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Rotate vector (RV) reducers are the two-stage deceleration device comprising involute and cycloid-pin gear transmission mechanisms. As the 
typical deceleration elements, they are widely applied in industrial robots, digitally controlled machine tools and automation fields due to their 
compact structure and high precision. However, a reducer may lose precision after a long-term operation. Moreover, pitting and metal peeling 
of internal components may also occur, leading to a fatigue failure. Therefore, it is necessary to conduct investigations on lifespan evaluation 
for RV reducers. In this study, the CRV-80E reducer is taken as the research object. Firstly, according to its transmission characteristics, the 
lifespan evaluation model for a standard RV reducer is established based on fatigue strength theory and Palmgren-Miner linear cumulative 
damage law, with the internal crankshaft bearing is considered as the key component. Then, the simulations are carried out on crankshaft 
bearing by the ANSYS Workbench and SKF SimPro. The contact stress, deformation on bearing rollers, and the rated lifespan of the reducer 
are simulated. Finally, the accelerated life test is conducted on an RV reducer by increasing the external load with the positioning precision 
as an output and criterion. After the test, the reducer is disassembled, and metal peeling failure is observed on the crankshaft bearing while 
other parts are relatively intact. The test results validate the feasibility and accuracy of the service life evaluation model and simulation 
analysis. This study provides a new research approach for researchers and manufacturers and a design reference for engineers to improve 
the lifespan of RV reducers by optimizing crankshaft bearings, which have a certain academic value.
Keywords: RV reducer, lifespan evaluation, crankshaft bearing, simulation analysis, accelerated test

Highlights
•	 The theoretical model of lifespan evaluation for RV reducer is established based on the fatigue strength theory.
•	 Simulation analysis is performed by ANSYS Workbench and SKF SimPro, obtaining the distributions of contact stress and 

deformation for bearing rollers, as well as the rated lifespan of the reducer. 
•	 The accelerated life test of the RV reducer is processed with positioning precision as the evaluation criterion.
•	 Compared to other parts of the RV reducer, the crankshaft bearing is verified as the relatively weakest part.

0  INTRODUCTION

Precision deceleration mechanisms applied to the 
joints for industrial robotic arms and automation 
fields are essential in mechanical manufacturing 
and aviation systems. As the typical deceleration 
device, rotate vector (RV) reducers are developed 
based on the cycloidal pinwheels and planetary 
gears transmission mechanism, and they are widely 
applied in industrial robots, rail transit, and wind 
power generation due to their compact structure, large 
transmission ratio, and high precision [1]. However, in 
applications, the transmission precision of RV reducer 
may be decreased due to fatigue aging. The reducer 
cannot operate when the decreased precision exceeds 
the allowable range, and the fatigue damage may 
also occur on the internal components. Furthermore, 
the rapid development exists in RV reducers in 
transmission principle, structure optimization and 
performance testing [2], while there is relatively little 
research on the service lifespan evaluation. Therefore, 
to better understand its working performance and 

reliability, it is necessary to develop feasible methods 
to evaluate the service lifespan of an RV reducer.

Numerous scholars have contributed to 
performance prediction for high-precision reducer, 
including inside components' geometric property 
analysis and structure design [3]. Hsieh and Aznar 
[4] developed the performance prediction method 
for cycloidal reducers. They analyzed the dynamic 
behavior of the RV reducer with varied design 
parameters such as pin roller number, roller pitch cycle 
radius, and cycloidal gear tooth number. The results 
indicated that transmission efficiency and stability 
were largely decreased with adopting more than two 
cycloidal gears in the reducer. Song et al. [5] analyzed 
the structure characteristics of the RV reducer, the 
contact stress and deformation for cycloid gear and 
crankshaft were simulated by finite element method 
(FEM). They illustrated that the crankshaft stiffness 
has a greater impact than cycloid gear on transmission 
precision. Blagojevic et al. [6] performed the contact 
stress analysis for cycloidal gear of a single-stage 
cycloid speed reducer, the specific solid model was 
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established by using FEM, and the experiment was 
carried out by strain gauges method for verification.

