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I 

 

Summary 

The RV reducer is one type of two stage cycloid reducers which are widely used in many 

fields of engineering. This project has designed the first stage of the RV reducer, as well as the 

related components. The details contain design of input shaft, planetary gears, output shaft, 

common bearings and eccentric bearings. The fatigue analysis is mostly used in the 

calculation process because the fatigue failures are frequent in this type of rotation machine. 

In the same time, the general bearings designs are based on the SKF General Catalogue and 

the eccentric bearings design are based on the Chinese standard. 

All the design components in this project have been dimensioned and achieved good safety 

factors. They can be seen in the result part in details. 
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1 Introduction 

In this chapter, the design of a specific cycloid reducer is briefly explained. The RV reducer is 

one type of cycloid reducer that contains two stages .Its planetary stage in particular is 

discussed in greater detail. 

1.1 Background 

This bachelor degree project which is about dimensioning and designing the cycloid gearbox 

has been requested by Swepart Transmission AB. Swepart is a famous competitive 

manufacturer of customer unique gearboxes, precision-grounded gearwheels, and 

transmission-parts for vehicles in Sweden. Cycloid reducers are a type of gear transmission. 

Their main task is to decrease the rotational speed for motors. In many situations, because of 

the cycloid reducer’s unique stable and compact structure, it is more suitable than the spur gear 

reducer and worm gear reducer; as a result, nowadays it has become widely used in many fields 

like industrial robots, and wind turbine generators. The widespread usage makes the company 

desire to develop this kind of gearbox of its own.  

Now Swepart has a plan to design and produce such a gearbox that can compete with the 

Nabtesco (one of the precision cycloid gearbox manufacturer in the world) type cycloid 

gearbox. For that reason, Swepart needs some general information about the cycloid gearbox to 

start the design. 

 

Figure 1 detail view of general cycloid reducer 

(http://www.seekpart.com/company/54008/products/20118462911927.html) [24 May 2012] 

Figure 1 shows a general type of the cycloid reducer where 1 is the output shaft, 2 is the 

rolling element bearing, 3 is the housing, 4 is the base, 5 is the carrier pins, 6 is the cycloid 

gear, 7 is the eccentric bearing, 8 is the washer, 9 is the needle tooth pin, 10 is the needle tooth 

http://www.seekpart.com/company/54008/products/20118462911927.html
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sleeve, 11 is the housing, 12 the is hub, and 13 is the input shaft. It only has one stage with 

one input shaft for the cycloid gear which is different from the RV reducer that has two stages. 

There are different types of cycloid reduces. RV is one type of the cycloid reducer which has 

two stages. They are the planetary spur gear stage and the cycloid gear stage. It has several 

input shafts for the cycloid stage. The RV type is shown on figure 2 below: 

 

Figure 2 nabtesco RV reducer 

(http://www.nabtescomotioncontrol.com/products/rv-e-series-gearbox/) [20 May 2012] 

1.2 Purpose 

The purpose of the project is to dimension and design the first stage of the cycloid reducer 

which includes input shaft, output shaft, key, spline and bearings based on the knowledge from 

existing cycloid reducer. The arrangement of the cycloid reducer’s components follows the RV 

design shown on figure 2. A lot of dimensions and equations have been determined in this 

project. In order to obtain a reliable design, a failure criterion of the RV reducer has been 

fulfilled. Also fatigue analysis is performed to achieve safety factors of the design 

components. The project provides the design process and working principle for the company as 

a reference when they manufacture a real RV cycloid gearbox. 

1.3 Limitations 

Since lacking of enough experience, it is difficult to analyze everything about the gearbox in a 

limited time. So, the total design is divided into two groups, this project deals with first stage, 

shafts, shaft related parts and bearings. There is another group who works with the cycloid part 

in the second stage. And the material heat treatment is unknown. 

http://www.nabtescomotioncontrol.com/products/rv-e-series-gearbox/
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2 Theory 

In this chapter, the RV cycloid gearbox will be generally presented, as well as the first stage of 

the gearbox which is a planetary spur gear, together with shaft and bearing design consist of 

how to dimension them and achieve failure analysis. 

2.1RV cycloid gear construction 

The detail design of RV type reducer can be seen on the figure 3 below: 

 

Figure 3 RV gearbox structure scheme (Rao, 1994) 

Where 1 stands for input (ingoing) shaft; 2 is input (sun) gear; 3 means crankshaft (carrier); 4 is 

eccentric sleeve; 5 represent planet pinion; 6 is cycloid gear (RV gear); 7 is needle tooth pin; 8 is 

needle tooth sleeve; 9 is frame; 10 is support disk; 11 output (outgoing) shaft.  

The sun gear usually connects the input shaft by a spine to transmit power from a motor. The 

several planet pinions allocate equally in a circle to distribute power into the cycloid gear stage. 

Crankshaft is the rotational shaft of the cycloid gear. It is the connection between the planet gear 

and support disk. The crankshaft’s rotation results in the revolution and rotation of the cycloid 

gear. In order to accomplish the equilibrium in the radial direction, usually, it has two same 

cycloid gears arranged on crankshaft by the eccentric sleeve, also the angle between them is 

180°. Needle tooth pins fix in the frame and output shaft connect with the support disk as a 

whole to transmit power. Furthermore the bearing bores which have the same number of 

crankshaft are set on the support disk. 
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2.1.1 RV cycloid gearbox divided in two stages 

Nowadays, cycloid gearbox has many types of reducers which are widely used in many areas in 

daily lives such as transportations, high load manufacturing and so on since it has big range of 

transmission ratio, large load capacity, high torsion stiffness on the shaft and excellent 

performance on the efficiency. RV cycloid gearbox which belongs to the closed (encased) type 

planet gear is one member of them. It contains two main stages: the planetary spur gear and the 

cycloid gear. The details can be observed on the picture below, the first stage is a simple 

planetary gear and the second stage is the cycloid gear. 

 

Figure 4Two stage of the RV cycloid gearbox 

(http://www.nabtescomotioncontrol.com/technology.php) [20 May 2012] 

As mentioned above, this project is to design the first stage of the RV reducer which is shown 

in the left of figure 4.  

2.1.2 The spur gear transmission 

Spur gears are one of the simplest and widest used transmission parts around the world. Usually 

they are used in parallel shaft to transmit power from the input parts. They have a lot of 

advantages such as high efficiency, relatively low noise, heavy load capacity, smooth 

transmission, long and service life when high precise gear are manufactured. Such a 

transmission is shown figure 5 below: 

 

Figure 5 Spur gear 

 (http://www.winchbin.com/43/winch-gearing-types-explained/) [21 May 2012] 

http://www.nabtescomotioncontrol.com/technology.php
http://www.winchbin.com/43/winch-gearing-types-explained/
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There are a lot of dimensions in the gear transmission, the calculations of those dimensions are 

shown in appendix 3. And always it is used to transmit power. The driving part is called pinion 

and driven part is called gear. The detail dimensions are shown on figure 6 below as following: 

 

Figure 6 Gear nomenclatures 

 (http://www.roymech.co.uk/Useful_Tables/Drive/Gears.html) [15 Jan 2011] 

Some rules need to be followed when designing the gears transmission. The teeth number 

should be more than 13 to keep a uniform transmission speed and avoid undercutting 

(interference) when manufacturing them. Furthermore, the teeth face width should be less than 

10 times of module considering hard condition of shaft and bearing will be arranged. What is 

more, the contact ratio should be between 1 and 2 and tooth thickness on the top should not be 

smaller than 0.4 times of module. 

According to some limitations of the teeth number, they should be integer and prime number. 

Usually it is very hard to accomplish exactly the same centre distance we need. Thus some 

addendum modifications need to be set to compromise the centre distance and also it will 

strengthen the contact gears at the same time. 

From figure 4, there are three planet gears in the first stage, so some relations must be achieved 

to have a perfect assembly. 

http://www.roymech.co.uk/Useful_Tables/Drive/Gears.html
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1) Adjacency condition 

Since there are three planet gears distribute equally in a circle, the restriction that the addendum 

circle should not collide each other needs to follow. The equation need to be fulfilled can be 

seen in the appendix 3. 

2) Concentric condition 

First the centre distance between the sun (centre) gear and several planet gears should be the 

same. This is due to smooth movement. Secondly, the centre distance between the sun gear α1 

(figure 12 in page 11) and planet gear g1 (figure 12 in page 11) should be the same with centre 

distance between the crankshaft and support disk (figure 3 in page 3) which is the radius of the 

distribution circle for the crankshaft on the support disk to guarantee the input (sun) gear have 

coaxial relation with the support disk and outgoing shaft. 

3) Crankshaft arrangement 

Usually, there are two cycloid gears in the second stage which are symmetric installation 

distributed in a circle. When the crankshaft number is odd, the profile of the cycloid gear must 

stagger 1/2 tooth (1/4 pitch) according to the crankshaft to make sure the two cycloid gear 

contact the needle pin simultaneously. 

The calculation process can be found in the appendix 3. 

There are so many failures such as breakage, surface fatigue failure; plastic flow failure and 

wear failure during the gears perform. Therefore, it is very significant to check whether they 

have high surface stress and bending stress to find out the safety factor to make sure the gears 

will perform well during the service life. All the calculation process is presented in the 

appendix 3. 

2.1.3 Shaft 

The shaft is one of the most important machine components. The shape of a shaft is commonly 

like a long cylindrical rod while sometimes it changes depending on different functions. 

Usually shaft is applied to transmit rotating motion, power and give support to machine 

elements on it. Gears, pulleys, sprockets, cams and other machine parts can be connected with a 

shaft to drive it or driven by its rotation.  

Shafts can be classified by different forms. In this part will introduce two types which are used 

to sort shaft. Based on the load subjected to a shaft, it can be three types such as axle, spindle 

and shaft. 

According to the shape of shaft it can be classified into two types which are straight shaft and 

non straight shaft. Straight shaft is applied during the design process. Straight shaft has only 
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one straight axis for each part like stepped shaft, smooth shaft, hollow shaft and camshaft etc.  

Shafts used in first stage of the designed RV gearbox are belongs to the type which can be 

subjected to both bending moment and torque. The first stage input shaft is a common used 

stepped shaft. The output shaft in first stage is also a stepped shaft but with two eccentric 

regions (on bearings).If consider the shaft and eccentric bearing as an entirety, it is the 

non-straight type that often being called crankshaft because the axis of bearing is not coincide 

with the shaft’s axis (the rotational axis). Details can be found in 2.1.6 (eccentric bearing). 

Stepped shaft is the most commonly used shaft. Like its name interpreted, stepped shaft has a 

shape that each part on the stepped shaft is concentric but does not have same diameter. 

Because of that reason, different machine components can be mounted on a same shaft without 

diameter limitation. 

 

Figure 7 Stepped shaft (http://www.nly.cn/zhou0.htm) [15 May 2012] 

Basically a stepped shaft consists of three parts. In figure 7, the parts which mounted with hubs 

are named shaft heads; the parts that mounted with bearings are shaft necks; the last is shaft 

body which links shaft head and shaft neck together. 

2.1.4 Shaft related parts 

An individual shaft cannot perform its functionality which is to support and transport motion to 

machine components mounted on it. The mounted machine component in contact with shaft is 

named hub. A series of associated parts are needed to fix hubs to shaft and eliminate the 

possibility of sliding can be called shaft-hub joints.  

Shaft related parts also called shaft-hub joints can be separated into two groups. 

The first group of shaft related parts is used to avoid the relative axial motion between shaft and 

hub. These parts are usually shaft shoulder, sleeve and snap ring. 

A shaft shoulder is simply the cross section changing parts on a stepped shaft; sleeve is 

generally used between two hubs which have a small distance; snap ring is a compact and 

low-cost part to retain hubs. 

http://www.nly.cn/zhou0.htm
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The second group of shaft related parts is to avoid relative rotation between hubs and shaft. Key 

and spline are commonly used in this group (figure 8). 

 

Figure 8 Flat key and 6-teeth spline (Cheng, 2004) 

There are a variety of keys to transmit torque, like square key, flat key, round key, etc. They can 

be chosen depending on specific situation. 

Spline can be seen as an integral of several keys on one shaft. Teeth number of four, six, ten and 

sixteen are common. It can be internal ring which is inside a shaft and external ring which is 

outside. The teeth shape of a spline can be subdivided into straight-sided and involutes’ type. 

Spline provides more precision, better oriented and can withstand heavy load. This becomes the 

reason that in the deigned RV reducer, the input shaft uses a spline to connect with the input 

gear. 

2.1.5 General Bearing 

Bearing is the machine element which is used for constraining relative motion, carrying the 

shaft loads. Apparently, bearing is indispensible to a shaft to keep shaft’s rotating precision, 

reduce friction and withstand loads. 

Basically, according to the motion types of the contact surface, bearing can be separated into 

two groups: sliding bearing and rolling bearing. Bearings in the designed RV reducer are all 

belong to rolling element bearing mainly because of the high precise positioning requirement. 

According to the shape of roller, rolling-element bearing can be also divided into two types 

which are ball bearing and roller bearing. Generally, the ball bearing is often for higher speeds 

while the roller bearing can carry higher loads. 

Mostly rolling-element bearing has another classification based on the primarily load act on it. 

The first category can mainly carry radial load; the second type is named thrust which mainly 

withstand axial load; the last is angular-contact for combing both radial and axial loads. 

Furthermore roller bearing could still be classified again due to different roller configurations 

such as: cylindrical, spherical, tapered, needle. 

On the basis of analysis above, the support bearings on the input shaft of designed RV reducer 

are chosen as deep groove bearing. Selecting ball bearing is due to the highest rotational speed 

of this reducer is on the input shaft. The second reason is that the sun gear on the input shaft is a 
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spur gear, so the axial load should almost not be produced.  

A deep grove ball bearing can fulfill all requirements. In figure 9, the bearing construction has 

briefly introduced. Here 1 means the inner ring, 2 is outer ring, 3 is the ball element between 

them, and 4 is the retainer which is known as additional part to keep each ball separated. 

 

Figure 9 Deep groove ball bearing (Wang, 2007) 

Bearing used to support the first stage output shaft of the designed RV reducer is selected to be 

tapered roller bearing (figure 10). The reason to choose this type of bearings is that the 

rotational speed on this shaft is already decreased by the first stage but the load on it will be 

very high that need a roller bearing. The conical elements can carry a certain axial load.  

It can be chosen in the SKF General Catalogue according to the equivalent dynamic load and 

shaft diameter. All the calculation process will follow the SKF General Catalogue which is 

shown in appendix 6. 

 

Figure 10 Tapered roller bearing 

(http://www.bearingbuy.cn/shop/bearingproduct/taperedrollerbearing/1492.html) [20 May 

2012] 

2.1.6 Eccentric bearing 

The next bearing named eccentric bearing (figure 11) on the first stage output shaft is always 

the most important part of the whole reducer. People normally called this bearing to be the heart 

of the RV cycloid reducer. 

http://www.bearingbuy.cn/shop/bearingproduct/taperedrollerbearing/1492.html
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Figure 11 Eccentric bearing and cylindrical roller bearing 

(http://www.zcwz.com/gonghuo/?cpleiid=333) [15 May 2012] 

This bearing type is similar with the cylindrical roller bearing which can withstand a high radial 

load. The difference between these two types is obvious in figure 11 that is the eccentric region 

inside and lack of outer ring. 

Two eccentric bearings are respectively connected with two cycloid gears. They are staggered 

180°when mounted together. The eccentric region is used to be an eccentric sleeve but now it is 

manufactured as an integral with bearing. 

This eccentric part makes the whole shaft could be treated as a crankshaft. The function of the 

eccentric region is not only to support and constrain the shaft but also to drive and support the 

cycloid gear. When shaft rotates, eccentric bearings drive cycloid gear revolution, while the 

eccentric bearings support the cycloid gear to contact with pins. This contact with pins makes 

cycloid gear rotate in the opposite direction to its revolution. 

The series motions from crankshaft (stepped shaft with eccentric bearing) to the cycloid gear 

are the most important part in the RV reducer. This is the reason why people considered the 

eccentric bearing as the heart of RV reducer. 

