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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
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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/

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:
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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.



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.

Spur gear

Eccentric region
o4 ~Rotation

Needle
bearing
Crank”
movement RV 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]
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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:

Q,, e
— et

Lime of
Action

b Bgaa Circla

Tooth Profile
Piteh Circle
Whaole Depth
7 Addendum
. Root
(toolih)

Cantre
Distance

oA

S Clearance
f s “\EaaﬂCIrcla

7 s
/
) o‘q,. L)

e
&,

e,
"o

| _Circular tooth

thicknass

- |‘""-Ghurdal toolih
Y thickness

b -Circular Pitch

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

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 oy
(figure 12 in page 11) and planet gear g; (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.

fe=s :
& BN

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

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 nhamed 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

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.
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Figure 12 RV gearbox drive scheme (Rao, 1994)

The input gear (ay) 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 g,. 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 Ogp.
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 o,=wg 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.
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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: x; and x,. 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:
oyv=0g. The needle pin is the supporting part E. Planet gear g; and crankshaft H, are the
auxiliary components. And g, 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 iz which is the ratio of angular velocity or rotation speed of input gear
A (a;) and output shaft B (V) relative to pin E. As the pin is fixedwg = 0 this ratio is also the
total ratio of the RV reducer.

. : wWp —Wg Wy
ot = 4B = op —op g (wg =0) (Eq2.1)

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

wx—wz iZ _ Wy—wz

YX —

; the relationship between these two ratios is:
Wy—wz Wx—wz

For example, i%y =

7 1
Ixy = <7~ (Eq 2.2)
lyx
iz = =X=Y, the relationship between this ratio and iy is:
Z— Wy
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ity =1-i%; (Eq23)

This structure scheme (figure 13 in page 12) consists of two planetary mechanismsx;and x,.
Each mechanism includes three parts. It is used to generate the total ratio.

Mechanism x; (first stage):

Input gear A (a;),Z,, = Z, is teeth number of pinion in first stage.
Planet gear g,, Zg, = Z, is teeth number of gear in first stage.

Planetary frameH, is connected with the cycloid gear.

The relative ratio in mechanismx, is:

Z Z
i = B2 (negative means opposite rotating direction) (Eq 2.4)

i =
a181 Z31 Zl

Mechanism x, (second stage):

Crankshaft d(H,) 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

sameiwg, = Wy,

Pin E (by), which is fixed, Zy, is the teeth number of pins.wy, = 0
Cycloid gear g,: Zg, is the teeth number of cycloid gear.

The relative ratio in mechanism x, is:

Z

iHa 82
g, = Zy, (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 frameH;
the angular velocity is also the same.
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(l)gz = Wy = (1)H1

As mentioned in (Eq 2.1)of this thesis:

ltot = i]/E\B
Accordingto (Eq2.3)i%y =1— i}
Zitor = i]E\B =1- iRE
In figure 13 in page 12, two planetary mechanisms formed the structure scheme that:

B _ B

. .B .
Ing = Iaq X 1§g

Digor = 1= i3q X idg (Eq 2.6)

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

lB _ (*)al - (DV _ (*)al - le _ 'Hl
Ad ™ — - — T taig
Wh, =Wy Wg, — Wy,
: . Z Z
According to (Eq 2'4)1?11& =—f=-=
aq 1
Z
.B _ 2
2 iaq = A (Eq 2.7)
1

From figurel3 in page 12 and according to relationship of angular velocity in previous section

(.OHZ—(DV—(DHZ—(D

8. = B2 _ 82
E™ = In,p
(l)bz - (L)V (*)b2 —_ Q)gz 202
. : 1
According to (Eq 2.2) igy = o~
YX
1
.B _ .g2 _
> lae = 1szz - i82
byH,

Accordingto (Eq2.3)i%y =1 — i%,
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1 1

> ifs = TR H,
bzH; 1- by e,
i .Hp Zg,
According to (Eq 2.5)i,7, = =
b2
B 1
2 igg = Z, = Lb, (Eq 2.8)
Zp,

Plug equation 2.4 and 2.8 into equation into equation 2.6

. Zy
liot = 1-— (_Z_> X sz

1

Z
Dipr =1+ Z—Z X Zp, (Eq 2.9)
1

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 isn = n5¢ -1, " M.