The RV reducer may experience fatigue failure 
in the working process, accompanied by decreased 
transmission precision and vibration. The study 
of failure mechanisms, fatigue life evaluation for 
reducers, and the analysis of weak components prone 
to damage have received the increasing attention. In 
application, it was verified that among the various 
components inside the RV reducer, generally, the 
crankshaft bearing is the weak component that first 
experiences fatigue damage in the mechanism. 
Therefore, it can be considered that the crankshaft 
bearing is the key component that determines the 
lifespan of the RV reducer. Zhao et al. [7] proposed 
an evaluation method for RV reducer based on a self-
organizing feature map neural network algorithm. 
The fault identification model was established with 
the efficiency, square frequency, and power spectrum 
as selecting main parameters. The test examined 
evaluation results, showing that proposed model can 
determine the reducer’s working performance. Zhi and 
Shang [8] introduced a remote monitoring method for 
fault diagnosis of RV reducer by collecting its feature 
extraction by information fusion. They verified that 
the diagnosis results could be applied to efficiency 
improvement and maintenance for reducers. Li et 
al. [9] modeled a 3D elastic-plastic contact model 
for RV reducer crankshaft, considering the hardness 
gradient and residual stress. They refined the fatigue 
criterion to enhance prediction, acknowledging the 
significant impact of initial stress on fatigue. Shot 
peening optimization improved fatigue performance 
and guided the anti-fatigue crankshaft design. Gao 
et al. [10] optimized the cycloid-pin gear mechanism 
for RV reducers based on enhancing the load-bearing 
capacity. The authors developed optimization models 
by researching influencing factors and optimized 
parameters using a genetic algorithm and verified 
through ANSYS simulation. Zhao et al. [11] proposed 
a multi-objective optimization method for cycloid-
pin gears, which improved RV reducer's positioning 
accuracy and load-carrying capacity by considering 
backlash, transmission error, and torsional stiffness, 
largely improving transmission performance. The 
crankshaft bearing has the properties of a compacted 
structure and high operating speed, which is the key 
component for RV reducer. Huang et al. [12] applied 
the optimization design for the crankshaft bearing 
of the reducer by the crow search algorithm while 
considering the bearing geometry and the crowned 
profile of inside pin rollers. The bearing strength, 
reducer structure, and lubrication were considered 

constraints. After optimization, the lifespan of the 
crankshaft bearing presented effectively increased for 
two types of standard RV reducers. 

An accelerated life test is a testing method for a 
lifespan that shortens the testing period by increasing 
external stress. The method was developed based on 
fatigue strength theory for researching component 
life [13]. Lee et al. [14] developed the accelerated life 
testing of powertrain components under cyclic loads 
for tractor transmission based on the Weibull-Inverse 
Power law, with the cumulative fatigue damage theory 
applied in the mechanism for diminishing the testing 
period and achieving the acceleration condition. The 
life testing period of the tractor system was largely 
reduced by increasing external load. Wang et al. [15] 
performed the efficiency testing of a special type 
reducer for automotive traction with a high fixed-ratio 
traction reducer as an object, and the efficiency map for 
transmission was established based on experimental 
results. They presented that the speed torque regions 
have the greatest effect on overall efficiency. Wang 
et al. [16] modeled cycloidal-pin gear meshing based 
on cycloidal reducer's multi-tooth characteristics. 
They analyzed system's meshing parameters and also 
determined contact area and dynamic wear coefficient 
via the simulation and regression, revealing pin-tooth 
patterns. Pin tooth wear significantly impacts meshing 
accuracy, affecting reducer precision and lifespan. 
Yang et al. [17] optimized geometric parameters 
of RV reducer with different target reliability as 
objectives based on the modified advanced mean 
value method. The results showed that the volume of 
the reducer was reduced while also meeting various 
reliability requirements by optimization, which 
provided a certain engineering value in the design and 
manufacture process for the RV reducer.

In this paper, taking the CRV-80E reducer as an 
object, based on fatigue strength theory, the theoretical 
model for lifespan evaluation of RV reducer under the 
variable load conditions is established. The effects 
of crankshaft bearing forces on the service life of 
the reducer were analyzed systematically, and the 
corresponding equations for estimating the rated life 
and service life of the reducer were derived. Next, 
the finite element simulation analysis was conducted 
on the crankshaft bearing to solve the contact stress 
and deformation for inside rollers through ANSYS 
Workbench and SKF SimPro, respectively, compared 
with theoretical results from proposed model. Then, 
the accelerated life test of the RV reducer was operated 
by simulating the actual working conditions at the 
robotic joint in practice. The loading method, rotating 
speed, and torque for each test stage were determined 
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based on S-curve acceleration and deceleration control 
algorithm. The experimental results were compared to 
both the theoretical model and simulation solution. 
The accelerated test reduced the period for verifying 
the service life of the reducer, but also diminished the 
time cost of durability testing. This research applied 
the fatigue strength theory to the reducer’s crankshaft 
bearing and estimated the lifespan of RV reducers by 
calculating the service life of the crankshaft bearing. 
A relatively complete research system has been 
established by combining the theoretical model, 
simulation analyses, and experimental verification.

