc with 
sliding sleeves and can be determined from Equation 
(4). P12  comes from the cooperation of sliding sleeves 
with pins and can be determined from Equation (5).

                               P F x
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i

k

c i12 1 2 2=∑π µ ,                     (5)

where k is the number of pins, μ1 is the coefficient of 
rolling friction, Fi  is the load acting on each sleeves, 
ω1  is the angular velocity of cycloidal disc, dc1  is the 
diameter of external pin, n2  is the rotational velocity 
of external pin selves, and μ2 is the kinetic coefficient of 
sliding friction.
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Similarly to P1 , power loss on the internal pins P2  were 
divided into two parts (6).

 P P P2 21 22= +                            (6)

P21   comes from the cooperation of cycloidal disc with 
sliding sleeves on internal pins and can be determined 
from Equation (7). P22  comes from the cooperation of 
sliding sleeves with internal pins and can be determined 
from Equation (8).
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32
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c q22 2 1 2 1=∑π µ ,                   (8)

where k is the number of internal pins, Fqi  is the load 
acting on the each internal pin, dt2  is the outer diameter 
of internal pin sleeve, ω3  is the angular velocity of 
internal pin sleeve, dc2  is the internal pin diameter, and 
n1  is the rotational velocity of internal pins (velocity of 
output shaft).

A different kind of the rolling bearing was used 
in the designed the cycloidal gear. Because of this, 
the value of power loss P3  and P4  was divided and 
calculated separately for each bearing. The calculation 
demanded following data: the value of axial loading, the 
rotational velocity of each bearing external raceway, the 
working temperature, the oil viscosity at temperature 
40°C, the kind of lubrication, and the oil level in the 
gear. The calculations were performed with use of the 
bearing producer calculator available on the webpage 
[L. 26]. 

Frictional power loss in the shaft sealing P5  was 
calculated with the use empirical Formula (9) provided 
in [L. 27].

  
P V V d nd g5

3 7145 1 6 350 0 8 10= − + +( )( ) −. log ,     (9)

where Vd  is the oil temperature, Vg  is the viscosity class 
of the used oil, nominal kinematic viscosity at 40°C,  
d �  shaft diameter, n �  shaft rotational velocity.

Calculations of the power loss needs the loads 
acting inside the gear, and the method of their calculation 
are presented in [L. 26, 27]. Theoretical calculations of 
efficiency were made for the same load values as in 
experiment for synthetic oil.

Table 1 presents the theoretically calculated 
efficiency for load parameters at which the test was 
made, and the calculation was performed for synthetic 
oil.

Table 1. Theoretically calculated efficiency for the 
cycloidal gear for working conditions at which 
experiment was made

Tabela 1.  Sprawność teoretyczna przekładni cykloidalnej ob-
liczona przy wartościach odpowiadających warto-
ściom z eksperymentu

Velocity 
n [rpm]

Load 18 
[Nm]

Load 32 
[Nm]

Load 46 
[Nm]

Load 60 
[Nm]

Efficiency

500 0.778 0.825 0.873 0,891
1000 0.760 0.820 0.866 0,881
1500 0.750 0.812 0.857 0,873
2000 0.746 0.795 0.845 0,871
2500 0.724 0.783 0.840 0,859
3000 0.698 0.775 0.828 0,855
3500 0.688 0.767 0.822 0,840
4000 0.659 0.767 0.815 0,834
4500 0.655 0.757 0.812 0,835

EXPERIMENTAL  EFFICIENCY 
DETERMINATION

The aim of this study was to determine the experimental 
efficiency improvement of the cycloidal gear for the 
structure shown in Fig. 1 by making a comparative 
analysis of the results of research conducted with the use 
mineral and synthetic oil. 

The efficiency was determined according to 
Formula (10) with the measured input T1 and output 
torque T2 and speed reduction ratio i.