Lacking of outer ring is for the purpose of compact design and it can increase sizes of other 

parts in the eccentric bearing. 

2.2 The transmission principle 

Generally, it will be more apparent and perceptible to make a drive scheme to have a clear 

understanding about how the power transmits. 

http://www.zcwz.com/gonghuo/?cpleiid=333
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Figure 12 RV gearbox drive scheme (Rao, 1994) 

The input gear (α1) transmits power from motor to the planet gear (g1) which is the first stage of 

the RV reducer. Then the rotation of carrier (crankshaft) H will bring about the eccentric motion 

of the cycloid gear g2. When the needle pins are fixed with the frame, the cycloid gear will 

follow the crankshaft to revolute, at the same moment, it will rotate around the shaft Og2. 

Through the bearings function on the support disk (figure 3 in page 3), the cycloid gear rotation 

speed will transmit to the output shaft which means ωv=ωg2. It is like the double-crank 

mechanism which also has the same characteristic. 

2.2.1 Calculation of the total ratio 

The ratio of this gearbox always equals to the angular speed of input shaft divided by the 

angular speed of output shaft. Generally, this kind of gearbox has very big ratio which means 

the output shaft rotational speed will be much lower than the input rotational speed. At the same 

time, the output will have higher torque. That is why this kind of gearbox can perform well in 

the precise conditions and also heavy work. 

After accomplishing some research for the drive scheme (figure 13 in page 12), it is recognized 

that there are two stages of gear reducer combined together. The first stage is the simple planet 

gear mechanism which is the differential mechanism in this gearbox; the second stage is cycloid 

gear which is the closed (encased) mechanism. Differential mechanism usually has 2 degree of 

freedom. Closed mechanism means it enclose the centre gear and the crankshaft to have only 1 

degree of freedom to make the output certainly. 
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According to (Rao, 1994), the drive scheme of RV gearbox can be replaced by the drive 

structure scheme which is shown below. 

 

Figure 13 RV gearbox drive structure scheme (Rao, 1994) 

It can be noticed from figure 13 above that there are two planetary mechanisms in this kind of 

gearbox: x1 and x2. The input part is A which stands for the sun gear and the outgoing part is B 

(V) and output shaft in the figure 13. Also as mentioned before it has the angular speed relation: 

ωv=ωg2. The needle pin is the supporting part E. Planet gear g1 and crankshaft H2 are the 

auxiliary components. And g2 is the cycloid gear. 

In the planetary mechanisms ratio calculation is not as same as usual. It is normally been treated 

as relative ratio such as iAB
E  which is the ratio of angular velocity or rotation speed of input gear 

A (a1) and output shaft B (V) relative to pin E. As the pin is fixedωE = 0 this ratio is also the 

total ratio of the RV reducer. 

itot =  iAB
E =

ωA − ωE

ωB − ωE
=

ωA

ωB

(ωE = 0)                  (Eq 2.1) 

According to the type of relative ratio there exists some common relationship of it. 

For example, iXY
Z =

ωX−ωZ

ωY−ωZ
;  iYX

Z =
ωY−ωZ

ωX−ωZ
 the relationship between these two ratios is: 

 iXY
Z =

1

 iYX
Z

          (Eq 2.2)  

 iXZ
Y =

ωX−ωY

ωZ−ωY
, the relationship between this ratio and iXY

Z  is: 
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 iXY
Z = 1 −  iXZ

Y       (Eq 2.3)     

This structure scheme (figure 13 in page 12) consists of two planetary mechanismsx1and x2. 

Each mechanism includes three parts. It is used to generate the total ratio. 

Mechanism x1 (first stage): 

Input gear A (a1),Za1
= Z1 is teeth number of pinion in first stage. 

Planet gear g1, Zg1
= Z2 is teeth number of gear in first stage. 

Planetary frameH1 is connected with the cycloid gear. 

The relative ratio in mechanismx1 is: 

ia1g1

H1 = −
Zg1

Za1

= −
Z2

Z1
 (negative means opposite rotating direction)      (Eq 2.4) 

Mechanism x2 (second stage): 

Crankshaft d(H2) is the planetary frame of this mechanism. And it is also the first stage output 

shaft and input shaft of second stage. The angular velocity or rotation speed must be the 

same:ωg1
= ωH2

 

Pin E (b2), which is fixed, Zb2
is the teeth number of pins.ωb2

= 0 

Cycloid gear g2: Zg2
 is the teeth number of cycloid gear. 

The relative ratio in mechanism x2 is: 

ib2g2

H2 =
Zg2

Zb2

                                   (Eq 2.5) 

Total output shaft B (V). As mentioned before the angular velocity of cycloid gear is equal to 

the angular velocity of total output shaft. The cycloid gear is connected with planetary frameH1; 

the angular velocity is also the same. 
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ωg2
= ωV = ωH1

 

As mentioned in (Eq 2.1)of this thesis: 

itot =  iAB
E  

According to (Eq 2.3) iXY
Z = 1 −  iXZ

Y  

itot =  iAB
E = 1 −  iAE

B  

In figure 13 in page 12, two planetary mechanisms formed the structure scheme that: 

 iAE
B =  iAd

B ×  idE
B  

itot = 1 −  iAd
B ×  idE

B                     (Eq 2.6) 

From figure 13 in page 12 and according to relationship of angular velocity in previous section: 

 iAd
B =

ωa1
− ωV

ωH2
− ωV

=
ωa1

− ωH1

ωg1
− ωH1

= ia1g1

H1  

According to (Eq 2.4)ia1g1

H1 = −
Zg1

Za1

= −
Z2

Z1
 

 iAd
B = −

Z2

Z1
                                   (Eq 2.7)  

From figure13 in page 12 and according to relationship of angular velocity in previous section: 

 idE
B =

ωH2
− ωV

ωb2
− ωV

=
ωH2

− ωg2

ωb2
− ωg2

= iH2b2

g2  

According to (Eq 2.2) iXY
Z =

1

 iYX
Z  

 idE
B = iH2b2

g2 =
1

ib2H2

g2
 

According to (Eq 2.3) iXY
Z = 1 −  iXZ

Y  
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 idE
B =

1

ib2H2

g2
=

1

1 − ib2g2

H2
 

According to (Eq 2.5)ib2g2

H2 =
Zg2

Zb2

 

 idE
B =

1

1 −
Zg2

Zb2

= Zb2
                         (Eq 2.8) 

Plug equation 2.4 and 2.8 into equation into equation 2.6 

itot = 1 − (−
Z2

Z1
) × Zb2

 

itot = 1 +
Z2

Z1
× Zb2

                     (Eq 2.9) 

2.2.2 Efficiency of RV reducer 

The designed RV reducer definitely has its own efficiency which is the approximate ratio of the 

real value and the ideal number. During the transmission process of the RV reducer, energy loss 

can mainly result from gear contacting, rotating rolling-element bearings and hydraulic loss. 

The total efficiency is η = ηAE
B ∙ ηn ∙ ηM. 

The symbolηAE
B  is presented as the gear contacting efficiency. It contains spur gears’ contacting 

in the first stage and contacting of cycloid gear with pins in the second stage. Symbolηn is the 

efficiency of all used rolling-element bearings especially for eccentric bearings on the first 

stage output shaft. Efficiency of the hydraulic is displayed as ηM. 

Calculations about the efficiency of the designed RV reducer can be found in Appendix 3. 

2.2.3 RV cycloid gear main characteristic 

RV cycloid gear has several advantages when comparing to other reducers: 

1) Big range of transmission ratio 

As the RV reducer has a spur gear level at first, it is convenient to replace the spur gears with 

different teeth numbers in order to change the transmission ratios. Moreover, the company can 

make a series of this kind of gearbox without changing a lot of components. 

2) Large load capacity 
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The RV reducer always has several planetary gears and shafts in the first stage which are used 

to distribute the power from the motor. Furthermore, the output has a supporting disk which 

also results in high load capacity.  

3) High efficiency 

All of the bearings are rolling bearings except needle teeth pin support which lead to high 

efficiency during the service life. 

4) Long service life 

Because the RV reducer has first stage reducer, the rotation speed of the output part will not 

reach very high speed, additionally, the friction and clearance between components is very 

small. Therefore it usually has very long service life. 

2.3 Fatigue analysis 

Since all the rotating components are subjected to cycle loading during their service life, it is 

important to analyze the fatigue strength on each part. 

2.3.1 Basic knowledge of fatigue loading 

Many machine components suffer fatigue. As a result, it has to be taken into account in 

machine design. Fatigue failures always come from repeated loading such as bending moment 

and torsion on the shaft even though the stress level has not reached the yielding strength. It 

has high stress in some area such as keys, splines, fillets, shoulders that will have more 

possibility of fatigue failures. Particularly, the initial fatigue crack can easily develop and 

cause failure because of high stress concentration. 

Usually the S-N curve are applied to analyze the material characteristic, it shows the 

relationship between service life and strength limit after a lot of tests. The S-N curve is shown 

as following in figure 14. 
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Figure 14 S-N curve (Juvinall and Marshek, 2012) 

Where Su is ultimate strength, Sn
′  is standard fatigue strength for rotating bending, N is 

service life. With increasing service life, the strength will decrease until the standard fatigue 

strengthSn
′  is achieved. Strengths on two typical life points (10

3 
and 10

6
) are always used to 

reflect the reduction of strength. When the life is 10
3
 cycles, the strength is 0.9 times ultimate 

strength. While the life is 10
6 

cycles, the strength will decline to 0.5 times ultimate strength. 

2.3.2 Spur gears analysis 

Fatigue failure of gear (especially on the gear teeth) occurs because of the repeated contacting. 

This motion generates iterations of loads and stresses that result in fatigue failure on gear 

surface firstly. Then the failure can propagate from the surface (usually from the pitch circle) 

to other parts of gear. For this reason, strength limit of gear reduces over time like the general 

S-N curves (figure 14 in page 16) shows. 

It is necessary to analyze the fatigue when designing the spur gears in the first stage of RV 

reducer. Detail of the spur gear design and fatigue analysis can be found in Appendix 3. 

The design process is as same as the usual method according to the Swedish Standard for spur 

gears. The core of this fatigue calculation is to compare calculated fatigue stress with the 

calculated fatigue strength. If fatigue stress is higher, the design can be proved to meet the 

requirement of fatigue. 

Based on the Swedish Standard, fatigue stress (σH) of spur gears is calculated from this 

equation (page 8 in Standards and Equations for Gear Design) below: 

σH = ZH × ZM × Zε × √
Fber × KHα × KHβ × (u + 1)

b × d1 × u
                                  (Eq 2.10) 



 

18 

 

In this equation:ZH is stress concentration factor in the rolling point; ZM is material factor; Zε 

is meshing factor; Fber is calculation load; KHα is load distribution factor;KHβ is load 

propagation factor; b is gear contacting width; d1 is pitch diameter; u is the speed ratio of 

gear transmission. 

The spur gear fatigue strength (σHP) is also calculated from Swedish Standard by using the 

equation (page 10 in Standards and Equations for Gear Design) below: 

σHP =
σHlim × KL × ZR × Zv × KHX × KHN × KHK

SH
                                     (Eq 2.11)  

In this equation: σHlim is the surface fatigue stress limit; KL, ZR, Zv are factors usually equal 

to one; KHX is reduction factor due to volume; KHN is life length factor due to surface 

pressure; KHK is hardness combination factor; SH is surface fatigue safety factor. 

2.3.3 Stepped Shaft Analysis 

The stepped shape causes stress concentration. Notches which are the cross sections changing 

parts could decrease the strength of the shafts. As mentioned before, the usage of stepped shaft 

is to transmit rotational motion and supporting machine components on it. During its rotating it 

will bear both bending moment and torque, which will become sources of failure. The stress 

concentration places are definitely the most dangerous regions. 

The stepped shafts in this design withstand bending and torsion, so equivalent bending stress 

will be generated from the bending and torsion stress in order to calculate the safety factor. 

σea = √σa
2 + τa

2                          (Eq 2.12)  

σem =
σm

2
+ √τm

2 +
σm

2

2

             (Eq 2.13) 

Symbols:σea is equivalent alternating bending stress, σa is alternating “normal” stress, τa 

is alternating torsion stress, σem is equivalent mean bending stress, σm is mean “normal” 

stress, τm is mean torsion stress. From the ratio of σeaandσem, the possible design overload 

point can be generated from the figure 15 below. 
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Figure 15 fatigue strength diagram 

Where Sn is endurance limit, Sy is yield strength, Su is ultimate strength. Point A is the design 

overload point. The fatigue calculation process will be presented in appendix 5.  

Based on the failure analysis, the most important part in stepped shaft design is to figure out all 

types of loads on it. From the force analysis, strength should be checked on all the dangerous 

regions. According to those analyses the suitable dimensions can be chosen to avoid failures 

and verify a required working life. 

2.3.4 Shaft related parts analysis 

It is apparently necessary to take shaft related parts into account in the design process. The way 

is also to analyze failure on key and spline by checking strength. 
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Figure 16 Failure on a tightly fitted square key (Juvinall and Marshek, 2012) 

Figure 16 shows failure on a tightly fitted square key caused by shear force. For the key itself, 

shear force is uniformly distributed over the side of key surface. The torque produces shear 

force which can be treated as same as torque capacity of the shaft. Based on this relation, an 

eligible key length can be chosen. For the shaft design, it is important to consider stress 

concentration at the keyway which is the fitted place (like a groove) for the key. Usually 

engineer can find a fatigue stress concentration factor for keyway in the standard. Then by 

estimating shaft strength via this factor they can verify shaft diameter. The stress concentration 

factor can be calculated from the equation below: 

Kf = 1 + (Kt − 1) ∙ q                  (Eq 2.14) 

Where Kf is fatigue stress concentration factor, Kt is static stress concentration factor, q is 

notch sensitive factor. The calculation process is shown in appendix 5. 

Spline can be seen as the part on a shaft with many keys around it. Since that shape feature, 

strength on a spline is commonly considered to be equal to the strength on a shaft which has the 

minor spline diameter. Generally during the spline manufacturing some treatments has been 

made to increase its strength like cold working and residual stresses. These processes make it 

possible to have almost the same strength with a shaft without spline. 

2.3.5 Rolling-element bearing analysis 

The calculation process is based on the service life. And also it is generated from fatigue 

analysis. SKF General Catalogue will be used to calculate the normal bearings. The equation 
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for service life is: 

Lnmh = a1 ∙ aSKF ∙
106

60 ∙ n
∙ (

C

P
)

p

            (Eq 2.15)     

Where Lnmh is SKF rating life at (100 − n)% reliability (according to SKF Catalogue), a1 

is life adjustment factor for reliability, aSKF is SKF life modification factor, n is rotation 

speed, C is basic dynamic load rating, P is equivalent dynamic bearing load, p is exponent 

of the life equation. 

2.3.6 Eccentric bearing analysis 

The eccentric bearing is one of the most important components in RV reducer because it needs 

to stand a lot of radial forces from the pins. And usually it fails very frequently, so in the 

eccentric bearing design the service life is based on 5000h. The calculation is based on Chinese 

standard. The equation for service life is: 

C = F √
60nLh

106

10
3⁄

        (Eq 2.16)  

Where C isselected dynamic load, F equivalent dynamic load, n is rotation speed, Lh 

The force analysis on the eccentric bearing is not the same with the normal bearings, so it is 

necessary to interpret here to make it easier to understand. 

 

Figure17 Force analysis on the cycloid gear(Yao and Zhang, 1997) 

In the figure 17, P is the force from pins to the cycloid gear, and F is the force from bearing to 
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cycloid gear. F can be divided into F1 which is equal to −
1

n
F(n is the number of the bearing) 

and F2 which is perpendicular to radius of cycloid gear. The total torque of  F1 to the centre of 

cycloid gear (Oa) is 0. The total torque of  F2 to the centre of cycloid gear is half of the output 

torque. The detail calculations are presented in the appendix 4. 

The most important factors, when choosing the eccentric bearing, are the eccentric distance 

and equivalent dynamic load. 
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3 Method 

The methods used to fulfill the project are required data collection by contacting the company, 

applying design tool such as SolidWorks and Matlab and literature review. 