1  THEORETICAL MODEL

1.1  Transmission principle and fatigue life model

RV reducer is a new transmission type of high-
precision planetary mechanism with the characteristics 
of two-stage deceleration and a large deceleration 
ratio comprising involute gears and cycloid-pin gears. 
Fig. 1 shows schematic diagram of the RV reducer's 
transmission principle and internal parts [18] and [19]. 
The first stage of deceleration is the involute gears 
mechanism, as the power is transmitted from the input 
shaft with gear ratio, the involute gears are meshed 
with the crankshaft by splines at the identical rotating 
speed. The second stage is the cycloid-pin gear 
drive mechanism with the crankshafts as the input 
components. The crankshafts and cycloidal gears are 
assembled through the crankshaft bearings. Due to the 
constraint of pin rollers uniformly arranged inside pin 
teeth shell, the cycloidal gear moves for one tooth by 
self-rotation in the opposite direction as it revolves for 
one circle. Finally, the self-rotation of cycloidal gears 
is transmitted to the support frame through crankshafts 
to achieve the two-stage deceleration. The support 

frame mesh with crankshaft and pin teeth shell by 
the tapered roller bearings and angular contact ball 
bearings, respectively.

As the basis for lifespan evaluation of mechanical 
components, fatigue strength theory depicts that the 
applied load for each time may cause variable damage 
to parts. The damage degree depends on the stress 
magnitude, as the larger stress corresponds to the 
greater damage, and it can be regarded as zero damage 
under low-stress levels. The main components of an 
RV reducer include the involute gear, crankshaft, 
cycloidal gear, pin roller, and bearing, and all are under 
variable stress during operation. When the reducer is 
subjected to torques from the external load, the inside 
components are constrained by various stresses as 
well [2] and [20], as shown in Eq. (1). Wherein, σ, T 
and F are stress, torque, and force that component is 
subjected to, respectively, i and j are the fatigue stress 
levels and N is cycle index of stress.
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The stress on the internal parts of the RV reducer 
is under periodic variations when the multi-stage load 
is applied. The corresponding fatigue lifespan is 
evaluated using the cumulative fatigue strength theory 
[12], [21], and [22]. The Palmgren-Miner linear 
cumulative damage law also has widespread 
application [23]. Under the conditions of variable load 
loading, the magnitude of stress is σ1, σ2, …, σl. Fatigue 
life corresponding to various amplitudes is 
N1, N2, …, Nl, with the cycle numbers of n1, n2, …, nl. 
Thus, the lifespan damage under various stress 
amplitudes is ni /Ni. Therefore, the cumulative damage 
amount at all stress levels can be expressed as 

Pin roller

Input gear

Involute gear 

Pin teeth shell

Cycloidal gear
Support frame

Crankshaft

Fig. 1.  Transmission principle of RV reducer and inner components



Strojniški vestnik - Journal of Mechanical Engineering 70(2024)9-10, 452-465

455Lifespan Evaluation for a Standard RV Reducer based on Fatigue Strength Theory 

i

l
i in N

�� � �
1

/ . Once a certain stress σl (1 ≤ k ≤ l) is 
selected, the corresponding fatigue lifespan Nk with 
the constraints of stress and cycle number Mi can be 
calculated based on the Palmgren-Miner linear 
cumulative damage law through Eq. (2) [24].
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The basic lifespan model of the RV reducer 
is derived by combining Eqs. (1) and (2), as shown 
in Eq. (3), which can be applied to each component 
that bears variable loads in the reducer. Wherein, Fi 
and Ti are the force and torque under graded load, 
respectively.

 

N M
F
F

N M
T
T

k

l

i
i

k

m

k

l

i
i

k

m

�
�

�
�

�

�
�

�
�

�
�

�

�
�

�

�

�
��

�

�
�
�

�

�

1

1

'

'
.  (3)

The lifespan of the entire RV reducer is affected 
by the fatigue failure of core transmission parts such 
as involute gear, cycloid-pin gear, and different kinds 
of inside bearings. Due to the characteristics of small 
radial size and narrow crankshaft bearing structure, it 
is usually subjected to large fatigue stress with high-
speed rotating. Generally, the crankshaft bearing is the 
first part to experience fatigue failure in application 
[25]. Therefore, it is reasonable to estimate that the 
crankshaft bearing determines the lifespan of the RV 
reducer. Furthermore, the lifespan of the crankshaft 
bearing is related to equivalent radial load, basic rated 
dynamic load, and output speed.

1.2  Lifespan Evaluation Model

1.2.1  Rated Service Life

During the transmission process, the crankshaft 
bearing contacts the cycloidal gear and crankshaft, 
and the stress analysis diagram is shown in Fig. 2a 
[24] and [26]. The pin gear is fixed, while the cycloidal 
gear rotated on a fixed axis subjected to the meshing 
force from the pin gear, and the small deformation 
Δu was generated on gear teeth. The joint force of 
the pin gear to the cycloidal gear is acted on point 
P, Oci (i = 1, 2, 3) is the center of the crankshaft, the 
coordinate σci (Oci : xi, yi) are rigidly connected with the 
crankshafts, and θ is the included angle between x1-
axis and y-axis.