 η =
⋅
T
T i
2

1
                                (10)

The test bench was equipped with four 
thermocouples to monitor the temperature of the gear. 
Two thermocouples are mounted inside the gear at the top 
and bottom, which enable measurement of the lubricant 
temperature, and the remaining two thermocouples 
were fitted with magnets to monitor the temperature of 
the gear housing. The bench was also equipped with 
a tachometer to control the rotational velocity of the 
input or output shafts. Additionally, the TTL signal, 
which was generated by speed sensor, was utilized to 
synchronize measured torque with shaft rotation.

Control and data acquisition systems were 
implemented using National Instrument components 
with the use LabView software.

The efficiency tests were preceded by the 
determination of the optimal oil level, which was 55% 
of total gear capacity. For experimental studies, two 
lubricants were selected: mineral oil API class GL-4 
with a viscosity 80W-90 and synthetic oil API class 
GL-5 with viscosity 75W-90. Physical and chemical 
properties of oils used during the test are available 
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on the web page of the oil manufacturer. The ambient 
temperature in the laboratory was set 22°C.

Experimental determination of the efficiency was 
performed during three tests, presented in the next 
sections.

DETERMINATION  OF  THE  EFFICIENCY 
CHANGE  FOR  CONSTANT  TEMPERATURE  
FOR  DIFFERENT   
LOAD CONDITIONS

The first test was the determination of the efficiency 
change for a constant working temperature in the range 
of 30°C-33°C. The working parameters were preset at 
load values equal to 18Nm, 32Nm, 46Nm, and 60Nm. 
The speed of the input shaft for each load was 500rpm, 
1000rpm, 1500rpm, 2000rpm, 2500rpm, 3000rpm, 
3500rpm, 4000rpm, and 4500rpm. The working time of 
the gear with preset parameters was 30 sec.

Efficiency graphs were made based on the 
experimental results obtained for the defined loads and 
speeds of the cycloidal gear with mineral oil and synthetic 
oil for constant temperatures, and they are shown in 
Fig. 2. The graphs are supplemented by the results of the 
theoretically calculated efficiency presented in Table 1.

Increasing the load caused an increase in the 
efficiency. Regardless of the load value, increasing the 
rotational speed decreases gear efficiency, but with the 
higher loads the influence of the speed on the efficiency 
is smaller. 

Using synthetic oil causes a few percent (about 2%) 
increase in efficiency.

The theoretical efficiency value (1) is slightly 
higher than the efficiency obtained from the experiment. 

The higher load makes a bigger difference between 
theoretical and experimental efficiency.

DETERMINATION  OF  THE  EFFICIENCY 
CHANGE  DURING  LONG  TEST  WITH  
CONSTANT  WORKING  PARAMETERS

The second test was for the determination of the 
efficiency change during two hours of gear work with 
a preset constant value of load and a constant input 
rotational shaft speed. The results of temperature 
measurements during the tests on the two types of oils 
are shown in Fig. 3.

Fig. 3.  Temperature rise versus time of two types of oils
Rys. 3.  Wzrost temperatury w funkcji czasu dla dwóch typów 

olejów

The temperature of mineral oil in the gear for 
the specified load and speed reaches 76°C after 2h of 
working. For the synthetic oil, the temperature is lower 
and its maximal value is 65°C after the same working 
time. Faster stabilization of the temperature for synthetic 
oil can be expected as well. 

Fig. 2.  Efficiency graphs of the experiment results and calculations obtained for specific loads and speeds of cycloidal gear 
lubricated with mineral and synthetic oils for the preset temperature in the range of 30°C-33°C

Rys. 2.  Wykresy sprawności w oparciu o wyniki eksperymentu i obliczeń uzyskanych dla określonych obciążeń i prędkości prze-
kładni cykloidalnej z olejami na bazie mineralnej i syntetycznej w warunkach ustalonej temperatury z zakresu 30°C-33°C
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The recorded values of input and output torque 
during this test gives the possibility to calculate 
efficiency according to Formula (10) which is depicted 
in Fig. 4. Efficiency stabilization for mineral oil reached 
the value of 79% after approx. 30min, and synthetic oil 
reached 82%, slightly faster – 25min.