3.1 Required design data 

From the company, some input data are given for calculation and design: 

1) Output torque is 6300Nm 

2) Output rotation speed is 4.3rpm 

3) Total ratio is 200-300(best for 240) 

And also a plastic model is provided during the design to give us a primary reorganization of 

this kind of reducer. Furthermore, a real RV reducer as a reference is submitted to make the 

design more clearly to understand. 

3.2 Design tool 

As this RV reducer is very complex, sometimes it is advised to apply SolidWorks to make 3D 

drawing. And also Matlab is used to solve some complicate equations which is hard to calculate 

by hand, when it comes to the eccentric bearing design. 

3.3 Literature review 

Calculations about shafts, rolling bearings and gears are based on the Sweden standards. The 

design process of this part is come from Machine Components Design (Juvinall and Marshek, 

2012). 

At the same time, it is hard to find some calculation and design process about calculating ratio, 

efficiency and eccentric bearing in English book and it is easy for us to get some Chinese 

articles and thesis to accomplish our project task.  
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4 Results 

After a lot of calculations shown in the appendix, the results of each component are generated 

which will be listed as follows: 

4.1 The ratio 

The total ratio recommended is 240, so the design will based on that. There are two stage of 

mechanism. The first stage is planetary gear and the second stage is cycloid gear. The first stage 

ratio is 4.06 and the second stage ratio is 58. Then, the total ratio becomes 240.5(approximately 

240 as recommended).The calculation process is in appendix 1. 

4.2 Efficiency 

As mentioned before in the theory, there are 3 kinds of losses that will affect the efficiency of 

RV reducer which are meshing friction loss, bearing loss and hydraulic loss: 

 Meshing friction efficiency: 93.34% 

 Bearing efficiency: 99% 

 Hydraulic efficiency: 99% 

So the total efficiency is 91.5%. The process is shown in appendix 2. 

4.3 First stage of spur gear 

The gears in the transmission must be able to withstand the loads that occur while driving the 

reducer; these loads give both bending stress and surface stress on the gear teeth. As a result, the 

gears need to be proved to have enough strength or have a safety factor. The gears specifications 

are following: 

Table 4.1 gear specification 

 Pinion Gear 

Reference profile SMS1871 SMS1871 

Module 2mm 

Pressure angle 20° 

Teeth number 17 69 

Helix angle 0° 
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Pitch diameter 24mm 138mm 

Addendum modification +0.7 +0.71 

Addendum diameter 40.28mm 144.32mm 

Dedendum 1.1mm 1.08mm 

Dedeudum diameter 31.8mm 135.84mm 

Base diameter 32mm 130mm 

Center distance 86mm 

Total contact ratio 1.24 

Face width 20mm 18mm 

Calculations of these specifications are supported in appendix 3, after we had found out all the 

specifications for the gears we calculated the strength of the gears from both bending stress and 

surface pressure stress. And the strength is enough when safety is 2. Also the calculation 

process is shown in appendix 3.The drawings of the gears are showing in appendix 11. 

4.4 Eccentric bearing 

The force will vary a lot when the gears rotate, and the equation for the force is very complicate. 

So, this equation is calculated it by using Matlab which is show in appendix 4. And then the 

maximum force is generated. And then the service life also can be calculated. 

 Dynamic load: 49452N 

 Service life: 10230h 

 Inner diameter of bearing: 22mm 

 Outer diameter of bearing: 53.5mm 

 Bearing designation: 180752904 

All the calculation process can be found in appendix 4. 

4.5 Output shaft of first stage 

Three stepped shafts are the output shafts of first stage. They are placed in a circle with same 

angle to each other. Every shaft is manufactured to same shape by same material, mounted with 
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same components on it. Based on the above reasons, it only needs to design one shaft in the 

process. All the design processes can be found in appendix 5. 

Two selected eccentric bearings (appendix 4), two tapered roller bearings (appendix 6) and one 

designed gear are mounted on this shaft.  

Forces loaded on the shaft are from gear and eccentric bearings which have been calculated in 

appendix 5. 

 Forces from eccentric bearing:  𝐅𝐗 = 𝟏𝟎𝟑𝟓𝟓𝐍 (horizontal view), 𝐅𝐘 = 𝟒𝟑𝟔𝟎𝐍 (vertical 

view). 

 Forces from gear: 𝐅𝐫𝟐 = 𝟐𝟎𝟎𝐍 (radial force), 𝐅𝐭𝟐 = 𝟓𝟓𝟎𝐍 (tangent force).  

According to these forces, the maximum bending moment and the maximum torque can be 

generated. The maximum bending moment and the maximum torque is at section E-E (figure 

18) where the right eccentric bearing mounted. The axial load is zero. 

 Maximum bending moment:𝐌 = 𝟕𝟐𝟒𝟖𝟒𝐍 ∙ 𝐦𝐦 (at section E-E) 

 Maximum torque: 𝐓 = 𝟑𝟕𝟗𝟓𝟎𝐍 ∙ 𝐦𝐦 (at section E-E) 

 

Figure 18 First stage output shaft 

The equivalent alternating bending stress and equivalent mean bending stress are calculated 

when safety factor is one. 

 Equivalent alternating bending stress:𝛔𝐞𝐚 = 𝟏𝟎𝟒𝐌𝐏𝐚 
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 Equivalent mean bending stress:𝛔𝐞𝐦 = 𝟔𝟑. 𝟐𝐌𝐏𝐚 

From the fatigue strength diagram, the allowable equivalent alternating and mean bending 

stress can be found. Then the safety factor at section E-E is generated. 

 Allowable equivalent alternating bending stress:𝛔𝐞𝐚 = 𝟑𝟎𝟎𝐌𝐏𝐚 

 Allowable equivalent mean bending stress:𝛔𝐞𝐦 = 𝟕𝟏𝐌𝐏𝐚 

 Safety factor at section E-E: 𝐒𝐅𝟏 = 𝟐. 𝟖𝟖 

The other safety factor from section F-F is also generated. This part of shaft which has minimum 

diameter is mounted with gear. 

 The torsion stress when safety factor is one: 𝛕𝐦 = 𝟏𝟏𝟓𝐌𝐏𝐚 

 Shear yield strength: 𝐒𝐲𝐬 = 𝟒𝟑𝟓𝐌𝐏𝐚 

 Safety factor at section F-F:𝐒𝐅𝟐 =
𝟒𝟑𝟓

𝟏𝟏𝟓
= 𝟑. 𝟖 

By comparing those two safeties factor the final safety factor for whole shaft is 𝐒𝐅 = 𝟐. 𝟖𝟖. 

The drawing of the first stage of output shaft is presented in appendix 11. 

4.6 Tapered roller bearing 

Two tapered roller bearing has been used on the first stage output shaft. From Appendix 5 loads 

on bearing A and bearing B are only radial forces that they can be treated as the Equivalent 

dynamic bearing loads. Compared value of load on bearing A to bearing B:Br = 2258N <

Ar = 2842N, as they are selected in the same type, it is enough to analyze only bearing A. 

The required reliability for all bearings on the first stage output shaft is 90%. As the number of 

bearings is 4 (2 tapered roller bearings and 2 eccentric bearings), the reliability of one tapered 

roller bearing is: 

Reliability ≈ √90%
4

= 97.4% 

It is finally chosen that to calculate the SKF rating life at 98% reliability. 

The type of tapered roller bearing is 30204J2/Q. 

The SKF rating life (appendix 6) is calculated to be:L2mh = 55348h 
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4.7 Input shaft design 

Because there are three planet spur gears meshing with the center gear, the tangent forces and 

radial force counteract with each other. The resultant force on the shaft is 0. There is only 

torsion on the shaft in the place where it has a key. Also a safety factor is generated by 

comparing the yield torsion stress. The calculation process is in the appendix 7. 

 Shaft diameter: 20mm 

 Safety factor: 6.86. 

The drawing of the input shaft is shown in appendix 11. 

4.8 Check strength of spline and key 

In the calculation process of the first stage output shaft, the part where mounted with the gear 

is treated as flat key instead of spline. In reality the spline is used to connect the shaft and gear. 

It is necessary to select the type of spline and check the shear stress on it. The calculation 

process can be found in Appendix 8. 

 Splines number: N = 6 

 Inner diameter of spline:d5 = 18mm 

 Outer diameter of spline:D1 = 20mm 

 Spline width: W = 5mm 

 Height of spline: h = 1mm 

 The shear stress of the spline is44.4MPathat is lower than the allowable stress[σp]
1

=

120MPa. 

Keys on the output and input shaft of the first stage should also be selected. Shear stresses of 

them are calculated to compare with allowable shear stress. 

Key on the first stage output shaft: 

 Key thickness  H = 6mm. 

 Working length of the key l = 20mm . 

 Key width B = 6mm 
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 The shear stress of this key is  52.3MPa  that is lower than the allowable shear 

stress[σp]
2

= 110MPa 

Key on the first stage input shaft: 

 Key thickness  H = 6mm. 

 Working length of the key l = 22mm . 

 Key width B = 6mm 

 The shear stress of this key is43.3MPa that is lower than the allowable shear stress[σp]
2

=

110MPa 

4.9 Output shaft 

On the output shaft, there are support disk and roller pins. The diameter of the output shaft is 

90mm. Since it needs bearings to carry the shaft and the bending moment from the roller pins, 

a bigger diameter of the output shaft is recommended. So the output shaft is also a stepped 

shaft, where is shown in the appendix 9. The bigger diameter that has two bearings is 110mm. 

And the safety factor for output shaft is 4.9. The drawing of the output shaft is shown is 

appendix 11. 

4.10 Bearing on the output shaft  

Two deep groove bearing will be selected. From appendix 10, the reaction force is calculated 

and the bigger force on the bearing is 118628N. 

The required reliability for all bearings on the first stage output shaft is 90%. As the number of 

bearings is2.The reliability of one tapered roller bearing is: 

Reliability ≈ √90%
2

= 94.8% 

It is finally chosen that to calculate the SKF rating life at 95%. 

The type of deep groove bearing is: *6022-2Z 

The SKF rating life (appendix 10) is calculated to be:L5mh = 4461h 

5 Analyses of results 

The results from last chapter need to be analyzed so that the main design problems can be found 
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and suggestion for improvement can be proposed. 

5.1 Ratio 

The total ratio is 240.5 not exactly the same with 240 which is recommended. Because the gear 

teeth should be complete number and they should be mutually prime numbers, it is very 

difficult to achieve 240. So, only an approximate number is reached and it also meets the 

requirement. 

During the calculation process of this kind of planetary gear transmission, the relative rotation 

speed is used to get absolute rotation speed such as the rotation speed of the first stage output 

shaft. So, it is very important to distinguish the relative and absolute speed correctly when 

calculating the ratio. 

5.2 Efficiency 

Normally, RV reducer has very high efficiency when it works. According to the calculations 

and results, lots of factors should be taken into consideration to gain the efficiency such as the 

number of gear and pinion teeth, the number pin and cycloid gear teeth, short width coefficient 

and some other coefficient. 

5.3 First stage gears 

There are three same planet gears meshing with one sun gear to distribute the input torque in the 

RV reducer. As a result, only one planet gear and the sun gear are chosen to accomplish the 

calculation. The simplified picture of the first stage gear arrangement is shown as follows. 

 

Figure 19 The simplified picture of the first stage 

The length L in figure 19 should approximate to the diameter of cycloid gear in the second stage 
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according to considering the total arrangement. 

The material of gears is 20MnCr6 as recommended. It can meet the requirements of bending 

strength and surface fatigue strength when safety factor is two. To achieve a bigger safety factor, 

the company can choose better way of heat treatment to increase the strength such as 

carburizing hardening. 

5.4 Eccentric bearing 

As mentioned before in the theory part, the eccentric bearing is one of the most important parts 

of the RV reducer. And it should withstand a lot of loads so its service life is only 10230h which 

is shorter than other kinds of normal bearings in the RV reducer. As a result, these eccentric 

bearings need careful maintenance and precise installation. The calculation approach is based 

on the Chinese standard. 

From figure 2 in the appendix 4 page 2, it is obvious that the force in the Y direction from the 

pins to the eccentric bearing is periodic variation and its period is 2π. The service life is based 

on the maximum force during one period. 

5.5 Output shaft of the first stage 

Spline is manufactured on the shaft to connect with the gears. In the process of shaft design, 

the method to calculate the strength is used to treat the spline as a flat key to ensure better 

safety, because the spline is stronger than flat key.  

The shaft diameter is based on the selecting eccentric bearing because of its standardization. 

The biggest diameter is equal to the inner diameter of the eccentric bearing. 

The gears on the shaft are all spur gears and the force from the pins to the bearing is radial 

force, so there are bending and torsion stress on the shaft without any axial loads. Comparing 

the bending and torsion stress to equivalent alternating bending stress from fatigue strength 

diagram to generate the safety factor. 

The material is the same with gears in the first stage. In order to increase safety factor, the 

better heat treatment can be applied to get higher strength. 

5.6 Tapered roller bearing 

Although there are no axial loads in the shaft, the tapered roller bearings are chosen because 

they are used in the model given from the company. According to the SKF General Catalogue, 

the calculated service life is 55348h. It has longer life than eccentric bearing because its load 

is smaller. All the forces are maximum reaction force from appendix 5. 

5.7 Input shaft 

As mentioned in the result, the forces counteract with each other. Consequently, the stress on 

the shaft is only from the torque, and it can guarantee a higher safety factor because of lower 
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stress. And it is an advantage of this kind of planetary gear transmission design. 

 

5.8 Spline and key 

Spline is used to connect the gears with first stage output shaft. Keys are used in first stage 

output shaft to connect eccentric bearing and in the input shaft to mount pinion. It is shown in 

the result all the shear stresses on the spline and keys can meet the safety requirement. This 

proved that it is strong enough to use a key on the input shaft instead of spline. 

 

5.9 Output shaft 

Since it needs bearings on the output shaft and the bearing will carry very high load, it is 

selected that the shaft where has bearings has diameter of 110mm because the big bearing are 

needed to have more service life. And the material is also the same with the gear. In order to 

increase the safety factor, also better heat treatment can be applied to enlarge the strength of 

the material. 

5.10 Deep groove bearing  

As the rotation speed is so low and the force on the bearing is very high, the SKF rating life is 

4461h. There are two bearings on the output shaft to carry the shaft because it needs high load 

capacity. The service life is not so high is mainly because the rotation speed is very low and 

the force on the bearing is very high because of the output torque.  
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6 Conclusions 

Through the first stage spur gear’s design, the total ratio becomes much bigger. In the same 

time it will increase the service life because the planetary gear will reduce the output shaft of 

first stage (crankshaft) rotation speed. The two stage arrangement results in that the rotation 

speed of cycloid gear would not be so high. Furthermore, three planetary gears are used to 

insure the high load capacity. In this design, the first stage won’t have lots of spaces, which 

can keep the whole reducer in compact. 