The force of the pin gear on the cycloidal gear 
can  be  decomposed  into  ΣPix  and  ΣPiy, as shown 
in Eq. (4). Wherein, e is eccentricity, Rp is pin gear 
radius, Zc and Zp are tooth number of cycloidal and pin 
gear, respectively. Parameter k is the short amplitude 
coefficient, and k = eZp/Rp.
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Fig. 2.  Schematic diagram of force analysis for cycloid gear of RV 
reducer; a) force between cycloid gear and pin roller, and  

b) force between cycloid gear and crankshaft bearing

The assembly clearances between the cycloidal 
gear, crankshaft bearing, and pin gear are regarded as 
zero, and the friction is ignored here. Under the action 
of torque T, the component force of the crankshaft 
is equal in the tangential direction of OcOci, which 
is 1/n of composition force, where n is the number 
of crankshafts. The cycloidal gear also bears force 
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Fj from the crankshaft bearing, as shown in Fig. 2b. 
Fj  is decomposed to Fj1, Fj2, Fj3, here, Fj2 and Fj3 
are realized force equilibrium with ΣPix and ΣPi˝y, as 
given below. Parameter r0 is the distribution circle 
radius for crankshafts.
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As shown in Fig. 2b, the force F on the crankshaft 
bearing can be decomposed into two parts of Fr and Ft 
along the radial and tangential direction in Oc1 (x1, y1) , 
respectively. Based on copoint force balance [12], the 
equation is derived as follows:
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The composition force of the crankshaft acting on 
the crankshaft bearing is given.

 F F Ft r� �2 2
.  (8)

The equivalent load for crankshaft bearing can be 
calculated by the following equations:
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Fig. 3.  Force variations of crankshaft bearing within one 
transmission period

In this study, the CRV-80E reducer is taken as an 
object. It is the standard RV reducer and the reducer is 
manufactured and provided by the Beijing Chietom-
BJUT Intelligent Transmission Technology Research 
Institute Co., Ltd, wherein, C is the abbreviation 
of company name, 80E is the reducer’s type. The 
basic structure parameters are as follows: e = 1.45 
mm, Rp = 76.5 mm, Zp = 40, r0 = 42 mm, T0 = 784 
N·m, and Zc = Zi – 1, and N = 3. The force variation 
on the crankshaft bearing of the reducer within one 
period was obtained based on Eqs. (7) to (10), as 
shown in Fig. 3. It can be seen that the maximum 
load and equivalent dynamic load are undervalue of 
Fmax = 5576.2 N, Fm = 4374.1 N, respectively.

The rated dynamic load of the crankshaft bearing 
represents bearing capacity of mechanism, which 
significantly affects the bearing life. The structural 
parameters for crankshaft bearing of the CRV-80E 
reducer are depicted in Fig. 4; the rated dynamic 
load for a single-row cylindrical roller bearing can be 
obtained by Eqs. (11) to (13) [27].
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Fig. 4.  Schematic diagram of crankshaft bearing
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wherein, bm and λv and are the correction factors of 
geometric precision and edge stress, respectively, and 
for radial roller bearing, they are taken as bm = 1.1 
and λv = 0.83 [27]. The other structural parameters of 
the crankshaft bearing are as follows: Dwe = 5 mm, 
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Lwe = 9 mm, Z = 14, Dm = 31 mm, r0 = 47.5 mm. After 
calculation, the rated dynamic load of the crankshaft 
bearing is in value of Cd = 21948.7 N.

In actual applications, the bearing rotating speed 
has a minor effect on the load. However, it has a great 
impact on fatigue life. The rated torque T0 is defined 
as output torque under transmission efficiency η = 75 
%, and the rated life L0 for RV reducer is represented 
by the lifespan of crankshaft bearing, as derived in 
Eq. (14). Parameter nout is the revolution speed of 
the cycloidal gear, which is the mechanism's speed 
after being decelerated by the involute gear drive of 
the reducer. For the reducer, the rated output speed of 
n = 15 rpm, and the cycloidal tooth number Zc = 39. 
The input revolution speed for cycloid-pin gear 
mechanism is obtained as n×Zc = 585 rpm. Besides, 
it is necessary to consider the self-rotation of cycloid 
gear. When the cycloid gear rotates one circle, it 
also proceeds self-rotation by one tooth in reverse 
direction. Thus, the revolution speed of crankshaft 
bearing can be calculated as nout = n×Zc + n = 600 
rpm. After calculation, the rated life of the CRV-80E 
reducer was obtained as L0 = 6008 h. Parameter Zp is 
pin roller number.
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Parameter F0 is the load of crank bearing under 
rated torque T0 and rated rotating speed n0, Fa is the 
load under accelerated torque Ta and accelerated 
rotating speed na. The accelerated life La is defined. 
In mechanical transmission, the torque is proportional 
to the load. The accelerated coefficient A is cited in 
Eq. (15).
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1.2.2  Service Lifespan