The symbolnB: 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. Symboln,, 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 ny.

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 S, is ultimate strength, S; is standard fatigue strength for rotating bending, N is
service life. With increasing service life, the strength will decrease until the standard fatigue
strengthS!, is achieved. Strengths on two typical life points (10%and 10°) are always used to
reflect the reduction of strength. When the life is 10° cycles, the strength is 0.9 times ultimate
strength. While the life is 10° 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 (oy) of spur gears is calculated from this
equation (page 8 in Standards and Equations for Gear Design) below:

Fper X Ky X Kygg X (u+1)
bxd; Xu

Oy = ZH X ZM X ZS X\/ (Eq 210)
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In this equation:Zy; is stress concentration factor in the rolling point; Zy, is material factor; Z,

is meshing factor; Fy,, is calculation load; Ky, is load distribution factor;Kyg is load

propagation factor; b is gear contacting width; d, is pitch diameter; u is the speed ratio of
gear transmission.

The spur gear fatigue strength (oyp) is also calculated from Swedish Standard by using the
equation (page 10 in Standards and Equations for Gear Design) below:

oytim X Ki X Zp X Z, X Ky X Kgny X K
Opp = Hlim L R SVH HX HN HK (qu.ll)

In this equation: oy, IS the surface fatigue stress limit; K;, Zgr, Z, are factors usually equal
to one; Kyx is reduction factor due to volume; Ky is life length factor due to surface
pressure; Kyk is hardness combination factor; Sy 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.

Oca = /032 + T2 (Eq 2.12)

o Om?
Com = 7‘“ + ’rmz + 7‘“ (Eq 2.13)

Symbols:o,, is equivalent alternating bending stress, o, is alternating “normal” stress, T,
is alternating torsion stress, o, IS equivalent mean bending stress, o, IS mean “normal”
stress, T, IS mean torsion stress. From the ratio of o.,ando,,,, the possible design overload
point can be generated from the figure 15 below.
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Figure 15 fatigue strength diagram

Where S, is endurance limit, Syis yield strength, S, 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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(c) Shear failure of a tightly fitted key

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:

Ke=1+(K,—1)q (Eq 2.14)

Where K is fatigue stress concentration factor, K;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:

10 /C\P
Lumh = a1 " aske " g5 (E) (Eq 2.15)
Where L,mn is SKF rating life at (100 —n)% reliability (according to SKF Catalogue), a;
is life adjustment factor for reliability, asxr 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:

s [60nLy,
C=F
106

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

(Eq 2.16)

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.

Y
P.
7> F
T
P’ 0. @
-—X
O,

Figurel7 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 F; which is equal to —%F(n is the number of the bearing)

and F, which is perpendicular to radius of cycloid gear. The total torque of F; to the centre of
cycloid gear (O,) is 0. The total torque of F, 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:

e  Meshing friction efficiency: 93.34%

e Bearing efficiency: 99%

e 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.

e Dynamic load: 49452N

e Service life: 10230h

e Inner diameter of bearing: 22mm

e  Outer diameter of bearing: 53.5mm

e 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.

e Forces from eccentric bearing: Fx = 10355N (horizontal view), Fy = 4360N (vertical
view).

e Forces from gear: F., = 200N (radial force), F,, = 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.

e Maximum bending moment:M = 72484N - mm (at section E-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.

e Equivalent alternating bending stress:o., = 104MPa
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e Equivalent mean bending stress:oep, = 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.

e Allowable equivalent alternating bending stress:6., = 300MPa
e Allowable equivalent mean bending stress: 6, = 71MPa
e Safety factor at section E-E: SF; = 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.

e The torsion stress when safety factor is one: t,, = 115MPa

e Shear yield strength: S;; = 435MPa

435

e Safety factor at section F-F:SF, = T 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:B. = 2258N <
A, = 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 ~ Y90% = 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:L,,,, = 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.

e Shaft diameter: 20mm

e 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.