After the force analysis and fatigue analysis on the input shaft, the planetary gear, output shaft 

of the first stage and the bearings, all the requirements can be achieved. The first stage of RV 

reducer’s design has been accomplished. Totally, this project has reached the needs according 

to the company. 
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Appendix 1 Page 1(2) 

Appendix 1 ratio calculation 
Symbol Explanation value Other 

itot  Total ratio 240.5 Calculated 
Zb2  Pin number 59 Given 
Zg2  Cycloid gear teeth number 58 Given 
Z2  Gear teeth number 69 Selected 
Z1 Pinion teeth number 17 Selected 
i First stage ratio 4.06 Calculated 

nv  Total output rotation speed 4.3rpm Given  
na1  Total input gear rotation speed 1034.15rpm Calculated  
ng1  First stage output shaft rotation 

speed 
249.4rpm Calculated  

 

Given requirement: 
• Total ratio of RV reducer ≈ 240 

• Pin number Zb2 = 59 

• Cycloid gear teeth number Zg2 = 58. (Zb2 − Zg2 = 1) 

• Z1 ≥ 13 (To design a combination drive) 

• Total output rotation speed nV = 4.3rpm 

Selection of first stage gears teeth 
According to (Eq 2.9) in the theory 2.2.1 

Equation itot = 1 + Z2
Z1

× Zb2  


Z2

Z1
=

itot − 1
Zb2

≈
240 − 1

59
 


Z2

Z1
≈ 4.05 

Select: 

Z1 = 17 

Z2 = 69 
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Ratio of first stage i = z2
z1

= 69
17

 

i = 4.06 

The new total ratio of RV reducer: 

itot = 1 +
69
17

× 59 = 240.5 

Find rotation speed of first stage output shaft 
The total output shaft rotation speed is nV = 4.3rpm 

The total input gear rotation speed 

na1 = nV × itot = 4.3 × 240.5 

na1 = 1034.15rpm 

Equation (1) ia1g1
H1 = − Zg 1

Za 1
= − Z2

Z1
   

ia1g1
H1 =

ωa1 − ωH1

ωg1 − ωH1

=
ωa1 − ωV

ωg1 − ωV
= −

Z2

Z1
 

na1 − nV

ng1 − nV
= −

69
17

 

1034.15 − 4.3
ng1 − 4.3

= −4.06 

ng1 = −249.4rpm (Negative means rotate in opposite direction) 
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Appendix 2 Calculation of efficiency 
Symbol Explanation Value Other 

Za1 Sun gear teeth number 17 Selected 
Zg1 Planet gear teeth number 69 Selected 
Zb2  Pin number 59 Selected 
Zg2  Cycloid gear teeth number 58 Selected 

ia1g1
H1  

Ratio when a1 is input, g1 is output and H1 is 
the relative component 

-4.06 Calculated 

iH2b2

g2  
Ratio when H2 is input, b2 is output and g2 is 

the relative component 
59 Calculated 

Ψa1g1
H1  

Lost coefficient for the first stage 0.000675 Calculated 

ΨH2  Lost coefficient for the cycloid gear 0.000849 Calculated 

ηa1g1
H1  

Efficiency when a1 is input, g1 is output and 
H1 is the relative component 

0.98 Calculated 

ηH2b2

g2  
Efficiency when H2 is input, b2 is output and 

g2 is the relative component 
0.952 Calculated 

ηa1g2
b2  

Meshing efficiency 0.9334 Calculated 

ηn  Bearing efficiency 0.99 Calculated 
ηd  Efficiency when considering hydraulic loss 0.99 Selected 
η Total efficiency 91.5% Calculated 

 
Calculate the ratio when a1 is input, g1 is output and H1 is the relative component. 

ia1g1
H1 = −

Zg1

Za1
= −

69
17

= −4.06 

Calculate the ratio when H2 is input, b2 is output and g2 is the relative component. 

iH2b2

g2 =
Zb2

Zb2 − Zg2

=
59

59 − 58
= 59 

Lost coefficient for the first stage: 

Ψa1g1
H1 = 2.3fz1 �

1
Za1

+
1

Zg1

� = 2.3 ∗ 0.04 ∗ �
1

17
+

1
69
� = 0.00675 

Lost coefficient for the cycloid gear: 

ΨH2 =
Kz ∗ fz2

Zb2

=
1.67 ∗ 0.03

59
= 0.000849 



Appendix 2 Page 2(2) 

The efficiency when a1 is input, g1 is output and H1 is the relative component. 

ηa1g1
H1 = (1 −Ψa1g1

H1 )n = (1 − 0.00675)3 = 0.98 

The efficiency when H2 is input, b2 is output and g2 is the relative component. 

ηH2b2

g2 =
1 −ΨH2

1 + Zg2ΨH2
=

1 − 0.000849
1 + 58 ∗ 0.000849

= 0.952 

So the meshing efficiency when a1 is input, g2 (B) is output and b2 is relative component is: 

ηa1g2
b2 =

1 − ia1g1
H1 ∗ iH2b2

g2 (ηa1g1
H1 ηH2b2

g2 )
iAB
E =

1 − (−4.06) ∗ 59 ∗ 0.98 ∗ 0.952
240.5

= 0.9334 

Bearing efficiency: 

ηn = 1 − 0.012ηa1g2
b2 = 1 − 0.012 ∗ 0.9334 = 0.99 

Efficiency when considering hydraulic loss (ηd) is approximately 99% 

So the total efficiency: 

η = ηa1g2
b2 ηdηn = 0.9334 ∗ 0.99 ∗ 0.99 = 0.915 = 91.5% 
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Appendix 3 Calculation of first stage gear 
Symbol Explanation Value Other 

z2 Gear teeth number 69 From appendix 1 
z1 Pinion teeth number 17 From appendix 1 
m Module 2mm Selected  
x1 Addendum modification of pinion 0.7 Selected  
 x2 Addendum modification of gear 0.71 SMS 1871 diagram 

8.5.2 (reference 
figure 3.1) 

YF1 Stress concentration factor of pinion 2.02 SMS 1871 diagram 
8.5.2 (reference 

figure 3.1) 
YF2 Stress concentration factor of gear 2.02 

  

SMS 1871 diagram 
8.5.2 (reference 

figure 3.1) 
d1 Pitch diameter of pinion 34mm Calculated  
d2 Pitch diameter of gear 138mm Calculated  
α Pressure angle  20° Selected  

db1 Base diameter of pinion 32mm Calculated  
db2 Base diameter of gear 130mm Calculated 

a Reference center distance  86mm Calculated  
αw  Pressure angle at rolling circle 24.15° Calculated  
aw  Centre distance with addendum 

modification 
88.56mm Calculated  

∆ha  Addendum reduction 0.26mm Calculated  
ha1 Addendum of pinion 3.14mm Calculated  
ha2 Addendum of gear  3.16mm Calculated  
da1 Addendum diameter of pinion 40.28mm Calculated  
da2 Addendum diameter of gear  144.32mm Calculated 
hf1 Dedendum of pinion 1.1mm Calculated  
hf2 Dedendum of gear 1.08mm Calculated  
df1 Dedendum diameter of pinion 31.8mm Calculated  
df2 Dedendumdiameter of gear 135.84mm Calculated  
pb  Base pitch  5.9mm Calculated  
εα  Contact ratio 1.24 Calculated  

Ttot  Total output torque 6300N ∙ mm Given 
η Total efficiency 91.5% From appendix 2 

Td  Design output torque  6885N ∙ mm Calculated  
ntot  Total output rotational speed  4.3rpm Given 
K1 Load factor 1 Selected  
n Input rotational speed 1034.15rpm Calculated  
v Pitch line velocity 1.841 m s⁄  Calculated  
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Kv  Dynamic factor 1.38 Calculated  
T1 Input torque for one planet gear 9.54N ∙ m Calculated  

Fber  Calculation load 774N Calculated  
YF  Bending stress concentration factor 2.02 SMS 1871 diagram 

8.5.2 (reference 
figure 3.1) 

b Contact face width of pinion 20mm Selected  
Yβ  Helix angle factor 1 Calculated  
Yε  Contact ratio factor 0.81 Calculated  

KFα  Load distribution 1 Calculated  
KFβ  Load propagation factor 1.3 Selected  
KHβ  Load propagation factor 1.3 Selected  
σF  Bending stress 41.1MPa Calculated  
Ys  Stress concentration factor 1 Selected  
SF  Bending safety factor 2 Selected  
SH  Surface fatigue safety factor 1.41 Calculated  

KFX  Reduction factor due to volume 1 Selected  
KFN  Life length factor 1 Selected  
σFlim  Bending stress limit 280MPa Figure 10.15d 

(reference figure 
3.5) 

σFP  Bending strength 140MPa Calculated  
βb  Helix angle 0° Given 
ZH  Stress concentration factor for surface 

fatigue in the rolling point 
1.59 Calculated  

E Young’s module 206000MPa Table 2 (reference 
figure 3.6) 

ZM  Material factor 268�N mm2⁄  Calculated  
Zε  Meshing factor 0.96 Calculated  

KHα  Load distribution factor 1 Selected  
σH  Surface fatigue stress 555.5MPa Calculated  

KHX  Reduction factor due to volume 1 Selected  
KHN  Life length factor due to surface pressure 1 Selected  
KHK  Hardness combination factor 1 Selected  
σHlim  Surface fatigue stress limit 830MPa Figure 10.14d 

(reference figure 
3.7) 

σHP  Surface fatigue strength 589MPa Calculated  
 

Given requirements and analysis 
From appendix 2, z1 = 17, z2 = 69 
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b ≤ 10 ∙ m (To design a combination drive) 

0.5 ≤ x1 ≤ 1 (To design a combination drive) 

Calculation of first stage gears 
Select modules:  

m = 2mm (Swedish Standard SMS52) 

Find addendum modification of gears 
Select x1 = 0.7 (0.5 ≤ x1 ≤ 1) 

In SS1871 Diagram 8.5.2 (reference figure 3.2), assume fillet radius r = 0.38 ∙ m 

�
z1 = 17
 z2 = 69
x1 = 0.7

�YF1 = YF2 = 2.02; x2 = 0.71 

Find pitch diameters of gears 
SS1863 (2.1) d = m ∙ z 

�d1 = m × z1 = 2 × 17
d2 = m × z2 = 2 × 69

� 

 � d1 = 34mm
d2 = 138mm

� 

Find base diameters of gears 
SS1863 (2.2) db = d ∙ cosα 

Select pressure angle α = 20° 

� db1 = d1 × cos 20° = 34 × cos 20°
db2 = d2 × cos 20° = 138 × cos 20°

� 

 � db1 = 32mm
db2 = 130mm

� 

Find reference center distances of gears 

SS 1863 (3.8) a = m ∙(z1+z2)
2

 

a =
2 × (34 + 138)

2
= 86mm 
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Find center distance with addendum modification of gears 

SS1863 (3.11) invαw = invα + 2∙(x1+x2)
z1+z2

 

α = 20°invα = 0.0149044 (Involute table in page 22 of Gear Design) 

invαw = 0.0149044 +
2 × (0.7 + 0.71)

17 + 69
= 0.02684 

αw = 24.15°(Involute table in page 22 of Gear Design) (Reference figure 3.2) 

 

SS1863 (3.10) aw = a∙cos α
cos αw

 

aw =
86 × cos 20°

cos 24.15°
= 88.56mm 

Find addendum reduction 

SS 1863 (3.3) ∆ha = m ∙ �z1+z2
2

+ x1 + x2� − aw  

∆ha = 2 × �
17 + 69

2
+ 0.7 + 0.71� − 88.56 = 0.26mm 

 

Find addendums of gears 
SS1863 (2.5) ha = m ∙ (1 + x) − ∆ha  

� ha1 = 2 × (1 + x1) = 2 × (1 + 0.7) − 0.26
ha2 = 2 × (1 + x2) = 2 × (1 + 0.71) − 0.26

� 

 �ha1 = 3.14mm
ha2 = 3.16mm

� 

Find addendum diameters of gears 
SS1863 (2.7) da = d + 2 ∙ ha  

� da1 = d1 + 2 × ha1 = 34 + 2 × 3.14
da2 = d2 + 2 × ha2 = 138 + 2 × 3.16

� 
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 � da1 = 40.28mm
da2 = 144.32mm

� 

Find dedendums of gears 
SS1863 (2.6) hf = m ∙ (1.25 − x) 

� hf1 = 2 × (1.25 − x1) = 2 × (1.25 − 0.7)
hf2 = 2 × (1.25 − x2) = 2 × (1.25 − 0.71)

� 

 � hf1 = 1.1mm
hf2 = 1.08mm

� 

Find dedendum diameters of gears 
SS 1863 (2.8) df = d − 2 ∙ hf 

� df1 = d1 − 2 × hf1 = 34 − 2 × 1.1
df2 = d2 − 2 × hf2 = 138 − 2 × 1.08

� 

 � df1 = 31.8mm
df2 = 135.84mm

� 

Check the adjoining requirement 
Since there are 3 planetary gears in the first stage with teeth number of  z2 = 69, their addendum 
diameter must meet the adjoining requirement. This means addendum circle of three planetary 
gears must not interact when rotating. 

The requirement is equation (17-8) in page 433 of 《行星传动机构设计》 (reference figure 3.3): 

dag 1 < 2 ∙ a1
′ ∙ sin

180°
np

 

The addendum diameter of planetary gear that  dag 1 = da2 = 144.32mm ; a1
′ is center 

distance a1
′ = a = 86mm; np  is number of planetary gears np = 3. 

2 × a × sin
180°

3
= 149mm > da2 = 144.32mm 

The calculated parameters of gear can fulfill the adjoining requirement. 

Find base pitch of gears 
SS 1863 (3.4) pb = π ∙ m ∙ cosα 

pb = π × 2 × cos 20° = 5.9mm 



Appendix 3 Page 6(15) 

Find contact ratio  

SS 1863 (3.5) εα = 1
pb
∙ �

�da 1
2−db 1

2

2
+

�da 2
2−db 2

2

2
− aw ∙ sinαw� 

εα =
1

5.9
× �

√40.282 − 3322

2
+
√144.322 − 1302

2
− 88.56 × sin 24.15°� 

εα = 1.24 

Calculation of gears’ strength 
This part includes bending and strength calculation. 

Given total output torqueTtot = 6300N ∙ mm. 

Given total output rotational speed ntot = 4.3rpm 

The design output torque: 

Td =
Ttot

𝜂𝜂
=

6300
91.5%

 

Td = 6885N ∙ mm 

Find calculation load 

SS 1871 (3.1) Fber = 2∙T1
d1

× K1 × Kv  

SS 1871 (3.2) K1 = 1 (uniform motion) 

SS 1871 (3.3) equation 4 Kv = 50+14∙√v
50

 (uses for other spur gears) 

The input rotational speed: 

n = ntot × itot = 4.3 × 240.5 

n = 1034.15rpm 

The pitch line velocity: 

v =
d1 ∙ π ∙ n

60
=

34 × π × 1034.15
60
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 v = 1.841 m s⁄  

Kv =
50 + 14 × √1.841

50
= 1.38 

The input torque: 

T1 =
Td

itot
×

1
n

=
6885
240.5

×
1
3

 

T1 = 9.54N ∙ m 

Fber =
2 × 9.54 × 103

34
× 1 × 1.38 = 774N 

Find bending stress 
From front part the bending stress concentration factor: 

YF = YF1 = YF2 = 2.02 

Select the contact face width of pinion 

b = 10 ∙ m = 10 × 2 

 b = 20mm 

SS 1871 (6.3) Yβ = 1 (for spur gear) 

SS 1871 (6.4) Yε = 1
εα

 

Yε =
1

1.24
= 0.81 

SS 1871 (6.5) KFα = 1 (normally) 

SS 1871 (6.7) KFβ = KHβ  (normally) 

KFβ = KHβ = 1.3 (No information) 

SS 1871 (6.1) σF = YF × Yβ × Yε × Fber ×KFα×KFβ

b×m
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σF = 2.02 × 1 × 0.81 ×
774 × 1 × 1.3

20 × 2
= 41.1MPa 

Find bending strength  
SS 1871 (7.2) Ys = 1 (r = 0.38 ∙ m) 

SS 1871 (7.3) SF = SH
2  

Select SF = 2 

SH = �SF = √2 

SH = 1.41 

SS 1871 (7.4) KFX = 1 (normally) 

SS 1871 (7.5) KFN = 1 (assume the required life length is more than 107cycles) 

Since the material of gears is chosen as 20MnCr6-5. According to ThyssenKrupp Steel 

Material Specifications (in reference figure3.5)its hardness is more than 270HBW when the 
plate thickness b ≤ 20mm. 

�
Choose hardness = 350HBW 

Alloy steel
Figure 10.15d in page 197 of Machine Design (reference figure 3.5)

� 

σFlim = 280MPa 

SS 1871 (7.1) σFP = σFlim ×Ys ×KFX ×KFN
SF

 

σFP =
280 × 1 × 1 × 1

2
= 140MPa 

σFP = 140MPa > σF = 41.1MPa 

This analysis above means the gear design can fulfill the bending requirement. 