RV reducers may encounter frequent starts and 
brakes, emergency stops, instantaneous heavy loads, 
and variable rotating speed in the actual working 
conditions. Thus, it is also necessary to explore the 
service life of reducers under operating conditions 
with variable speed and torque. Based on Eq. (3), set 
Nk is the fatigue life N0 for the rated torque T0, the Eq. 
(16) can be derived.
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There are various rotating speeds and torque 
during the start and break process. Here, the equivalent 
torque Tm is adopted for evaluating ni and Ti for each 
period ti.
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The relationship between service life and rated 
life of RV reducers can be derived as follows:
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where nm is the equivalent rotating speed. The 
equation of service lifespan for reducer is obtained 
based on Eqs. (10), (14), and (18) are given below.
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The above equation depicts that when Tm or nm is 
increased, i.e., increasing the external load or speed, 
the service life L can be diminished, which is the 
theoretical basis for the accelerated life test in Section 
3.

2  SIMULATION ANALYSIS

2.1  Contact Stress and Deformation

According to Section 1.1, the lifespan of the RV 
reducer is mainly affected by crankshaft bearing. 
Therefore, the strength of the crankshaft bearing is the 
key to determining the service lifespan of the reducer. 
The contact strength of the crankshaft bearing can be 
analyzed based on Hertz's contact theory [28], which 
states that the contact type belongs to line contact. The 
stress is distributed as a semi-elliptical cylinder in the 
contact area for general bearings. The stress within 
the contact area can be calculated as defined in the 
following equations, where Q is the moment inertia of 
external load,  is the contact half-width:
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When a radial load is applied to the crankshaft 
bearing, only the lower half of the roller loading 
bearing is used. Due to the elastic deformation 
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between the rollers, the cycloidal gear, and the 
crankshaft, the inner ring of the bearing undergoes 
elastic deformation relative to the cycloidal gear, 
which can be calculated by Eq. (23) [27]. Parameters 
μ and E are the Poisson’s ratio and elastic modulus, 
respectively. The pin rollers inside the bearing were 
selected as GCr15 steel with μ = 0.3 and E = 2.06×1011 
N/mm2.
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Figs. 5 and 6 depict the contact stress and 
deformation of the crankshaft bearing for one period, 
respectively. The results show the maximum stresses 
were 1763.5 MPa and 1723.6 MPa for the inner and 
outer rings; for contact deformation, the maximum 
value showed 0.01012 mm and 0.01001 mm for the 
inner and outer rings, respectively. Parameter θ is 
the rotation angle of the crankshaft bearing, which 
corresponds to Fig. 2b. Moreover, both maximum 
values occurred at θ = 340°.
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Fig. 5.  Variations of contact stress for inner and outer rings of 
crankshaft bearing within a single period
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Fig. 6.  Variations of deformation for inner and outer rings of 
crankshaft bearing within a single period

2.2  Ansys Finite Element Simulation

2.2.1  Grid Division

According to bearing structure parameters in Section 
1.2.1, the finite element simulation of strength and 
stiffness for crankshaft bearing with one rotating 
period was carried out by ANSYS Workbench. Here, 
the crankshaft bearing was simplified to a component 
that only included three parts to ensure the simulation 
results' efficiency. The cycloidal gear, rollers, and 
crankshaft were selected as 20CrMo, GCr15, and 
18CrNiMnMoA, respectively. The inner ring and 
rollers' thickness were set as 9 mm. Fixed support was 
applied on the outer ring, and tangential displacement 
was exerted on the eccentric part to prevent rollers 
from rotating around the center.

Pin rollers

Enlarged part

Outer ring

Inner ring

Cycloidal gear

Crankshaft shaft

Pin roller

a) b)

Fig. 7

Pin rollers

Enlarged part

Outer ring

Inner ring

Cycloidal gear

Crankshaft shaft

Pin roller

a) b)

Fig. 7

Fig. 7.   Grid division for crankshaft bearing;  
a) overview of grids, and b) enlarged part

The simulation model was divided by the global 
triangles method with a size of 2 mm for grid elements, 



Strojniški vestnik - Journal of Mechanical Engineering 70(2024)9-10, 452-465

459Lifespan Evaluation for a Standard RV Reducer based on Fatigue Strength Theory 

2.2.3  Contact Deformation

Fig. 9 shows the contact deformation distribution 
of the crankshaft bearing; the value varies for each 
pin roller inside the bearing. The maximum contact 
deformation is 0.010203 mm, at the same position 
with maximum stress, and there was a 0.82 % error 
compared with the theoretical result of 0.01012 mm. 
The accuracy of finite element simulation is related 
to the structure parameter precision of the crankshaft 
bearing and the adopted grid type in the analysis 
model.