e Splines number: N = 6

e Inner diameter of spline:ds; = 18mm

e  Outer diameter of spline:D; = 20mm

e Spline width: W = 5mm

e Height of spline: h = 1mm

e The shear stress of the spline is44.4MPathat is lower than the allowable stress[cp]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:

e Key thickness H = 6mm.
e Working length of the key 1 = 20mm .

e Keywidth B = 6mm
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e The shear stress of this key is 52.3MPa that is lower than the allowable shear

stress[op], = 110MPa

Key on the first stage input shaft:

e Key thickness H = 6mm.
e Working length of the key I = 22mm .

e Keywidth B = 6mm

e  The shear stress of this key is43.3MPa that is lower than the allowable shear stress[crp]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 ~ Y/90% = 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:Lg,;, = 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 2z. 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
ot Totd ratio 240.5 Calculated
Zy, Pin number 59 Given
Zg, Cycloid gear teeth number 58 Given
Z, Gear teeth number 69 Selected
YA Pinion teeth number 17 Selected

i First stage ratio 4.06 Calculated
n, Total output rotation speed 4.3rpm Given
n,, Total input gear rotation speed 1034.15rpm Calculated
ng, First stage output shaft rotation 249.4rpm Calculated

speed

Given requirement:
e  Total ratio of RVreducer = 240

e Pinnumber Z;,, =59

»  Cycloid gear teeth number Z,, = 58. (Z,, — Zg, = 1)

e 7y =13 (Todesign acombination drive)

o  Tota output rotation speed ny = 4.3rpm

Selection of first stage gears teeth
Accordingto (Eq 2.9) inthetheory 2.2.1

Equation i, =1+ L2 Zy
71 2

Select:

Z, i —1 240—1

S22
Zy Zy,
Zy
> —==4.05
Zy
7, =17

59




Appendix 1 Page 2(2)

>Ratio of first stage i = 2 = 2
Al 17

2>i=4.06

The new total ratio of RV reducer:

_ 69
lt()t = 1 +ﬁ X 59 = 24’0.5

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

Thetotal input gear rotation speed

n,, =Ny X iy = 4.3 X 240.5
2n,, = 1034.15rpm
Equation (1) i?llgl = —% = —;—j
iHl (*)al - O‘)Hl — (*)al - O‘)V — _ZZ
e Wg, = WH;  Wg, — Wy Zy
n,, —ny 69
ng, —ny 17
1034.15-4.3 4.06
ng, —43

2>n,, = —249.4rpm (Negative means rotate in opposite direction)

g1~
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Appendix 2 Calculation of efficiency

Symbol Explanation Vdaue Other
Za, Sun gear teeth number 17 Selected
7g, Planet gear teeth number 69 Selected
Zy, Pin number 59 Selected
Zg, Cycloid gear teeth number 58 Selected
Hi Ratio when g isinput, g; is output and Hy is -4.06 Calculated
a181 the relative component

82 Ratio when Hyisinput, b, is output and g is 59 Calculated
Hzba the relative component
ghHi Lost coefficient for the first stage 0.000675 Calculated
a181
pH: Lost coefficient for the cycloid gear 0.000849 Calculated
Hy Efficiency when & isinput, g is output and 0.98 Calculated
Nag, H; isthe relative component
g Efficiency when H,isinput, b, is output and 0.952 Calculated
Mizb, 0 is the relative component
by Meshing efficiency 0.9334 Calculated
rlalgz
Nn Bearing efficiency 0.99 Calculated
Nd Efficiency when considering hydraulic loss 0.99 Selected
n Total efficiency 91.5% Calculated

Calculate the ratio when a; isinput, g; is output and H; is the relative component.

7g 69
{1 = ——1 = —— = —
e =~ 75 = 17 = 406

Calculate the ratio when H,isinput, b, is output and g, is the relative component.

L
Hzb2 7, —Z,, 59—58

Lost coefficient for the first stage:

H, 11 11
AV 7 )" 2.3%0.04 (ﬁ + @) = 0.00675
1 1

Lost coefficient for the cycloid gear:

_ Ky xf;;  1.67%0.03
T Z,, 59

2

i = 0.000849
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The efficiency when a; isinput, g; is output and Hj is the relative component.
Malg, = (1= ¥yl )" = (1 —0.00675)° = 0.98

The efficiency when H,isinput, b, is output and g, is the relative component.