Find surface fatigue stress 

SS 1871 (4.2) ZH = �cos βb ×cos αω t
cos α t 2×sin αω t

 

βb = 0° (Spur gear) 
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αt = α = 20° 

αωt = α = 24.15° 

ZH = � cos 0° × cos 24.15°
cos 20°2 × sin 24.15°

= 1.59 

SS 1871 Table 2 (reference figure 3.7) E = 206000MPa (steel) 

SS 1871 (4.3) ZM = √0.35 ∙ E (same material in both pinion and gear) 

ZM = √0.35 × 206000 = 268�N mm2⁄  

SS 1871 (4.4) Zε = �4−εα
3

 (for spur gear) 

Zε = �4 − 1.24
3

= 0.96 

SS 1871 (4.5) KHα = 1 (normally) 

SS 1871 (4.6) KHβ = 1.3 (No information) 

SS 1871 (4.1) σH = ZH × ZM × Zε × �Fber ×KHα×KHβ×(u+1)
b×d1×u

 

u = i = 4.06 

σH = 1.59 × 268 × 0.96 × �774 × 1 × 1.3 × (4.06 + 1)
20 × 34 × 4.06

= 555.5MPa 

Find surface fatigue strength 
SS 1871 (5.1) KL = ZR = Zv = 1 (lack of experience) 

SS 1871 (5.2) SH = �SF = 1.41 

SS 1871 (5.3) KHX = 1 (normally) 

SS 1871 (5.4) KHN = 1 (assume the fatigue life length is more than 109cycles) 

SS 1871 (5.5) KHK = 1 (normally) 
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�
Hardness = 350HBW

Alloy steel
Figure 10.14d in page 196 of Machine Design (reference figure 3.7)

� 

σHlim = 830MPa 

SS 1871 (5.1) σHP = σHlim ×KL ×ZR ×Zv ×KHX ×KHN ×KHK
SH

 

σHP =
830 × 1 × 1 × 1 × 1 × 1 × 1

1.41
= 589MPa 

σHP = 589MPa > σH = 555.5MPa 

This analysis above means the gear design can fulfill the surface fatigue requirement. 
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Reference  

 

Figure 3.1 SS1871 Diagram 8.5.2 
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Figure 3.2 Involute table 

 

 

 
Figure 3.3 Equation (17-8) in page 433 of 《行星传动机构设计》 
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Figure 3.4 20MnCr6-5 in ThyssenKrupp SteelMaterial Specifications 
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Figure 3.5 Endurance limit for bending strength 
 

 
Figure3.6 SS 1871 Table 2 
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Figure 3.7 Endurance limits for contact strength 
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Appendix 4 Choose the eccentric bearing  
Symbol Explanation Value Other 

P Force from the pins to the cycloid gear 33686N Calculated 
Px  Force from the pins to the cycloid gear in X 

direction 
31034N Calculated 

PYmax  Maximum force from the pins to the cycloid gear in 
Y direction 

13100N Calculated 

K1 short width coefficient 0.662 Calculated 
e Eccentric distance 1.75mm Selected 

Z4 Pin number 59 Selected 
Rz Pin wheel radius 147.5mm Selected 
Mv  Output torque 6300Nm Given 
Z3 Cycloid gear teeth number 58 Selected 
Z1 Sun gear teeth number 17 Selected 
Z2 Planet gear teeth number 69 Selected 
m Module of gear 2 Selected 
Fx  The force on the bearing in X direction 10355N Calculated 
FY  The force on the bearing in Y direction 4360N Calculated 
R Total reaction force on bearing 11235N Calculated 
n Relatively rotation speed 253.7rpm Calculated 
C Selected dynamic load 61300 Selected 
C1 Actual dynamic load 49452N Calculated 
Lh Assumed service life 5000h Selected 
Lh1 Actual service life 10230h Selected 
d Inner diameter of bearing 22mm Selected 
D Outer diameter of bearing 53.5mm Selected 

 

Force from the pins to the cycloid gear: 

 

Figure4.1 force analysis on the cycloid gear(RV 传动机构中转臂轴承的动载荷分析) 
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P = �(Px
2 + PY

2) 

Calculate short width coefficient: 

K1 =
eZ4

Rz
=

1.75 ∗ 59
155.95

= 0.662 

The force on cycloid gear in X-direction: 

Px =
Z4Mv

2K1Z3Rz
=

59 ∗ 6300000
2 ∗ 0.662 ∗ 58 ∗ 155.95

 

→ Px = 31034N 

Py = �
2Mv[cos �φ − 2πi

Z4
� − K1] sin(φ − 2πi

Z4
)

K1Z3Rz[1 + K1
2 − 2K1 cos(φ − 2πi

Z4
)

Z4
2�

i

 

This equation is so complex that it is suggested to use Matlab to solve it, the force is shown as 
follows: 

 
Figure 4.2 variable force on Y direction shown in Matlab  

So the max force is PYmax = 13100N when φ = 0.61 + 2nπ (n = 0, 1, 2 … . . ) 

When n=0, φ = 0.61 
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φ′ =
Z4

Z3
φ =

59
58

0.61 

φ′ = 0.62rad = 35.5° 

Because the equilibrium of force, the force on the bearing is F = �Fx
2 + Fy

2 

Fx =
1
n
�Px +

Mv
m(Z1 + Z2) cosφ′� =

1
3

(31034 +
6300

2 ∗ (17 + 69) ∗ cos 35.5°) 

→  Fx = 10355N 

Fy =
1
n
�PY −

Mv
m(Z1 + Z2) sinφ′� =

1
3
�13100 −

6300
2 ∗ (17 + 69) ∗ sin 35.5°� 

→  Fy = 4360N 

So the total reaction force from the picture above is R = �Fx
2 + Fy

2 = √103552 + 43602 

 → R = 11235N 

P = �Px
2 + PY

2 = �310342 + 131002 

→ P = 33686N 

Now we need to choose the bearing from the standard. 

Assume the bearing service life is Lh = 5000h 

F = 1.2R = 1.2 ∗ 11235 

→  F = 13482N 

n = |nH| + |nv| = 249.4 + 4.3 

→ n = 253.7rpm 

C1 = F �60nLh

106

10
3�

= 13482 ∗ �60 ∗ 253.7 ∗ 5000
106

10
3�
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→ C1 = 49452N 

Because e=1.75mm and C=49452N, so we choose the eccentric bearing is 180752904 which 
d=22mm, D=53.5mm, C=61300N 

So actual service live is Lh1 = 106

60n
�C

F
�

10
3 = 106

60∗253.7
�61300

13482
�

10
3  

→ Lh1 = 10230h 

Reference: 

 

Figure 4.3 Chinese standard of eccentric bearing 
(http://www.jiansuji001.com/2007-8/200782191328.htm) 



Appendix 5 Page1(29) 

Appendix 5 Calculation of first stage output shaft 
Symbol Explanation Value Other 

FY  Force from eccentric bearing in 
vertical plane 

4360N From Appendix 4 

 FX  Force from eccentric bearing in 
horizontal plane 

10355N From Appendix 4 

T1 Input torque 9.54N ∙ m From Appendix 3 
d1 Pinion pitch diameter 34mm From Appendix 3 
Ft1 Tangent force on pinion 561.2N Calculated  
α Pressure angle 20° From Appendix 3 

Fr1 Radial force on pinion 204.3N Calculated  
η Efficiency of first stage gears 98% From Appendix 2 
b Gear width 20mm From Appendix 3 
L1 Length of part 1 of shaft 18mm Selected  
 L2 Length of part 2 of shaft 16mm Selected  
  L3 Length of part 3 of shaft 16mm Selected  
L4 Length of part 4 of shaft 18mm Selected  
L5 Length of part 5 of shaft 24mm Selected  
L Total length of shaft 92mm Selected  

RBV  Reaction force on bearing B in 
vertical view 

911.1N Calculated  

RAV  Reaction force on bearing A in 
vertical view 

−1111.1N Calculated  

SV  Maximum shear force in vertical 
view 

3248.9N Calculated  

Mv  Maximum bending moment in 
vertical view 

27816N ∙ m Calculated  

RBH  Reaction force on bearing B in 
horizontal view 

2065.8N Calculated  

RAH  Reaction force on bearing A in 
horizontal view 

−2615.8N Calculated  

SH  Maximum shear force in horizontal 
view 

7739.2N Calculated  

MH  Maximum bending moment in 
horizontal view 

66934N ∙ m Calculated  

d2 Gear pitch diameter 138mm From Appendix 3 
T Torque on shaft 37950N ∙ mm Calculated  

Aa  Axial load on bearing A 0N Calculated  
Ar  Radial load on bearing A 2842N Calculated  
Ba  Axial load on bearing B 0N Calculated  
Br  Radial load on bearing B 2258N Calculated  
d3 Shaft diameter (mounted with gear) 18mm Selected  
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 r1 Shaft fillet radius 2mm Selected  
 r2 Fillet radius on the keyway 0.2mm Selected  
Kt1 Static stress concentration factor on 

keyway (for torsion, mounted with 
eccentric bearing) 

3.7 Diagram 3 
(reference figure 

5.22) 
Su  Ultimate strength 923MPa (134ksi) Selected  
Sy  Yield strength 750MPa Selected  
q1 Notch sensitive factor of shaft part 

(for torsion, mounted with eccentric 
bearing) 

0.92 Figure 8.24 
(reference figure 

5.23) 
Kf1 Fatigue stress concentration factor of 

shaft part (for torsion, mounted with 
eccentric bearing) 

3.484 Calculated  

τa  Torsional alternating stress 0MPa Calculated  
τm  Torsional mean stress  181MPa Calculated  
σa,a  Axial alternating stress 0MPa Calculated  
σa,m  Axial mean stress 0MPa Calculated  

M Maximum bending moment 72484N ∙ mm Calculated  
D Shaft diameter (mounted with 

eccentric bearing) 
22mm Selected  

d4 Shaft diameter (mounted with 
tapered roller bearing) 

20mm Selected  

q2 Notch sensitive factor of shaft part 
(for bending, mounted with eccentric 

bearing) 

0.87 Figure 8.24 
(reference figure 

5.23) 
B Key width  6mm Table 1 (reference 

figure 5.21) 
H Key thickness 6mm Table 1 (reference 

figure 5.21) 
Kt2 Static stress concentration factor on 

shaft (for bending, mounted with 
eccentric bearing) 

1.57 Figure 
4.35(reference 

figure 5.24)  
Kf2 Fatigue stress concentration factor of 

shaft part (for bending, mounted 
with eccentric bearing) 

1,5 Calculated  

σb,m  Bending mean stress 0MPa Calculated  
σb,a  Bending alternating stress 300Mpa Calculated  
σea  Equivalent alternating bending stress 300Mpa Calculated  
σem  Equivalent mean bending stress 181Mpa Calculated  
CT  Temperature factor 1 Calculated  
CR  Reliability factor 1 Calculated  
Sn
′  R.R.Moore endurance limit 461.5Mpa Calculated  

CL  Load factor 1 Calculated  
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CG  Gradient factor 0.9 Calculated  
CS  Surface limit 0.9 Calculated  
Sn  Fatigue endurance limit 374Mpa Calculated  

SF1 Safety factor from section E-E 2.88 Calculated  
Kt3 Static stress concentration factor on 

keyway (for torsion, mounted with 
gear) 

3.7 Diagram 3 
(reference figure 

5.22) 
Kf3 Fatigue stress concentration factor of 

shaft part (for torsion, mounted with 
gear) 

3.484 Calculated  

q3 Notch sensitive factor of shaft part 
(for torsion, mounted with gear) 

0.92 Figure 8.24 
(reference figure 

5.23) 
Sys  Shear yield strength  435Mpa Calculated  
SF2 Safety factor from section F-F 3.8 Calculated  
SF Final safety factor for whole shaft 2.88 Calculated  

 

Find forces acted on shaft 

Forces acted on this shaft are forces from two eccentric bearings and forces from the gear of first 
stage. 

Find forces from eccentric bearings 

Force in the vertical plane FY = 4360N (from Appendix 4). 

Force in the horizontal plane  FX = 10355N (from Appendix 4). 

Find forces on pinion 

Since the pinion is spur gear there are only radial force and tangent force act on it. 

The input torque is: 

T1 = 9.54N ∙ m. 

Pinion pitch diameter: 

d1 = 34mm 

Tangent force on pinion: 
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Ft1 =
T1

d1 2⁄
=

9.54 × 103

17
 

Ft1 = 561.2N 

Pressure angle is α = 20° (from Appendix 1). 

Radial force on pinion 

Fr1 = Ft1 × tan α = 561.2 × tan 20° 

Fr1 = 204.3N 

Find forces on gear 

The efficiency of first stage gears is η = 98% (from Appendix 2 η is equal to ηa1g1
H1 ). 

Tangent force on gear: 

Ft2 = Ft1 × η = 561.2 × 98% 

Ft2 = 550N 

Radial force on gear: 

Fr2 = Fr1 × η = 204.3 × 98% 

Fr2 = 200N 

Geometry of the shaft 

Figure 5.1 shows the geometry of the first stage output shaft. It is separated into 5 parts. 



Appendix 5 Page5(29) 

 

Figure 5.1 Geometry of the first stage output shaft 

Part 1is tapered roller bearing L1 = 18mm. (According to the selected bearing type in Appendix 6) 

Part 2 is eccentric bearing L2 = 16mm. (According to the selected bearing type in Appendix 4) 

Part 3 is eccentric bearing  L3 = 16mm. (According to the selected bearing type in Appendix 4) 

Part 4 is tapered roller bearing L4 = 18mm. (According to the selected bearing type in Appendix 
6) 

Part 5 is gear L5 = 24mm. (According to the gear width b = 20mm in Appendix 3) 

The total length of shaft is L = 92mm. 

Calculation of forces and bending moments on the shaft 

The calculation can be divided into vertical plane and horizontal plane. 

Vertical view (from side) 

From the analysis of forces acted on the shaft and selected bearings and gear, figure 5.2 shows the 
vertical view of the shaft with forces on it. 
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Figure 5.2 Vertical view of shaft with forces 
In figure 5.2: 

CA = 4.25mm 

AD = 21.75mm 

DE = 16mm 

EB = 21.75mm 

BF = 18.25mm 

Find reaction forces 

↑:RAV + FY + (−FY) + RBV + Fr2 = 0 

RAV + RBV = −200                          (1) 

A: FY × 21.75 − FY × (21.75 + 16) + RBV × (21.75 + 16 + 21.75) + Fr2 × (21.75 + 16 +
21.75 + 18.25) = 0 

 − 69760 + 59.5 × RBV + 15550 = 0 

RBV = 911.1N 

Plug into equation(1): 

RAV + 911.1 = −200 

RAV = −1111.1N 
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Calculation of shear forces and bending moments 

Section AD:0 ≤ x ≤ 21.75mm(see figure 5.3). 

 

Figure 5.3 Section AD 

↓:S(x) − RAV = 0 

S(x) = −1111.1N 

AD:M(x) − RAV ∙ x = 0 

M(x) = −1111.1 ∙ x 

In this section when x = 21.75mm (at point D) has the maximum moment: 

MD = −1111.1 × 21.75 = −24166.43N ∙ mm 

 

Section DE: 21.75 ≤ x ≤ 37.75mm (see figure 5.4). 

 

Figure 5.4 Section DE 

↓:S(x) − FY − RAV = 0 

S(x) = 4360 + (−1111.1) = 3248.9N 
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DE:M(x) − RAV ∙ x − FY ∙ (x − 21.75) = 0 

M(x) + 1111.1 ∙ x − 4360 ∙ x + 4360 × 21.75 = 0 

M(x) = 3248.9 ∙ x − 94830 

In this section when x = 37.75mm (at point E) has the maximum moment: 

ME = 3248.9 × 37.75 − 94830 = 27816N ∙ mm 

 

Section EB: 37.75 ≤ x ≤ 59.5mm (see figure 5.5). 

 

Figure 5.5 Section EB 

↓:S(x)−RAV − FY + FY = 0 

S(x) = −1111.1N 

EB:M(x) − RAV ∙ x − FY ∙ (x − 21.75) + FY ∙ (x − 37.75) = 0 

M(x) + 1111.1 ∙ x + 4360 × 21.75 − 4360 × 37.75 = 0 

M(x) = −1111.1 ∙ x + 69760 

In this section when x = 35mm (at point E) has the maximum moment. 