a) b)

Fig. 9

a) b)

Fig. 9

Fig. 9.  Simulation solutions of crankshaft bearing by ANSYS 
Workbench; a) overview of contact deformation, and b) 

deformation distribution of rollers

2.3 SKF SimPro Service Lifespan Simulation

SKF SimPro analyzed the simulation of the service 
life of the RV reducer. The crankshaft bearing is 
selected as the analysis object in the simulation 

the radius of 0.6 mm adopted the sphere local grids 
with an element size of 0.01 mm at vertexes between 
rollers and both rings. The overview and enlarged part 
of the grid division for crankshaft bearing are shown 
in Fig. 7.

2.2.2  Contact Stress

Fig. 8 shows the simulation solutions for the contact 
stress distribution of crankshaft bearing, applying 
an external load of 5576 N. It depicts that rollers at 
various positions correspond to various stress value 
presented by colors. The maximum contact stress 
occurred at the contact point between the inner ring 
and the lowest roller with the value of 1692.4 MPa, 
showing a 4.03 % error compared with the theoretical 
result. Moreover, the stress decreases as it approaches 
the bearing's upper part and outer ring.

a) b)

Fig. 8

a) b)

Fig. 8

Fig. 8.  Simulation solutions of crankshaft bearing by ANSYS 
Workbench; a) overview of contact stress, and b) contact stress 

distribution of bearing rollers
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process. Then the corresponding parameters are set 
for boundary, lubricating, and bearing gap to complete 
the model's establishment. The simulation solutions of 
contact stress and deformation for each roller inside 
the bearing are obtained, as shown in Fig. 10.

[MPa] [× 10−𝑗𝑗 mm]

0° 180°180°

90° 90°

0°

a) b)

Fig. 10

[MPa] [× 10−𝑗𝑗 mm]

0° 180°180°

90° 90°

0°

a) b)

Fig. 10

Fig. 10.  Simulation solutions of crankshaft bearing by SKF 
SimPro; a) contact stress, and b) deformation

Due to the inability of Ansys to simulate bearing 
lifespan, SKF SimPro provides relatively rough 
simulation results for contact stress deformation 
for each roller of bearing. Therefore, this section 
combined the advantages of Ansys and SKF SimPro. 
Fig. 11 compares the simulation solutions for contact 
stress and deformation by ANSYS Workbench and 
SKF SimPro. Fig. 11 illustrates the distribution 
trends for the both parameters simulated from two 
softwares showed identical errors of 5.2 % and 6.9 
%, respectively, i.e., they showed high correlations. 
The finite element simulation verified the theoretical 
results of the contact stress and contact deformation 

for bearing roller, which can indirectly verify the 
correctness of the theoretical model.
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Fig. 11.  Simulation solutions of crankshaft bearing  
by SKF SimPro; a) contact stress, and b) deformation

The simulation result for service life through SKF 
SimPro is as follows: the basic rated life for CRV-80E 
reducer (ISO 281, L10h) is 6400 hours; the modified 
rated life is 7400 hours. The modified rated life is 
obtained with considering the conditions such as 
appropriate bearing clearance, sealing, and lubrication 
factors in simulation. Here, the basic rated life is 
regarded as the simulation result for fatigue lifespan of 
the reducer, i.e., 6400 hours. The results show that the 
error between simulation and theoretical model (Eq. 
(19)) is 6.52 %, which is within the allowable range. 
The comparisons verified the feasible and accuracy 
of theoretical model and simulations for RV reducer 
service lifespan evaluation.

3  ACCELERATED LIFE TEST

3.1  Testing Apparatus

In practice, RV reducers are generally applied 
in complicated conditions with frequent and 
reciprocating starts and breaks. The inside crankshaft 
bearings are prone to fatigue failure under inertia 
and impact. Therefore, when operating the service 
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life test on an RV reducer, it is advisable to simulate 
their working state. Fig. 12 provides a schematic 
diagram of the testing apparatus, the testing device 
mainly included a servo motor, a CRV-80E reducer, 
an external load, a swing arm, a high-precision 
displacement sensor, and a support frame. In testing, 
the reducer was fixed on the base, which drives the 
motion's external load to perform reciprocating swing 
motor. Fig. 13 shows the actual photos of experimental 
platform and testing apparatus.