. 1-yh 1 —0.000849
e, = == = 0.952
2b2 = 1+ 7Z, WH2 1+ 580.000849

So the meshing efficiency when a; isinput, g, (B) isoutput and b, is relative component is:

H . H
b, _ 1-i 11g1 * ll%[zzbz (na11g1nizzb2) — 1- (_406) * 59 + 0.98 x 0.952 = 0.9334
ez, = i = 2405 o

Bearing efficiency:

by
aigy

Ny =1—0.012n2%, =1 —0.012 * 0.9334 = 0.99

Efficiency when considering hydraulic loss (n4) is approximately 99%

So the total efficiency:

1 =52, MM = 0.9334 % 0.99  0.99 = 0.915 = 91.5%
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Appendix 3 Calculation of first stage gear

Symbol Explanation Vdue Other
Zy Gear teeth number 69 From appendix 1
74 Pinion teeth number 17 From appendix 1
m Module 2mm Selected
X1 Addendum modification of pinion 0.7 Selected
Xy Addendum modification of gear 0.71 SMS 1871 diagram
8.5.2 (reference
figure 3.1)
Yr1 Stress concentration factor of pinion 2.02 SMS 1871 diagram
8.5.2 (reference
figure 3.1)
Yrs Stress concentration factor of gear 2.02 SMS 1871 diagram
8.5.2 (reference
figure 3.1)
d; Pitch diameter of pinion 34mm Cdlculated
d, Pitch diameter of gear 138mm Cdlculated
a Pressure angle 20° Selected
dp1 Base diameter of pinion 32mm Calculated
dp> Base diameter of gear 130mm Calculated
a Reference center distance 86mm Calculated
Oy Pressure angle at rolling circle 24.15° Calculated
a, Centre distance with addendum 88.56mm Calculated
modification
Ah, Addendum reduction 0.26mm Calculated
h,; Addendum of pinion 3.14mm Calculated
h,, Addendum of gear 3.16mm Calculated
d,; Addendum diameter of pinion 40.28mm Calculated
d,, Addendum diameter of gear 144.32mm Calculated
hey Dedendum of pinion 1.1mm Cdlculated
h¢, Dedendum of gear 1.08mm Calculated
dg; Dedendum diameter of pinion 31.8mm Calculated
ds, Dedendumdiameter of gear 135.84mm Calculated
Pb Base pitch 5.9mm Calculated
€ Contact ratio 1.24 Calculated
Teot Total output torque 6300N - mm Given
n Total efficiency 91.5% From appendix 2
Ty Design output torque 6885N - mm Calculated
Niot Total output rotational speed 4.3rpm Given
€] L oad factor 1 Selected
n Input rotational speed 1034.15rpm Cdlculated
v Pitch line velocity 1.841m/s Cdlculated
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K, Dynamic factor 1.38 Calculated
T Input torque for one planet gear 9.54N - m Calculated
Fper Calculation load 774N Calculated
Yr Bending stress concentration factor 2.02 SMS 1871 diagram
8.5.2 (reference
figure 3.1)
b Contact face width of pinion 20mm Selected
Yg Helix angle factor 1 Calculated
Y, Contact ratio factor 0.81 Calculated
Kpq Load distribution 1 Cdlculated
Kgp L oad propagation factor 1.3 Selected
Ky L oad propagation factor 1.3 Selected
OF Bending stress 41.1MPa Calculated
Y, Stress concentration factor 1 Selected
Sk Bending safety factor 2 Selected
Sy Surface fatigue saf ety factor 1.41 Calculated
Kpx Reduction factor due to volume 1 Selected
Ken Life length factor 1 Selected
OFlim Bending stress limit 280MPa Figure 10.15d
(reference figure
3.5
OFp Bending strength 140MPa Calculated
By Helix angle 0° Given
Zy Stress concentration factor for surface 1.59 Cdlculated
fatigue in the rolling point
E Young's module 206000MPa Table 2 (reference
figure 3.6)
Zy Material factor 268,/N/mm? Calculated
Ze Meshing factor 0.96 Calculated
Kiia Load distribution factor 1 Selected
Oy Surface fatigue stress 555.5MPa Calculated
Kux Reduction factor due to volume 1 Selected
Kun Life length factor due to surface pressure 1 Selected
Kuk Hardness combination factor 1 Selected
OHlim Surface fatigue stress limit 830MPa Figure 10.14d
(reference figure
3.7)
Oyp Surface fatigue strength 589MPa Calculated