ME = −1111.1 × 37.75 + 69760 = 27816N ∙ mm 

 

Section BF:  59.5 ≤ x ≤ 77.75mm (see figure 5.6). 
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Figure 5.6 Section BF 

↓:S(x)−RAV − FY + FY − RBV = 0 

S(x) = −200N 

BF:M(x) − RAV ∙ x − FY ∙ (x − 21.75) + FY ∙ (x − 37.75) − RBV ∙ (x − 59.5) = 0 

M(x) + 1111.1 ∙ x + 4360 × 21.75 − 4360 × 37.75 + 911.1 × 59.5 − 911.1 ∙ x = 0 

M(x) = −200 ∙ x + 15550 

In this section when x = 54mm (at point B) has the maximum moment. 

MB = −200 × 59.5 + 15550 = 3650N ∙ mm 

Shear force diagram and bending moment diagram in vertical view 

Figure 5.7 and 5.8 show shear force diagram and bending moment diagram in vertical view, 
respectively. 
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Figure 5.7 Shear force diagram in vertical view 

 
Figure 5.8 bending moment diagram in vertical view 

From figure 5.7 and 5.8 the maximum shear force and bending moment in vertical view can be 
found. 

The maximum shear force in vertical view: 

SV = 3248.9N (At section DE) 

The maximum bending moment in vertical view: 

Mv = 27816N ∙ m (At section E-E) 
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Horizontal view (from above) 

From the analysis of forces acted on the shaft and selected bearings and gear, figure 5.9 shows the 
horizontal view of the shaft with forces on it. 

 

Figure 5.9 Horizontal view of the shaft with forces 

Find reaction forces 

↑:RAH + FX + (−FX) + RBH + Ft2 = 0 

RAH + RBH = −550                          (1) 

A: FX × 21.75 − FX × (21.75 + 16) + RBH × (21.75 + 16 + 21.75) + Ft2 × (21.75 + 16 +
21.75 + 18.25) = 0 

− 165680 + 59.5 ∙ RBH + 42762.5 = 0 

RBH = 2065.8N                                (2) 

Plug into equation(2): 

RAH + 2065.8 = −550 

RAH = −2615.8N 

 

Calculation of shear forces and bending moments 

Section AD: 0 ≤ x ≤ 21.75mm (see figure 5.10). 
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Figure 5.10 Section AD 

↓:S(x) − RAH = 0 

S(x) = −2615.8N 

AD:M(x) − RAH ∙ x = 0 

M(x) = −2615.8 ∙ x 

In this section when x = 19mm (at point D) has the maximum moment: 

MD = −2615.8 × 21.75 = −56893.7N ∙ mm 

Section DE:  21.75 ≤ x ≤ 37.75mm (see figure 5.11). 

 
Figure 5.11 Section DE 
↓:S(x) − FX − RAH = 0 

S(x) = 10355 + (−2615.8) = 7739.2N 

DE:M(x) − RAH ∙ x − FX ∙ (x − 19) = 0 

M(x) + 2615.8 ∙ x − 10355 ∙ x + 10355 × 21.75 = 0 

M(x) = 7739.2 ∙ x − 225221 

In this section when x = 37.75mm (at point E) has the maximum moment: 

ME = 7739.2 × 37.75 − 225221 = 66934N ∙ mm 
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Section EB:  37.75 ≤ x ≤ 59.5mm (see figure 5.12). 

 

Figure 5.12 Section EB 
↓:S(x)−RAH − FX + X = 0 

S(x) = −2615.8N 

EB:M(x) − RAH ∙ x − FX ∙ (x − 21.75) + FX ∙ (x − 37.75) = 0 

M(x) + 2615.8 ∙ x + 10355 × 21.75 − 10355 × 37.75 = 0 

M(x) = −2615.8 ∙ x + 165680 

In this section when x = 37.75mm (at point E) has the maximum moment. 

ME = −2615.8 × 37.75 + 165680 = 66934N ∙ mm 

 
Section BF: 59.5 ≤ x ≤ 77.75mm (see figure 5.13). 

 

Figure 5.13 Section BF 
↓:S(x)−RAH − FX + FX − RBH = 0 

S(x) = −550N 

BF:M(x) − RAH ∙ x − FX ∙ (x − 21.75) + FX ∙ (x − 37.75) − RBH ∙ (x − 59.5) = 0 
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M(x) + 2615.8 ∙ x + 10355 × 21.75 − 10355 × 37.75 + 2065.8 × 59.5 − 2065.8 ∙ x = 0 

M(x) = −550 ∙ X + 42762 

In this section when x = 54mm (at point B) has the maximum moment. 

MB = −550 × 59.5 + 42762 = 10037N ∙ mm 

 

Shear force diagram and bending moment diagram in horizontal view 

Figure 5.14 and 5.15 show shear force diagram and bending moment diagram in horizontal view, 
respectively. 

 

Figure 5.14 Shear force diagram in horizontal view 
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Figure 5.15 Bending moment in horizontal view 

From figure 5.14 and 5.15 the maximum shear force and bending moment in horizontal view can 
be found. 

The maximum shear force in horizontal view: 

SH = 7739.2N (At section DE) 

The maximum bending moment in horizontal view: 

MH = 66934N ∙ m (At section E-E) 

 

Torsion loading diagram 

The torque is generated by the rotating gear. 

T = Ft2 ×
d2

2
= 550 ×

138
2

 

T = 37950N ∙ mm (At section F-F) 

Figure 5.16 displays the torsion loading diagram. 
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Figure 5.16 Torsional loading diagram 

Bearing loads 

Since loads on eccentric bearings have been calculated, this part analyzes the loads on bearing A 
and bearing B. 

Find loads on bearing A 

There is no axial load exist on the shaft that the axial load on bearing A is zero. 

Aa = 0N 

Figure 5.17 shows the radial load on bearing A. 

 
Figure 5.17 Radial load on bearing A 

Ar = �RAV
2 + RAH

2 = �(−1111.1)2 + (−2615.8)2 

Ar = 2842N 
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Find loads on bearing B 

There is no axial load exist on the shaft that the axial load on bearing B is zero. 

Ba = 0N 

Figure 5.18 shows the radial load on bearing B. 

 

Figure 5.18 Radial load on bearing B 

Br = �RBV
2 + RBH

2 = �911.12 + 2065.82 

Br = 2258N 

Find safety factor for the shaft 

In the previous part, the maximum bending moment occurs at section DE where mounted with one 
eccentric bearing. The maximum torque occurs on section BF (d3 = 18mm) where located the 
gear and section DE where mounted with one eccentric bearing. It is obvious that both of the 
maximum bending moment and maximum torque will happen at a same section E-E (in the middle 
of section DE). As a result, the whole shaft safety factor will be calculated from the most 
dangerous section E-E. 

Find torsional stress caused by the maximum torque 

The maximum torque is T = 37950N ∙ mm (at section E-E in figure 5.19). 
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Figure 5.19 Section E-E 

The shaft diameter in this section is D = 22mm. 

The fillet radius on whole shaft is r1 = 2mm. 

� D = 22mm.
Table 1 (reference figure 5.21)in page 11 of Shaft design and shaft related parts

� 

 �B = 6mm
H = 6mm

� 

The fillet radius on the key is r2 = 0.2mm. 


r2

B
=

0.2
6

= 0.033 

�
Diagram 3 (reference figure 5.22)in page 12 of Shaft design and shaft related parts

r2
B = 0.033

� 

Kt1 = 3.7 

From Appendix 3, the hardness of the shaft material (20MnCr6-5) is 350HBW. 

 �
Su = 923MPa (134ksi)

Sy = 750MPa
� 

�

Figure 8.24 (reference figure 5.23) in page 28 of Handbook for Machine Design
 r1 = 2mm

Su = 134ksi
Torsion

� 
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q1 = 0.92 

Handbook for Machine Design (8.2) Kf = 1 + (Kt − 1) ∙ q 

Kf1 = 1 + (Kt1 − 1) ∙ q1 = 1 + (3.7 − 1) × 0.92 

Kf1 = 3.484 

Since the torque is constant, the torsion alternating stress τa = 0MPa 

Handbook for Machine Design (8.5) τm
SF ∙Kf

= 16∙Tm
π∙d3  

τm

SF ∙ Kf1
=

16 ∙ T
π ∙ D3 

τm =
16 × 37950 × 3.484

π × 223 SF = 63.2 ∙ SF 

Find axial stress 

There is no axial force on the shaft which means the axial stress is zero. 

σa,a = σa,m = 0MPa 

Find bending stress caused by the maximum bending moment 

Mv = 27816N ∙ mm 

MH = 66934N ∙ mm 

M = �Mv
2 + MH

2 = �278162 + 669342 

M = 72484N ∙ mm At section E-E (figure 5.19) 

The shaft diameter (mounted with eccentric bearing) is D = 22mm. 

The shaft diameter (mounted with tapered roller bearing) is d4 = 20mm. 

�

Figure 8.24 (reference figure 5.23) in page 28 of Handbook for Machine Design
 r1 = 2mm

Su = 134ksi
Bending

� 
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q2 = 0.87 

⎩
⎪⎪
⎨

⎪⎪
⎧

Figure 4.35 (a) in page 14 of Handbook for Machine Design (reference figure 5.24)
D

 d4
=

22
20

= 1.1

 r1

 d4
=

2
20

= 0.1

Bending

� 

Kt2 = 1.57 
Handbook for Machine Design (8.2) Kf = 1 + (Kt − 1) ∙ q 

Kf2 = 1 + (Kt2 − 1) ∙ q2 = 1 + (1.57 − 1) × 0.87 

Kf2 = 1.5 

The rotating static bending moment results in alternating stress on the shaft and the bending mean 
stress is zero. 

σb,m = 0MPa 

Handbook for Machine Design (8.6) σa
SF ∙Kf

= 32∙Ma
π∙d3  

σb,a

SF ∙ Kf2
=

32 ∙ M
π ∙ D3  

σb,a =
32 × 72484 × 1.5

π × 223 × SF = 104SF 

Find equivalent bending stress 

Equation (a) in page 25 of Handbook for Machine Design:σea = �σa
2 + τa

2 

σa = �σa,a
2 + σb,a

2 = �02 + (104SF)2 

σa = 104SF 

τa = 0MPa 

σea = �02 + (104SF)2 = 104SF 
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Equation (b) in page 25 of Handbook for Machine Design:σem = σm
2

+ �τm
2 + σm

2

2
 

σm = �σa,m
2 + σb,m

2 = �02 + 02 

σm = 0MPa 

τm = 63.2SF 

σem = 0 + �(63.2SF)2 + 02 = 63.2 ∙ SF 

Find fatigue endurance limit of shaft 

Table 8.1a (reference figure 5.25) in page 27 of Handbook for Machine Design, assume N > 106. 

Sn = Sn
′ ∙ CL ∙ CG ∙ CS ∙ CT ∙ CR  

CT = CR = 1 (No information) 

Sn
′ = 0.5 ∙ Su  (No information, steel) 

Sn
′ = 0.5 × 923 = 461.5MPa 

CL = 1 (Bending) 

CG = 0.9 (Bending, 10 < 𝑑𝑑 < 50𝑚𝑚𝑚𝑚) 

�
Su = 134ksi

Fine − ground
Figure 8.13 (reference figure 5.26) in page 26 of Handbook for Machine Design

� 

CS = 0.9 

Sn = 461.5 × 1 × 0.9 × 0.9 × 1 × 1 = 374MPa 
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Diagram 5.1 Fatigue strength diagram 
 

�
σea

σem
=

104SF
63.2SF

= 1.65

Diagram 5.1 (fatigue strength diagram)
� 

σea = 300MPa 

σem = 181MPa 

SF1 =
300
104

= 2.88 

Find another safety factor on section F-F 

Although there is only torsional stress on section F-F (figure 5.20), shaft diameter on this part 
is the minimum. It is necessary to check this part by generating another safety factor. 
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Figure 5.20 First stage output shaft 
Spline is manufactured on this section to connect gear with the shaft. A flat key which has 
approximate dimension with the selected spline (in Appendix 8) will be used in the 
calculation of the shaft. Because spline is usually stronger than flat key, if the flat key can 
fulfill the requirement, the spline will also be safe. 

The shaft diameter is d3 = 18mm where mounted with the gear 

The fillet radius on whole shaft is r1 = 2mm. 

�
d3 = 18mm.

Table 1 (reference figure 5.1)in page 11 of Shaft design and shaft related parts
� 

 �B = 6mm
H = 6mm

� 

The fillet radius on the key is r2 = 0.2mm. 


r2

B
=

0.2
6

= 0.033 

�
Diagram 3 (reference figure 5.2)in page 12 of Shaft design and shaft related parts

r2
B = 0.033

� 

Kt3 = 3.7 

�

Figure 8.24 (reference figure 5.3) in page 28 of Handbook for Machine Design
 r1 = 2mm

Su = 134ksi
Torsion

� 

q3 = 0.92 



Appendix 5 Page24(29) 

Handbook for Machine Design (8.2) Kf = 1 + (Kt − 1) ∙ q 

Kf3 = 1 + (Kt3 − 1) ∙ q3 = 1 + (3.7 − 1) × 0.92 

Kf3 = 3.484 

Handbook for Machine Design (8.5) τm
SF ∙Kf

= 16∙Tm
π∙d3  

τm

SF ∙ Kf1
=

16 ∙ T
π ∙ d3

3 

τm =
16 × 37950 × 3.484

π × 183 SF = 115 ∙ SF 

Equation (8.4) in page 25 of Handbook for Machine Design Sys = 0.58 ∙ Sy  

Sys = 0.58 × 750 = 435MPa 

Only torsional stress on this section 

Sys = 115 ∙ SF 

SF2 =
435
115

= 3.8 

Select the final safety factor 

Compare two generated safety factor 

SF1 = 2.88 < SF2 = 3.8 

Select the final safety factor is: 

SF = SF1 = 2.88 
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Reference 

 

Figure 5.21 Table 1 key standard 
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Figure 5.22 diagram for static stress concentration factor in keyways 
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Figure 5.23 Notch sensitivity curves 

 

 
Figure 5.24 Figure 4.35(a) in page 14 of Handbook for Machine Design 
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Figure 5.25 Generalized fatigue strength factors for ductile materials 
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Figure 5.26 Reduction in endurance limit owing to surface finish-steel parts 
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Appendix 6 Calculation of tapered roller bearings 

Symbol Explanation Value Other 
Aa  Axial load on bearing A 0N From Appendix 5 
Ar  Radial load on bearing A 2842N From Appendix 5 
Ba  Axial load on bearing B 0N From Appendix 5 
Br  Radial load on bearing B 2258N From Appendix 5 
P Equivalent dynamic bearing load 2842N Calculated  
a1 Life adjustment factor for 

reliability 
0.33 Table 1 (page 53 of 

SKF General Catalog) 
p Exponent of the life equation 10

3
 

Given 

C Basic dynamic bearing load 27.5kN Page 618 of SKF 
General Catalog 

n Bearing rotational speed 249.4rpm From Appendix 1 
d Minimum bearing diameter 20mm Page 618 of SKF 

General Catalog 
D Maximum bearing diameter 47mm Page 618 of SKF 

General Catalog 
dm  Mean bearing diameter 33.5mm Calculated  
v1 Required viscosity 70 mm2 s⁄  Diagram 5 in page 60 

of SKF General 
Catalog 

v Actual operating viscosity 60 mm2 s⁄  Diagram 6 in page 61 
of SKF General 

Catalog  
k Viscosity ratio 0.86 Calculated  
ηc  Degree of contamination 0.55 Table 4 in page 62 of 

SKF General Catalog 
Pu  Fatigue load limit 3kN Page 618 of SKF 

General Catalog 
aSKF  SKF life modification factor 1.3 Diagram 2 in page 55 

of SKF General 
Catalog 

L2mh  SKF rating life at 98% 
reliability 

55348h Calculated  

 

Loads on bearings 
Two tapered roller bearing (bearing A and B) have been mounted on the output shaft of first stage. 
In Appendix 5 loads act on them have been calculated. Only radial forces are acted on those two 
bearings, the axial forces are zero. 
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Axial load on bearing A: Aa = 0N 

Radial load on bearing A:Ar = 2842N 

Axial load on bearing B:Ba = 0N 

Radial load on bearing B:Br = 2258N < Ar = 2842N 

The magnitude of force on bearing A is bigger than bearing B. Since bearing A and B is selected to 
the same type of standard tapered roller bearing on SKF catalog the calculation can only treat 
bearing A. 