�

Support frame Displacement sensor

Swing arm

�

RV reducer

External load𝜑𝜑�

a)

Servo motor
RV reducer

Swing arm

External load

b)

Fig. 12
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Swing arm

�

RV reducer

External load𝜑𝜑�

a)

Servo motor
RV reducer

Swing arm

External load

b)

Fig. 12

Fig. 12.  Schematic diagram of testing apparatus;  
a) front view, and b) left view

The constant stress was adopted for testing, and 
the accelerated factors were selected as rotating speed 
or torque. For rotating speed, the high rotation may 
cause a significant temperature increase for the whole 
mechanism, resulting in an undeniable impact on 
output results. Moreover, according to Eq. (15), the 
effect of torque on accelerated coefficient is greater 
than rotating speed. Therefore, the torque parameter 
was selected as the factor to perform the accelerated 
life test of the reducer. The testbed is installed 
horizontally with the central axis of the reducer, the 
load torque of Eq. (24) is given below.

 T Qa m gri i i� � �� �cos� .  (24)

where a is angular acceleration, g is gravitational 
acceleration, mi is a mass on a particle, ri is radius 
from the particle to central axis, φi is rotation angle of 
the external load centroid on the shaft.

Fig. 13

Fig. 13

Fig. 13.  Experimental platform and testing apparatus;  
a) overall view, and b) left view

3.2  Loading Methods

The swing arm adopted a reciprocating swing 
loading form, with the rotation angle from 0 to π for 
one period. It contains the motion stages of static, 
acceleration, uniform, and deceleration.

In frequent acceleration and deceleration 
processes, adjusting set parameters can improve its 
impacts on the reducer. The S-curve is a currently 
popular algorithm for motion control. The complete 
S-curve includes the following stages: accelerated 
acceleration, uniform acceleration, decelerated 
acceleration, uniform speed, accelerated deceleration, 
uniform deceleration, and decelerated deceleration 
[29] and  [30]. The following relationships are defined 
for stage of accelerated acceleration in Eq. (25), where 
ω  is angular speed, t is time.
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In testing, the accelerated time of the servo 
motor is constrained by an external load. The 
basic parameters for each stage are as follows: an 
accelerated period of 300 ms, a rated output speed 
of 15 rpm, an accelerated acceleration period of 100 
ms, and a decelerated acceleration period of 100 ms. 
Moreover, the static state was set to 1000 ms for data 
collection by a high-precision displacement sensor. 
The S-curve for acceleration stage and one complete 
period were obtained based on Eq. (25), as shown 
in Fig. 14. The figure illustrates a limited value in 
acceleration, which diminished the impact of the 
motor on the reducer when loading, and the testing is 
more in line with the actual working condition.

After determining the mass of the swing arm, 
the parameters such as torque and average rotating 
speed at each stage can be calculated by Eqs. (24) 
and (25), as listed in Table 1. Table 1 shows that the 
effective load of the RV reducer reached a maximum 
under the acceleration period with a value of 
Σmi gri cosφi + 5πQ/3.

3.3  Testing Methods

Based on the above experimental platform, the 
corresponding accelerated life test was operated with 
CRV-80E reducer as an testing sample, as shown in 
Figs. 12 and 13. The input parameters are as follows: 
T0 = 784 N·m, n = 15 rpm, L0 = 6000 h, and the 
allowable torque for starting and breaking Ts1 = 1960 
N·m, instantaneous maximum allowable torque 
Ts2 = 3920 N·m, and r = 850 mm. During testing, it 
should be ensured that the maximum rotating speed is 
lower than the rated speed. Set the acceleration torque 
to 2.5 times of rated value. In this way, the theoretical 

accelerated lifetime is calculated as La = 290.6 h, and 
the accelerated coefficient A = 20.7.
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Fig. 14.  S-curve during loading; a) at the acceleration stage,  
and b) for a single period

After setting the initial parameters and opening 
the servo motor, the accelerated life test was 
performed after the testing apparatus ran stable, 
with sensors and the acquisition module operating 
normally. The positioning information of the swing 
arm was automatically recorded and stored through 
the displacement sensor. During this period, ensure 
that the operating environment temperature of the 

Table 1.  Experimental parameters under various loading periods

Periods Δt [s] Δω [rad/s] Δφ [rad] avg a [rad/s2] T [N·m] J [N·m]

Accelerated 0.3 π/2 3π/40 5π/3 Σmi gri cosφi 5πQ/3

Uniform 1.7 0 17π/20 0 Σmi gri cosφi Qω2l
Decelerated 0.3 π/2 3π/40 –5π/3 Σmi gri cosφi 5πQ/3

Static 1 0 0 0 mi gri 0
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equipment is consistent with the actual working 
conditions of the swing arm. The displacement sensor 
recorded the distance between the detecting probe 
and the monitoring point on the swing arm. The 
multiple detection results can be plotted into a point-
line diagram, i.e., repeated positioning precision. 
The test is finished when the value of positioning 
precision exceeds the allowable range. In other words, 
the fatigue failure is occurs on the RV reducer at this 
moment.