Given requirements and analysis
From appendix 2,z, = 17,2z, = 69
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b < 10-m (To design acombination drive)
0.5 <x; <1 (Todesign acombination drive)

Calculation of first stage gears
Select modules:

m = 2mm (Swedish Standard SM S52)

Find addendum modification of gears
Select x; = 0.7 (0.5 <x; <1)

In SS1871 Diagram 8.5.2 (reference figure 3.2), assumefillet radius r = 0.38 - m

Z1 = 17
Zy) = 69} erl = YFZ = 202, Xy = 0.71
X1 = 0.7

Find pitch diameters of gears
SS1863(21) d=m-z

{d1=m><z1=2><17
d2=m><22=2><69

d; = 34mm
K {dz = 138mm

Find base diametersof gears
SS1863(2.2) dy, = d - cosa

Select pressure angle a = 20°

{ dy; = dq X cos 20° = 34 X cos 20°
dy; = dy X cos20° = 138 X cos 20°

dy; = 32mm
9{dbz = 130mm

Find reference center distances of gears

51863 (38) a = AL

2x(34+138)
a:—:

86
> mm
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Find center distance with addendum modification of gears

2-(x1+x7)
zZ1+z;

SS1863 (3.11) inva,, = inva +

a = 20°>inva = 0.0149044 (Involute table in page 22 of Gear Design)

>i = 0.0149044 + 2x (074071 _ 0.02684
inva,, = 0. 17+ 69 = 0.

“>a,, = 24.15°(Involute table in page 22 of Gear Design) (Reference figure 3.2)

a-cos a

SS1863 (3.10) a,, =

COS Oy

_ 86 X cos 20°

=——— =188.56
Aw cos 24.15° mm

Find addendum reduction

51863 (33) Ah, =m - (122 +x; +x;) —a,

17 + 69

Ah, =2 X ( + 0.7 + 0.71) —88.56 = 0.26mm

Find addendums of gears
SS1863(2.5) h, = m- (1 +x) — Ah,

{hal=2X(1+X1)=2X(1+O7)—026
hy, = 2% (1+%) =2 % (1+0.71) —0.26

N {hal = 3.14mm
h,, = 3.16mm

Find addendum diameters of gears
SS1863(2.7) d; =d+2-h,

{da1=d1+th31=34‘+zx314
dyy=d, +2%Xh,, =138 +2x3.16
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S { d,; = 40.28mm
d,;> = 144.32mm

Find dedendums of gears
SS1863 (2.6) hy = m - (1.25 — x)

{hﬂ =2x(125—-x%,) =2 % (1.25 — 0.7)
h, = 2% (1.25 — x,) = 2 x (1.25 — 0.71)

N { hy; = 1.1mm
hg; = 1.08mm

Find dedendum diameter s of gears
SS1863(2.8) dy=d—2-h
{ dfl :dl_thfl =34—2X11
di =d, —2 X hg, =138 —2 % 1.08
9{ df; = 31.8mm
df, = 135.84mm

Check the adjoining requirement

Since there are 3 planetary gearsin the first stage with teeth number of z, = 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 (AT 2ALEIHLIBETE)  (reference figure 3.3):

180°

dag1 <2-ap-sin
p

The addendum diameter of planetary gear that d,gq = d,; = 144.32mm ; a; is center

distancea; = a = 86mm; n, isnumber of planetary gearsn,, = 3.

o

2 X a X sin = 149mm > d,,; = 144.32mm

->The calculated parameters of gear can fulfill the adjoining requirement.