Because of Aa = 0N, the equivalent dynamic bearing load is P = Ar = 2842N. 

 

Find bearing type in SKF General Catalog 
The bearing type is chosen in Tapered Roller bearing SKF General Catalog. According to its 
diameters, the type is selected as: 30204J2/Q in page 618 of SKF General Catalog  

Since bearings are chosen in the SKF General Catalog the calculation process and equations must 
follow the process given by SKF. 

Find SKF rating life 
Equation in page 52 of SKF General Catalog： 

Lnmh = a1 ∙ aSKF ∙
106

60 ∙ n
∙ �

C
P
�

p

 

Symbol Lnmh  is the SKF rating life at 100 − n%. This n in the symbol represent the failure 
probability of the bearing. The total reliability of bearings on one shaft is selected as 90%. As the 
number of bearings is 4 (2 tapered roller bearings and 2 eccentric bearings), the reliability of one 
tapered roller bearing is: 

Reliability ≈ √90%4 = 97.4% 

Select the reliability of this bearing is 98%. The failure probability is2% that means the SKF 
rating life can be written as L2mh . 

The exponent of the life equation is p = 10
3

 for roller bearings. 

• Find life adjustment factor for reliability 𝐚𝐚𝟏𝟏 
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� Relability = 98%
Table 1 in page 53 of SKF General Catalog 

� 

a1 = 0.33 

• Find basic dynamic load rating and rotational speed 

From the bearing type 30204J2/Q and the SKF General Catalog, the basic dynamic load rating is: 

C = 27.5kN 

From Appendix 1 the rotational speed of bearing which has the same value of the first stage output 
shaft is: 

n = ng1 = 249.4rpm 

• Find SKF life modification factor 

From the bearing type 30204J2/Q and the SKF General Catalog: 

d = 20mm 

D = 47mm 

The mean diameter is: 

dm =
d + D

2
=

20 + 47
2

 

dm = 33.5mm 

�
Diagram 5 in page 60 of SKF General Catalog 

dm = 33.5mm
n = 249.4rpm

� 

v1 = 70 mm2 s⁄  

� Table 2 in page 246 of SKF General Catalog 
Diagram 6 in page 61 of SKF General Catalog 

� 

v = 60 mm2 s⁄  (At 55℃, operating temperature) 

The viscosity ratio is: 
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k =
v
v1

=
60
70

 

k = 0.86 

�
Table 4 in page 62 of SKF General Catalog 

Normal cleanliness
dm = 33.5mm < 100𝑚𝑚𝑚𝑚

� 

ηc = 0.55 

From the bearing type 30204J2/Q and the SKF General Catalog, the fatigue load limit is: 

Pu = 3kN 

ηc ∙
Pu

p
= 0.55 ×

3000
3171

 

ηc ∙
Pu

p
= 0.52 

�

Diagram 2 in page 55 of SKF General Catalog

ηc ∙
Pu

p
= 0.52

k = 0.86

� 

aSKF = 1.3 

• Find SKF rating life 

L2mh = a1 ∙ aSKF ∙
106

60 ∙ n
∙ �

C
P
�

p

= 0.33 × 1.3 ×
106

60 × 249.4
× �

27.5 × 103

2842
�

10
3

 

L2mh = 55348h 

Reference  
SKF General Catalogue  



Appendix 7 Page1(3) 

Appendix 7Input shaft design 

Symbol Explanation Value Other 

Tout Output torque 6300Nm Given 

η Total efficiency 0.915 From Appendix 2 

i Total ratio 240.5 From Appendix 1 

T Input torque 28.6Nm Calculated 

d Input shaft diameter 20mm Calculated 

B Spline thickness 6mm Selected 

r Fillet radius 0.2mm Selected 

Kt Static stress concentration on keyway 3.7 Selected 

Sy Yield strength 750Mpa From Appendix 3 

q Notch sensitive factor 0.92 Calculated 

Sys Yield strength when torsion are applied 435Mpa Calculated 

Kf Fatigue stress concentration factor 3.484 Calculated 

τa Alternating torsion stress 0 Calculated 

τm Mean torsion stress 63.4Mpa Calculated 

SF Safety factor 6.86 Calculated 

 

Input torque: 

T =
Tout

ηi
=

6300

0.915 ∗ 240.5
= 28.6Nm 

The shaft diameter is 20mm 

Spline is manufactured on this part; in the calculation process will be treated as flat key. By using 

this way the result can ensure more safety to the shaft. 

{
d = 20mm

Table 1 (reference figure 7.1)in page 11 of Shaft design and shaft related parts
 

→ {
B = 6mm

r = 0.2mm
 

→
r

B
=

0.2

6
= 0.033 

{
Diagram 3 (reference figure 7.2)in page 12 of Shaft design and shaft related parts

r

B
= 0.033

 

→ Kt = 3.7 
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From Appendix 3, the hardness of the shaft material (20MnCr6-5) is 350HBW. 

→ Sy = 750Mpa 

→ Sys = 0.58Sy = 0.58 ∗ 750 

→ Sys = 435Mpa 

{

Figure 8.24 (reference figure 7.3) in page 28 of Handbook for Machine Design
r = 2mm

Su = 134ksi
Torsion

 

→ q = 0.92 

Handbook for Machine Design (8.2) Kf = 1 + (Kt − 1) ∗ q 

Kf = 1 + (Kt − 1) ∗ q = 1 + (3.7 − 1) ∗ 0.92 

→ Kf = 3.484 

Since the torque is constant, the torsion alternating stress τa = 0MPa 

Handbook for Machine Design (8.5) 
τm

SF∙Kf
=

16∙Tm

π∙d3  

τm

SF ∙ Kf
=

16 ∙ T

π ∙ d3
3 

→ τm =
16 ∗ 28.6 ∗ 1000 ∗ 3.484

π ∗ 103
SF = 63.4 ∙ SF 

There is no alternating torsion stress, so make τm = Sys. 

→ 63.4 ∙ SF = 435 

→ SF = 6.86 

So the input shaft is strong enough when it performs. 
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Reference 

Figure 7.1 (refer to figure 5.21 in appendix 5) Table 1 key standard 

Figure 7.2 (refer to figure 5.22 in appendix 5) diagram for static stress concentration factor in 

keyways 

Figure 7.3 (refer to figure 5.23 in appendix 5) Notch sensitivity curves 
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Appendix 8 Check strength of spline and key 

Symbol Explanation Value Other 
d3 Shaft diameter (mounted with gear) 18mm From Appendix 5 
N Number of splines 6 Selected  
d5 Inner diameter of spline 18mm Selected  
D1 Outer diameter of spline 20mm Selected  
W Spline width 5mm Selected  
h Height of spline 1mm Selected  
b Gear width 20mm From Appendix 3 
k Coefficient of load with no equal 

apportionment between teeth 
0.75 Selected  

l Working length of spline tooth 20mm Selected  
dm  Average diameter of spline 19mm Calculated  
�σp�1 Allowable crushing stress for spline 120MPa 

 
Selected from table 6.2 in 

page 103 of Machine 
Design (reference figure 

8.3) 
T Torque on first stage output shaft 37950N ∙ mm From Appendix 5 
D Shaft diameter (mounted with eccentric 

bearing) 
22mm From Appendix 5 

H Key thickness 6mm From Appendix 5 
L6 Working length of the key 22mm Selected  
�σp�2

 Allowable crushing stress for key on 
first stage output shaft 

110MPa  Selected from table 6.1 in 
page 102 of Machine 

Design (reference figure 
8.4) 

T1 Input torque 28600N ∙ mm From Appendix 7 
d6 Input shaft diameter 20mm From Appendix 7 

 

Check the strength of spline 

As mentioned in Appendix 5 the part where mounted with gear on the shaft is calculated as a flat key from 
Swedish Standard. This is because that the result safety factor calculated from flat key will be lower than 
from spline. If the flat key can fulfill the requirement the spline with approximate dimensions to the flat key 
will definitely achieve too. 

This part is going to check the shear stress on the selected spline to ensure safety again. 

From the SAE Straight Tooth Splines Standard, the spline mounted on the shaft has been selected. 
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Figure 8.1 SAE Straight Tooth Splines Standard 
(http://mech.sharif.ir/~durali/design/Shafting/details/Lecture%2020.pdf) 

In figure 8.1, the parameters of the selected permanent fit spline are: 

Splines number:N = 6 

Inner diameter of spline:d5 = d3 = 18mm 

Outer diameter of spline: D = d
0.9

 

D1 =
d5

0.9
=

18
0.9

 

D1 = 20mm 

Spline width:W = 0.25 ∙ D 

W = 0.25 × D1 = 0.25 × 20 

W = 5mm 

Height of spline:h = 0.05 ∙ D 

h = 0.05 × D1 = 0.05 × 20 

h = 1mm 
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The spline is used to mount gear on the first stage output shaft. The gear is required to be fixed joint. 

Equation (6.3) in page 103 of Machine Design about shear stress on fixed spline joint: 

2T
k ∙ z ∙ h ∙ l ∙ dm

≤ �σp�                                 (1) 

In this equation: 

• k is coefficient of load with no equal apportionment between teeth; its value depends on making precision 
mainly, generalk = 0.7~0.8. Selectk = 0.75. 

• zis the number of spline tooth. 

z = N = 6 

• his the working height of spline tooth, that h = 1mm. 

• lis the working length of spline tooth. In this case it will be equal to the width of the gear. 

l = b = 20mm 

• dm is the average diameter of spline. 

dm =
D + d

2
=

D1 + d5

2
 

dm =
20 + 18

2
= 19mm 

• �σp�is the allowable crushing  stress on spline that can be chosen from table 6.2 in page 105 of Machine 
Design (reference figure 8.3).From the table 6.2 select the spline: withstand dead load, working condition is 
middling, surface with heat treatment. 

�σp�1
= 120MPa 

• Torque on the first stage output shaft T = 37950N ∙ mm. 

Plug those values into equation (1): 

2T
k ∙ z ∙ h ∙ l ∙ dm

=
2T

k ∙ N ∙ h ∙ b ∙ dm
 


2 × 37950

0.75 × 6 × 1 × 20 × 19
= 44.4MPa < �σp�1

= 120MPa 

From the shear stress analysis, the selected spline is proved to be able to carry the torque and meet the 
safety requirement. 

Check the strength of the key on first stage output shaft 

Selected flat key on the first stage output shaft is used for eccentric bearing. 

Equation (6.2) in page 101 of Machine Design for flat key is: 
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4 ∙ T
d ∙ h ∙ l

≤ �σp�                                (2) 

• T is the torque on first stage output shaft T = 37950N ∙ mm. 

• dis the shaft diameter. In this case it is the shaft diameter where mounted eccentric bearing. 

d = D = 22mm (From Appendix 5) 

• his the thickness of key. 

h = H = 6mm 

• lis working length of the key. It is equal to the keyway length on first stage output shaft (in figure 8.2). 

 

Figure 8.2 Length of key on the first stage output shaft 

l = L6 = 22mm 

• �σp�is the allowable crushing  stress on flat key that can be chosen from table 6.1 in page 102 of Machine 
Design (reference figure 8.4). From table 6.1 select the key: fixed joint, material is steel, withstand light 
impact load. 

�σp�2
= 110MPa 

Plug those values into equation (2): 

4 ∙ T
d ∙ h ∙ l

=
4 ∙ T

D ∙ H ∙ L6
 


4 × 37950

22 × 6 × 22
= 52.3MPa < �σp�2

= 110MPa 

From the shear stress analysis, the key on first stage output shaft is proved to be able to carry the torque and 
meet the safety requirement. 
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Check the strength of the key on input shaft 

• The input torqueT1 = 28600N ∙ mm. (From Appendix 7) 

• The input shaft diameterd6 = 20mm. (From Appendix 7) 

• Key thickness  H = 6mm. 

• Working length of the key l = 22mm . 

• Allowable crushing stress�σp�2
= 110MPa. 

Plug those values into equation (2): 

4 ∙ T
d ∙ h ∙ l

=
4 ∙ T1

d6 ∙ H ∙ l
 


4 × 28600

20 × 6 × 22
= 43.3MPa < �σp�2

= 110MPa 

From the shear stress analysis, the key on first stage input shaft is proved to be able to carry the torque and 
meet the safety requirement. 

Reference 

 

Figure 8.3 Table 6.2 in page 105 of Machine Design 

 

Figure 8.4 Table 6.1 in page 102 of Machine Design 
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Appendix 9 Output shaft design 
Symbol Explanation Value Other 

Tv Output torque 6300Nm Given 
Tg  Torque on each cycloid gear 3150Nm Calculated 
σb  Tensile strength 923Mpa Selected 
σFP  Bending strength 396.89Mpa Calculated 
dp
′  Pin diameter 45mm Selected 

e Eccentric distance 1.75mm Selected 
bg  Thickness of cycloid gear 15mm Selected 
δ Distance between two cycloid gear 0.000849 Calculated 

Zw  Pin hole number 3 Selected 
Rw  Distributed circle of pin and bearing 

radius 
86mm Selected 

dp  Roller diameter 60mm Selected 
dw  Pin hole diameter 63.5mm Calculated 
db  Outer ring diameter 53.5 From appendix 4 
Df Dedendum diameter of cycloid gear 286.5 Calculated 
L1 Length of part 1 of shaft 50mm Selected  
L2 Length of part 2 of shaft 100mm Selected  
L3 Length of part 3 of shaft 20mm Selected  
L4 Length of part 4 of shaft 24.5mm Calculated  
L5 Length of part 5 of shaft 7.5mm Calculated  

Qmax  Maximum force on the pin 58605N Calculated  
RB  Reaction force on bearing B 118628N Calculated  
RA  Reaction force on bearing A −60023N Calculated  

Smax  Maximum shear force 60023N Calculated  
Mmax  Maximum bending moment 3721426N ∙ m Calculated  

d Diameter of part 1 of shaft 90mm Selected  
D Diameter of part 2 of shaft 110mm Selected  
Su  Ultimate strength 923MPa (134ksi) From Appendix 5 
Sy  Yield strength 750MPa From Appendix 5 
Sys  Shear yield strength  435Mpa From Appendix 5 
Kt1 Static stress concentration factor on shaft 

(for bending, section B-B) 
2.05 Figure 4.35(reference 

figure 9.12) 
q1 Notch sensitive factor of shaft part (for 

bending, section B-B) 
0.89 Figure 8.24 (reference 

figure 9.13) 
Kf1 Fatigue stress concentration factor of 

shaft part (for bending, section B-B) 
1.93 Calculated  

Kt2 Static stress concentration factor on shaft 
(for torsion, section B-B) 

1.75 Figure 4.35(reference 
figure 9.14) 

q2 Notch sensitive factor of shaft part (for 0.94 Figure 8.24 (reference 
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torsion, section B-B) figure 9.15) 
Kf2 Fatigue stress concentration factor of 

shaft part (for torsion, section B-B) 
1.7 Calculated  

Sn  Fatigue endurance limit 332MPa Calculated  
τa  Torsional alternating stress 0MPa Calculated  
τm  Torsional mean stress  201MPa Calculated  
σa,a  Axial alternating stress 0MPa Calculated  
σa,m  Axial mean stress 0MPa Calculated  
σb,m  Bending mean stress 0MPa Calculated  
σb,a  Bending alternating stress 270Mpa Calculated  
σea  Equivalent alternating bending stress 270Mpa Calculated  
σem  Equivalent mean bending stress 201Mpa Calculated  
SF1 Safety factor from section B-B 4.9 Calculated  
Kf3 Fatigue stress concentration factor of 

shaft part (for torsion, section A-A) 
1.7 Calculated  

SF2 Safety factor from section A-A 5.8 Calculated  
SF Final safety factor for whole shaft 4.9 Calculated  

 
The output shaft of the whole RV reducer is connected with a disk. There are three pins on the disk 
to transmit the rotation from the second stage (cycloid gear). In this appendix, the first step is to 
determine the dimensions and on the pin of the disk; then start to design the output shaft by 
calculating according to fatigue analysis. 