Fig. 4.  The change of the efficiency as a function of time 
for the two oils.

Rys. 4.  Zmiana sprawności w funkcji czasu dla dwóch typów 
olejów

DETERMINATION  OF  THE GEAR  
EFFICIENCY  CHANGE  DURING  CYCLIC  
OPERATION

The third test determined the gear efficiency change 
during cyclic operation (i.e. cyclic changes of load, 
speed and the direction of input shaft rotation rotation) 
specified in Fig. 5. During the tests, 10 cycles were 
made. The average value of efficiency was calculated 
for time interval equal Δt = 5s.

During the tests, the temperature was also measured. 
Figures 6 and 7 present the measurement results for t3 
and t7 time intervals depicted in Fig. 5. The values of 
each efficiency were determined for all 10 cycles. 

Fig. 6.  Efficiency values and corresponding temperatures 
for the next 10 cycles, according to the cyclogram 
in Figure 3 (load and speed input corresponding 
interval at time t3)

Rys. 6.  Wartości sprawności i odpowiadających tym spraw-
nościom temperatur dla kolejnych 10 cykli wg cyklo-
gramu z Rys. 3 (wartości obciążenia i prędkości wej-
ściowej  odpowiadającej interwałowi czasowemu t3)

Figure 6 shows a higher time dependency of 
efficiency for the mineral oil, and its stabilization can 
be observed when the gear temperature crossed 50°C. 
The efficiency stabilization in the case of synthetic oil 
was observed from the first cycle. The use of mineral 
oil causes a much faster temperature rise in the case of 
cyclic operation compared to synthetic oil. 

Figure 7 shows the values of efficiency and 
corresponding temperatures for the higher load. The 
values of each efficiency were determined for the cycles, 
for the time interval t7 (Fig. 5).

The efficiency values calculated for higher load 
indicate a slight increase of the influence of temperature 
on the efficiency regardless of the type of oil used 
(Fig. 7). Stabilization with mineral oil occurs after 
crossing the temperature of 30°C.

Fig. 5.  Cyclogram for cycle test: n1  –  input velocity, T2 –  output torque, t1,..,t9 [s]  –   time of each operation, ∆t – time 
interval

Rys. 5.  Cyklogram testu z cyklicznymi zmianami parametrów: n1 – prędkość wejściowa, T2 – moment wyjściowy, t1,..,t9 [s] – 
czas dla każdej operacji, ∆t – interwał czasowy
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Fig. 7.  Efficiency values and corresponding temperatures 
for the next 10 cycles according to the cyclogram 
in Figure 3 (load and speed input corresponding 
interval at time t7)

Rys. 7.  Wartości sprawności i odpowiadających tym spraw-
nością temperatur dla kolejnych 10 cykli wg. cyklo-
gramu z rys. 3 (wartości obciążenia i prędkości wej-
ściowej  odpowiadającej interwałowi czasowemu t7)

In the case of synthetic oil, the difference between 
the efficiency of the first cycle and the last cycle was 
only 2.5%, when temperature increased to 22°C at the 
same time.

SUMMARY

The article shows a very good correlation of calculated 
and determined during test efficiency. The results of this 
study indicate a need to take into account the experimental 
determination of cycloidal gear efficiency as a function 
of temperature, especially for gear applications working 
under extreme conditions. 

Results show that increase of the load caused 
a smaller influence of rotational velocity on the 
efficiency value. This phenomenon is independent of the 
type of oil.

The synthetic oil GL5 class used in the experiments 
has twice as many additional EP components, which has 
a positive influence on efficiency at lower temperatures. 
Using synthetic oil also has a positive influence for 
faster temperature stabilization of the gear, which was 
shown during the tests.
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