Find base pitch of gears
SS1863 (3.4) pp, =T-m:cosa

Pp, = T X 2 X cos 20° = 5.9mm
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Find contact ratio

da12—dpi? dap?—dp,?
SS 1863 (3.5) sa=i- ‘/ 12 o +‘/ 22 - —a,, - sinay,

1

D&y = 5.9><

V40.28%2 — 3322 V/144.322 — 1302 .
> + 5 — 88.56 X sin 24.15°
g, = 1.24

Calculation of gears strength
This part includes bending and strength cal culation.

Given total output torqueT,,; = 6300N - mm.
Given total output rotational speed n,,; = 4.3rpm
The design output torque:

7 o _ 6300
4=y T 915%

2>Tq = 6885N - mm

Find calculation load

2Ty
=3

SS 1871 (3.1) Fye, X Ky X K,

SS1871 (3.2) Ky =1 (uniform motion)

50+14/v
50

SS 1871 (3.3) equation 4K, = (uses for other spur gears)

The input rotational speed:
N =Ny X i = 4.3 X 240.5
->n = 1034.15rpm
The pitch line velocity:

_dyrmen 34 xmx1034.15
60 60

\'%4
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>v=1841m/s

_ 50+ 14 x+v1.841

2K, 0

= 1.38

The input torque:

o _Ta 1_6885 1
7. n 2405 3

ST, =9.54N-m

2%9.54 %103
SFper = X 1 X 1.38 = 774N

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

Yp = Yp1 = Ypp = 2.02
Select the contact face width of pinion
b=10-m=10x 2
2> b =20mm

SS1871(6.3) Yg =1 (for spur gear)

SS1871(64) Y, = —

B

=0.81

SS1871 (6.5) Kg, =1 (normaly)
SS1871(6.7) Kgg = Ky (normally)
Kgg = Kyg = 1.3 (Noinformation)

SS1871(6.1) o = Y X Yg X Y, x et xKep

bxm
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774 x1x1.3

op =2.02 X 1x 0.81 X 0%z - 41.1MPa
Find bending strength
SS1871(7.2) Y, =1 (r = 0.38-m)
SS1871(7.3) Sp = S3
Select Sp =2
>Sy =./Sp =2
>SSy =141

SS1871 (7.4) Kgx = 1 (normally)
SS 1871 (7.5) Kpy = 1 (assumetherequired life length is more than 107cycles)
Since the material of gearsis chosen as 20MnCr6-5. According to ThyssenKrupp Steel

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

Choose hardness = 350HBW
Alloy steel
Figure 10.15d in page 197 of Machine Design (reference figure 3.5)

>6pm = 280MPa

SS1871(7.1) opp = “Mm XtnCTm
F

280x1x1x1
Opp = ————— = 140MPa

>0pp = 140MPa > o = 41.1MPa
This analysis above means the gear design can fulfill the bending requirement.
Find surface fatigue stress
SS1871(4.2) Zy = /“’Sfbj%

B, = 0° (Spur gear)
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o = a = 20°

Oy = a = 24.15°

37 = cos 0° X cos 24.15° — 159
H™ 1c0s20°2 x sin24.15°

SS 1871 Table 2 (reference figure 3.7) E = 206000MPa (steel)
SS 1871 (4.3) Zyy = V0.35 - E (same material in both pinion and gear)

>Zy =V0.35 x 206000 = 268,/N/mm?

SS1871(4.4) Z, = 4_% (for spur gear)

4—124
S = |[—5— =096

SS1871 (4.5) Kye =1 (normaly)

SS1871 (4.6) Kyg = 1.3 (Noinformation)

Fper XKpa XKpg x(u+1)

SS1871 (41) Oy = ZH X ZM X ZE X\/

bxdqxu

u=1i=4.06

774 x1x 1.3 x (4.06+ 1)
2oy = 1.59 X 268 X 0.96 X = 555.5MPa

20 X 34 x 4.06

Find surface fatigue strength
SS1871(5.1) K|, =Zg =Z, = 1 (lack of experience)

SS1871(5.2) Sy = +/Sg = 1.41
SS1871 (5.3) Kyx =1 (normally)
SS1871 (5.4) Kyy = 1 (assume the fatigue life length is more than 10°cycles)

SS1871 (5.5) Ky =1 (normally)
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Hardness = 350HBW
Alloy steel
Figure 10.14d in page 196 of Machine Design (reference figure 3.7)