Calculate the pin diameter according to the bending stress: 

The acting force on the pins is shown in figure 9.1 

 

Figure 9.1 force acting on the pin (Rao, 1994) 
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The maximum bending stress is: 

σF =
Qmax L

W
 

The maximum force on the pin: 

Qmax =
4.8Tg

Zw Rw
 

And then: 

W =
πd′3

32
= 0.1d′3(W is the section module) 

L = 1.5bg + δ 

Because ofσF ≤ σFP , from those equations it can be simplified: 

σF =
4.89 ∗ 104Tg(1.5bg + δ)

Zw Rw dp
′3 ≤ σFP  

→  dp
′ ≥ 36.6 ∗ �

Tg(1.5bg + δ)
Zw RwσFP

3
 

Tg =
Tv
2

=
6300

2
= 3150Nm 

σFP = 0.43σb = 0.43 ∗ 923 = 396.89Mpa 

Rw should be equal to the center distance of the first stage gear. 

→ dp
′ ≥ 36.6 × �

Tg(1.5bg + δ)
Zw RwσFP

3
= 36.6 × �3150(1.5 ∗ 15 + 2)

3 ∗ 86 ∗ 396.89
3

 

→ dp
′ ≥ 33.3mm 

So from the reference diameter of the pins from reference figure 9.1, choose 45mm and then the 
roller diameterdp  is 60mm. 
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→ �
dp
′ = 45mm

dp = 60mm
� 

 

And now they also need to fulfill the geometry relation shown in reference figure 9.11 

dw

2
+

db

2
< Rw  

dw

2
+ Rw < Df  

db

2
+ Rw < Df  

Calculate the output shaft 

A simple picture of the output shaft with forces is shown in figure 9.2. Point A and B (figure 9.3) 
are mounted with two bearings which result in reaction forces. The detail of the dimensions: 

 

Figure 9.2 Simple picture of output shaft 
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L1 = 50mm 

L2 = 100mm 

L3 = 20mm 

L4is the distance from force Qmax  acted point to the disk. In reference figure 9.10, distance 
B = 15mm and δ = 2mm are all given. 

 

L4 = B + δ +
B
2

= 15 + 2 +
15
2

 

→ L4 = 24.5mm 

L5 =
B
2

=
15
2

 

→ L5 = 7.5mm 

 

Find reaction forces 

Figure 9.3 shows the forces on the shaft, according to the selected bearing of A and B (Appendix 
10), the dimensions in Figure 9.3 are: 

 
Figure 9.3 Forces on output shaft 

DA = 19mm 

AB = 62mm 

BE = 19mm 
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EC = 44.5mm  

CH = 7.5mm 

The maximum force on the pin: 

Qmax =
4.8Tg

Zw Rw
=

4.8 × 3150 × 103

3 × 86
 

→ Qmax = 58605N 

↑:RA + RB − Qmax = 0                (1) 

→ RA + RB = 58605 

A: RB × 62 − Qmax × (44.5 + 19 + 62) = 0 

→ RB = 118628N 

Plug RB = 118628N into equation (1) 

→ RA = −60023N 

Calculation of shear forces and bending moments 

Section AB:0 ≤ x ≤ 62mm (see figure 9.4) 

 
Figure 9.4 Section AB 

↓:S(x) − RA = 0 

S(x) = −60023N 

AB:M(x) − RA ∙ x = 0 

M(x) = −60023 ∙ x 
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In this section when x = 62mm (at point B) has the maximum moment: 

MB = −60023 × 62 = −3721426N ∙ mm 

Section BC:62mm ≤ x ≤ 125.5mm (see figure 9.5) 

 

Figure 9.5 Section BC 
↓:S(x) − RB − RA = 0 

S(x) = 118628 + (−60023) = 58605N 

BE:M(x) − RA ∙ x − RB ∙ (x − 62) = 0 

M(x) + 60023 ∙ x − 118628 ∙ x + 118628 × 62 = 0 

M(x) = 58605 ∙ x − 7354936 

In this section when x = 62mm (at point B) has the maximum moment: 

MD = 58605 × 62 − 7354936 = −3721426N ∙ mm 

The bending moment at point E is: 

ME = 58605 × 81 − 7354936 = −2607931N ∙ mm 

Shear force diagram and bending moment diagram 

Figure 9.6 and 9.7 show shear force diagram and bending moment diagram respectively. 
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Figure 9.6 Shear force diagram 

 

Figure 9.7 Bending moment diagram 
From figure 9.6 and 9.7 the maximum shear force and bending moment can be found. 

The maximum shear force: 

Smax = 60023N (At section AB) 

The maximum bending moment: 

Mmax = 3721426N ∙ m (At section B-B) 

Torsion loading diagram 

The torque on all parts of output shaft is the output torque. 
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T = TV = 6300N ∙ m 

T = 6300000N ∙ mm  

Figure 9.8 displays the torsion loading diagram. 

 

Figure 9.8 Torsion loading diagram 
Bearing loads 

As there are no axial forces on bearing, the bearing force is equal to the reaction force on it. 

RB = 118628N 

RA = −60023N 

Find safety factor for the shaft 

From the analysis above, there are two critical sections on the output shaft. They are section B-B 
with bending moment and torque on it; section A-A with torque on it. Figure 9.9has shown these 
two sections. Diameters on section A-A, section B-B are selected as 90mm and 110mm 
respectively. 
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Figure 9.9 Section A-A and Section B-B in output shaft 

 � d = 90mm
D = 110mm

� 

Find safety factor from section B-B 

Firstly is to find the bending stress. 

Select the fillet radius on the shaft is r = 3mm 

⎩
⎪
⎨

⎪
⎧

D
d

=
110
90

= 1.22

r
d

=
3

90
= 0.033

Bending
Figure 4.35(a)in page 14 of Handbook for Machine Design 

� 

Kt1 = 2.05 

�

Figure 8.24  in page 28 of Handbook for Machine Design
r = 3mm

Su = 134ksi
Bending

� 
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q1 = 0.89 

Handbook for Machine Design (8.2) Kf = 1 + (Kt − 1) ∙ q 

Kf1 = 1 + (Kt1 − 1) ∙ q1 = 1 + (2.05 − 1) × 0.89 

Kf1 = 1.93 

The rotating static bending moment results in alternating stress on the shaft and the bending mean 
stress is zero. 

σb,m = 0MPa 

Handbook for Machine Design (8.6) σa
SF ∙Kf

= 32∙Ma
π∙d3  

σb,a

SF ∙ Kf2
=

32 ∙ Mmax

π ∙ D3  

σb,a =
32 × 3721426 × 1.93

π × 1103 × SF = 55SF 

Secondly is to find torsional stress. 

⎩
⎪
⎨

⎪
⎧

D
d

=
110
90

= 1.22

r
d

=
3

90
= 0.033

Torsion
Figure 4.35(c)in page 14 of Handbook for Machine Design 

� 

Kt2 = 1.75 

�

Figure 8.24  in page 28 of Handbook for Machine Design
r = 3mm

Su = 134ksi
Torsion

� 

q2 = 0.94 

Handbook for Machine Design (8.2) Kf = 1 + (Kt − 1) ∙ q 

Kf2 = 1 + (Kt2 − 1) ∙ q2 = 1 + (1.75 − 1) × 0.94 

Kf2 = 1.7 

Since the torque is constant, the torsion alternating stress τa = 0MPa 
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Handbook for Machine Design (8.5) τm
SF ∙Kf

= 16∙Tm
π∙d3  

τm

SF ∙ Kf2
=

16 ∙ T
π ∙ D3 

τm =
16 × 6300000 × 1.7

π × 1103 SF = 41 ∙ SF 

The third step is to find equivalent bending stresses. 

There is no axial load. 
σa,a = σa,m = 0MPa 

Equation (a) in page 25 of Handbook for Machine Design:σea = �σa
2 + τa

2 

σa = �σa,a
2 + σb,a

2 = �02 + (55SF)2 

σa = 55SF 

τa = 0MPa 

σea = �02 + (55SF)2 = 55SF 

Equation (b) in page 25 of Handbook for Machine Design:σem = σm
2

+ �τm
2 + σm

2

2
 

σm = �σa,m
2 + σb,m

2 = �02 + 02 

σm = 0MPa 

τm = 41SF 

σem = 0 + �(41F)2 + 02 = 41 ∙ SF 


σea

σem
=

55SF
41SF

= 1.34 

The next step is to find fatigue endurance limit 

Table 8.1a (reference figure 9.15) in page 27 of Handbook for Machine Design, assume N > 106. 

Sn = Sn
′ ∙ CL ∙ CG ∙ CS ∙ CT ∙ CR  
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CT = CR = 1 (No information) 

Sn
′ = 0.5 ∙ Su  (No information, steel) 

Sn
′ = 0.5 × 923 = 461.5MPa 

CL = 1 (Bending) 

CG = 0.8 (Bending, 100 < 𝑑𝑑 < 150𝑚𝑚𝑚𝑚) 

�
Su = 134ksi

Fine − ground
Figure 8.13 in page 26 of Handbook for Machine Design

� 

CS = 0.9 

Sn = 461.5 × 1 × 0.9 × 0.8 × 1 × 1 = 332MPa 

 
Diagram 9.1 Fatigue strength diagram 
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�
σea

σem
=

55SF
41SF = 1.34

Diagram 9.1(fatigue strength diagram)
� 

σea = 270MPa 

σem = 201MPa 

SF1 =
270
55

= 4.9 

Find safety factor from section A-A 

Section A-A only has torsional stress, the diameter of this shaft part is d = 60mm. 

The fillet radius and torque are the same with section B-B. 

Kf3 = Kf2 = 1.7 

Handbook for Machine Design (8.5) τm
SF ∙Kf

= 16∙Tm
π∙d3  

τm

SF ∙ Kf3
=

16 ∙ T
π ∙ d3  

τm1 =
16 × 6300000 × 1.7

π × 903 SF = 75 ∙ SF 

Let: 

τm1 = Sys = 435MPa 

SF2 =
435
75

= 5.8 

Select the final safety factor 

Compare two generated safety factor 

SF2 = 5.8 > SF1 = 4.9 

Select the final safety factor is: 

SF = SF1 = 4.9 
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Reference 

 

 

Figure 9.10 reference pin diameter (行星传动机构设计) 

 

 

Figure 9.11 geometry relations between the pin holes and bearing hole 

Figure9.12(refer to figure 5.24in appendix 5 page14 of Handbook for Machine Design) 
Figure9.13(refer to figure 5,23 in appendix 5 Notch sensitivity curves) 
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Figure 9.14figure4.3c in page 14 of Handbook for Machine Design 

Figure 9.15 (refer to figure 5.25in appendix 5) Generalized fatigue strength factors for ductile 
materials 
Figure 9.16 (refer to figure 5.26 in appendix 5) Reduction in endurance limit owing to surface 
finish-steel parts 
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Appendix 10 Calculation of bearings on output shaft 

Symbol Explanation Value Other 

RB  Reaction force on bearing B 118628N From Appendix 9  

RA  Reaction force on bearing A 60023N From Appendix 9 

P Equivalent dynamic bearing load 118628N Calculated  
a1 Life adjustment factor for 

reliability 
0.62 Table 1 (page 53 of 

SKF General Catalog) 
p Exponent of the life equation 3 Given 
C Basic dynamic bearing load 151kN Page 346 of SKF 

General Catalog 
n Bearing rotational speed 4.3rpm Given 
d Minimum bearing diameter 110mm Page 346 of SKF 

General Catalog 
D Maximum bearing diameter 200mm Page 346 of SKF 

General Catalog 
dm  Mean bearing diameter 155mm Calculated  
v1 Required viscosity 1000 mm2 s⁄  Diagram 5 in page 60 

of SKF General 
Catalog 

v Actual operating viscosity 1000 mm2 s⁄  Table 2 in page 246 of 
SKF General Catalog 

k Viscosity ratio 1.0 Calculated  
ηc  Degree of contamination 0.9 Table 4 in page 62 of 

SKF General Catalog 
Pu  Fatigue load limit 4kN Page 346 of SKF 

General Catalog 
aSKF  SKF life modification factor 0.9 Diagram 1 in page 54 

of SKF General 
Catalog 

L2mh  SKF rating life at 95% 
reliability 

4461h Calculated 

 

Loads on bearings 

Two sealed single row deep groove ball bearings (bearing A and B) have been mounted on the 
output shaft of RV reducer. In Appendix 9 loads act on them have been calculated. Only radial 
forces are acted on those two bearings, the axial forces are zero. 
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Radial load on bearing A:RA = 60023N 

Radial load on bearing B:RB = 118628N > RA = 60023N 

The magnitude of force on bearing B is bigger than bearing A. Since bearing A and B is selected to 
the same type of standard sealed single row deep groove ball bearing on SKF catalog the 
calculation can only treat bearing B. 

The equivalent dynamic bearing load is P = RB = 118628N. 

Find bearing type in SKF General Catalog 

The bearing type is chosen in sealed single row deep groove ball bearing of SKF General Catalog. 
According to its diameters, the type is selected as: *6222-2Z in page 346 of SKF General Catalog. 

Since bearings are chosen in the SKF General Catalog the calculation process and equations must 
follow the process given by SKF. 

Find SKF rating life 

Equation in page 52 of SKF General Catalog: 

Lnmh = a1 ∙ aSKF ∙
106

60 ∙ n
∙ �

C
P
�

p

 

Symbol Lnmh  is the SKF rating life at 100 − n%. This n in the symbol represent the failure 
probability of the bearing. The total reliability of bearings on one shaft is selected as 90%. As the 
number of bearings is 2, the reliability of one tapered roller bearing is: 

Reliability ≈ √90% = 95% 

Select the reliability of this bearing is 95%. The failure probability is2% that means the SKF 
rating life can be written as L5mh . 

The exponent of the life equation is p = 3 for ball bearings. 

• Find life adjustment factor for reliability𝐚𝐚𝟏𝟏 

� Relability = 95%
Table 1 in page 53 of SKF General Catalog 

� 

a1 = 0.62 

• Find SKF life modification factor 
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From the bearing type *6222-2Z and the SKF General Catalog: 

d = 110mm 

D = 200mm 

The mean diameter is: 

dm =
d + D

2
=

110 + 200
2

 

dm = 155mm 

�
Diagram 5 in page 60 of SKF General Catalog 

dm = 155mm
n = 4.3rpm

� 

v1 = 1000 mm2 s⁄  

Since the bearing will withstand a huge load with a low rotational speed, select extreme high 
viscosity with solid lubrications in table 2.  

Table 2 in page 246 of SKF General Catalog  

v = 1000 mm2 s⁄  (At 40℃, operating temperature) 

The viscosity ratio is: 

k =
v
v1

=
1000
1000

 

k = 1.0 

�
Table 4 in page 62 of SKF General Catalog 

High cleanliness
dm = 155mm > 100𝑚𝑚𝑚𝑚

� 

ηc = 0.9 

• Find basic dynamic load rating and rotational speed 

From the bearing type *6222-2Z and the SKF General Catalog, the basic dynamic load rating is: 

C = 151kN 
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The rotational speed of the bearing is equal to the given rotational speed of RV reducer output 
shaft: 

n = 4.3rpm 

From the bearing type *6222-2Z and the SKF General Catalog, the fatigue load limit is: 

Pu = 4kN 

ηc ∙
Pu

p
= 0.9 ×

4000
118628

 

ηc ∙
Pu

p
= 0.03 

�

Diagram 1 in page 54 of SKF General Catalog 

ηc ∙
Pu

p
= 0.03

k = 1.0

� 

aSKF = 0.9 

• Find SKF rating life 

L2mh = a1 ∙ aSKF ∙
106

60 ∙ n
∙ �

C
P
�

p

= 0.32 × 0.9 ×
106

60 × 4.3
× �

151 × 103

118628
�

3

 

L2mh = 4461h 

 

 

 

 

 

Reference 

SKF General Catalogue 
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