3.4  Testing Results and Discussion

Fig. 14 provides the two experimental results for 
the accelerated test on CRV-80E reducer around 480 
hours. Taking the first testing result as an example 
(Fig. 15a), it depicts that the positioning precision 
of the RV reducer was stable within the testing time 
interval of [0, 220]. The fitting curve (red dashed 
line) is distributed relatively flat, i.e., a reducer with 
high repeated positioning precision. The distance 
between the highest and lowest points was about 0.1 
mm, with a precision loss of 0.02 mm. This stage 
presented the prime working period of the reducer; 
after 220 hours, the repeated positioning precision 

of the reducer sharply decreased; when it reached 
270 hours, the positioning precision error reached 
0.05 mm, which exceeds the allowable error range 
for actual application, which indicates that the 
inside components of reducer may be approaching 
fatigue failure; after 350 hours testing, the repeated 
positioning precision sharply decreased with a loss 
value of 0.16 mm approximately. The error was eight 
times larger than the prime working period error. 
Moreover no regression trend proved that the RV 
reducer no longer met the high-precision requirements 
after 350 hours of operation, and fatigue failure 
occurred. For the second testing result (Fig. 15b), 
the prime working period is in the range of [0, 240], 
and the fatigue failure occurred around 280 hours. In 
a word, for twice accelerated tests, the accelerated 
life of the RV reducer is about 270 hours and 280 
hours, with 7.09 % and 3.65 % errors compared to the 
theoretical value of La = 290.6 h, respectively.

After experiment, the tested RV reducers were 
disassembled and inspected. It was observed that 
the inside parts such as involute and cycloidal gears 
were still under the positive operational conditions. 
However, the phenomenon of metal peeling fatigue 
occurred on surface of crankshaft bearing, as shown 
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Fig. 15.  Experimental results for accelerated lifespan test of RV reducer; a) first test, and b) second test
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Fig. 16

Fig. 16.  Metal peeling failure of RV reducer; a) crankshaft bearing, and b) enlarged part
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in Fig. 16. The results reported the crankshaft bearing 
was demonstrated as a weak component. Its lifespan 
has a significant impact on the overall lifespan of RV 
reducer.

4  CONCLUSIONS

In this study, the CRV-80E reducer is taken as the 
research object to evaluate its lifespan and reducer 
test costs. Firstly, the mechanism structure and 
transmission characteristics were analyzed, with the 
crankshaft bearing as the key component determining 
the lifespan of the RV reducer. Based on the fatigue 
strength theory and Palmgren-Miner linear cumulative 
damage law, and the theoretical model of fatigue 
life evaluation for RV reducer was established by 
analyzing the relationship between fatigue life and 
torque under various external loads of crankshaft 
bearing. Secondly, the simulation analysis for contact 
stress and contact deformation of pin rollers of 
crankshaft bearings was carried out through ANSYS 
Workbench and SKF SimPro, respectively. Then, 
the simulation solutions were compared with the 
theoretical results from the proposed model. Finally, 
a testing method for the fatigue life of reducer 
considering variable external loads was proposed, and 
the corresponding accelerated life test was designed 
based on the S-curve control algorithm. The testing 
results verified the accuracy and feasibility of the 
theoretical model and simulation solutions. This study 
can provide a new research method for researchers and 
reducer manufacturers, and a reference for designers 
to improve the lifespan of RV reducers by optimizing 
structural parameters of crankshaft bearing. The 
conclusions of this study are as follows.
1. The evaluation model of the RV reducer 

established the relationship between fatigue 
life and torque under various loads, which can 
be applied to various components inside the 
RV reducer with variable external loads. After 
calculation, the rated life for the CRV-80E reducer 
is 6008 hours.

2. Comparing the simulation solutions from ANSYS 
Workbench and SKF SimPro, the errors of contact 
stress and deformation on rollers of crankshaft 
bearing are 5.2 % and 6.9 %, respectively, which 
showed good agreement.

3. The experimental results for the two accelerated 
life tests were around 270 hours and 280 hours, 
which was 7.09 % and 3.65 % error compared 
with the theoretical result, which verified the 
correctness of fatigue life model. Moreover, the 

effect of accelerated life on testing is significant. 
The testing period can be largely diminished.

4. After testing, the reducer was disassembled 
inspection. It was observed that crankshaft 
bearing was the first damaged part among 
all components, which can demonstrate that 
the crankshaft bearing is the key factor for 
determining lifespan of the RV reducer.
In future work, one of the potential research topics 

is exploring the influence of structural parameters of 
crankshaft bearing, such as the bearing inner diameter, 
roller radius, and number of rollers, on the lifespan 
of RV reducer. Reasonably designing the mechanism 
structure of the crankshaft bearing, the optimal 
combination of various structural parameters can be 
researched and solved based on computing algorithms 
to maximize the fatigue life of the reducer.
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