>0 = 830MPa

__ OHlim XK, XZr XZy XKyx XKyn XKyg
SH

SS1871 (5.1) oyp

830 Xx1x1x1x1x1x1

QGHP = 141 = 589MPa

90'].[1:) = 589MPa > Oy = 555.5MPa

This analysis above means the gear design can fulfill the surface fatigue requirement.
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Figure 3.3 Equation (17-8) in page 433 of (77221450l # 1)
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ThyssenKrupp Steel

Material Specifications

Wear+esistant Steal grade ) Material Specifieation
spec ial structral Material Mo.
p TKS-5hort name EN-%hort name
steel
TEQ
HARE 300 20MACrG-5 18704
Hem vy plate Ci:tober 2006
Scope

This Material Specific ation applies to nomnalised or nomnalised rolled plates in thicknesses up to 50 mm made of
the wear-resistant special stroctural steel .‘-{.l'l.l?:a aan.

Application

The stesl may be used at the diseretion ofthe purchaser forwear-expos ed stroetures | e.g. ex:avating, mining and
earth-rnoving rachinery, truck durnp bodies, conveying, crushing and pulveridng equiprient, scrap presses and
other maechinery.

The processing and application techniques as 3 whole are of fundamental importance for the suecess ful use of the
products fabricated of this steel. The processorffabncator must assure himns elf, that his design and work methods
are appropriate ©orthe materal, 3 state-ofthe-art and are suitable for the envisaged purpose.

The seledtion afthe materialis let up o the purchaser.

Chemical composition (heat analysis, %)

[ Si Mn [ 5 cr Mo E

3021 206G 31.50 0025 30025 z1.20 50.30 5 0.005

The steel has a fine-grained microstrocture. Nitrogen is absorbed to % mnonirides.
Delivery condition: N {nomaalised)

Hardness at roomtenperature in the d elivery sond ition:

Plate thickness £ 20 rrn: Hardness = 270 HEW
Plate thickness * 20 mm: Hardness =240 HEW

The Brindlhardness shallbe detemmnined in accord ance with 1506506,

Figure 3.4 20MnCr6-5 in ThyssenKrupp SteelMaterial Specifications
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j— Alloy cast steel; 2— Carbon cast steel

Figure 3.5 Endurance limit for bending strength

Table 2 Material factor
(Zw)
Gear . ZM
Material Material f N /m_mz f t’cp ) mm’
Steel 206 000 | (21000) | 268 85,7
Cast steel 201 000 {20 500) 267 85,2
' Nodular iron 173 000 (17 600) 257 81,9
172000 | (17500) | 256 81,7
Steel 206 000 (21 000) 103 000 (10 500) 219 70
113000 | (11500) | 226 72,1
Grev cast iron 126 000 (12 800) 234 74,6
&y 118000 | (12000) | 229 73,1
Cast steel 201 000 (20 500) 265 84,7
Cast steel 201 000 (20 500) | Nodular iron 173 000 (17 600) 255 81,4
Grey castiron | 118000 | (12000) | 228 72,8
. Nodular iron 172 000 (17 500) 246 78,4
Nodulariron | 173000 (17 600) Grey castfron | 118000 | (12000) | 221 - 70,7
Grey cast 126 000 (12 800) | Grey castiron | 118000 | (12 000) | 206 N 1658
iron 118 000 (12 000) | Grey castiron | 118 000 (12 000) 203 64,8

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 Vdue Other
P Force from the pinsto the cycloid gear 33686N Calculated
P, Force from the pinsto the cycloid gear in X 31034N Calculated

direction
Pymax Maximum force from the pins to the cycloid gear in 13100N Calculated
Y direction

Ky short width coefficient 0.662 Calculated
e Eccentric distance 1.75mm Selected
Zy Pin number 59 Selected
Rz Pin wheel radius 147.5mm Selected

M, Output torque 6300Nm Given

73 Cycloid gear teeth number 58 Selected
YA Sun gear teeth number 17 Selected
Z, Planet gear teeth number 69 Selected
m Module of gear 2 Selected

F, The force on the bearing in X direction 10355N Calculated

Fy The force on the bearing in Y direction 4360N Calculated

Total reaction force on bearing 11235N Calculated

n Relatively rotation speed 253.7rpm Calculated
C Selected dynamic load 61300 Selected

Cy Actual dynamic load 49452N Calculated
Ly Assumed service life 5000h Selected
Ly Actual servicelife 10230h Selected
d Inner diameter of bearing 22mm Selected
D Outer diameter of bearing 53.5mm Selected

Force from the pinsto the cycloid gear:

Figure4.1 force analysis on the cycloid gear(RV 745041 14 #7154 EF 5l R 19 )2 7 70 B7)
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P= /(PX2 +P})

Calculate short width coefficient:

eZ, 1.75%59
Rz  155.95

The force on cycloid gear in X-direction:

b = ZM, 59 * 6300000
¥ 7 2K,Z3R, 2 %0.662 * 58 * 155.95

- P, = 31034N
Z4 2mi . 2mi
/2 2M, [cos (cp - Z—) — K] sin(p — 5-)
P, = 4 4
y 2

™ KiZ3R,[1 + K% — 2K, cos(¢ — ﬂ)

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 forceis Py, = 13100N when ¢ = 0.61+2nnt(n=20,1,2.....)

Whenn=0, ¢ = 0.61
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¢ =0.62rad = 35.5°

Because the equilibrium of force, the force on the bearing is F = /F)% +F2

F, =—(P,

1( +—MV ) ! 31034+—0 35.5°
= — * .
Tz, 1 25) ¢ ) =3¢ 2+ (17 +69) " 053559

- F, = 10355N

Mv

o <P 6300
yo n Y m(21 + Zz)

N1
ing ) ==(13100 - ———
qu’) 3( 2+ (17 + 69)

* Sin 35.5°)

— F, = 4360N

So the total reaction force from the picture aboveis R = |[FZ 4+ FZ = V103552 + 43602

— R =11235N

P= [P?+ P?=/310342 + 131002

— P =33686N
Now we need to choose the bearing from the standard.
Assume the bearing servicelifeis L;, = 5000h
F=12R=1.2%11235
- F =13482N
n = |ny| + |n,| = 249.4 + 4.3

- n = 253.7rpm

c F“’/s 60nLy _ e /3160 x 253.7 * 5000
= = *
! 106 106
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- C; = 49452N

Because e=1.75mm and C=49452N, so we choose the eccentric bearing is 180752904 which

d=22mm, D=53.5mm, C=61300N

10 10

T _10°c\3 _  10° (61300)?
So actual serviceliveis Ly, = (F) = 537 \130m2

- Ly; = 10230h

Reference:
FERT SR TRERTEE
Cmom) ﬁjf CH) Crpm)

PR L] - . = #zh R e
™ ) 1.1 1.5 150752904 k1 Taoo Tooo Taoo 9500

19 ™ ) 1.1 2.0 20075290411 Taoo Tooo Taoo 9500
™ a6 1.1 .0 3007290411 Taoo Tooo Taoo 9500

535 a2 1.1 0. e5 TATSZ204 S0 Bla00 an00 11000

53.5 g 1.1 075 B0TSEa04 S0900 RA1300 aa00 11000

53.5 32 1.1 1.0 100752904 50300 B1300 as00 11000

53.5 32 1.1 1.25 130752904 50300 B1300 as00 11000

53.5 32 1.1 1.5 150752904 50300 B1300 as00 11000

53.5 32 1.1 1.75 180752904 50900 B1300 a500 11000

535 3z 1.1 2.0 200752904 So900 E1300 as0o 11000

535 3z 1.1 2.5 250752904 So900 E1300 as0o 11000

535 a2 1.1 2.0 00TS2a04 S0 B1300 an00 11000

535 a2 1.1 3.5 50TS2a04 S0 Bla00 an00 11000

frard 535 a2 1.1 4.0 AQOTS2a04 S0 Bla00 an00 11000
535 a2 1.1 4,25 AZ0TS2A04 S0 Bla00 an00 11000

535 g2 1.1 1.5 A50TEZA04 S0a00 B1300 |s00 11000

53.5 32 1.1 5.0 S00TS2904 50300 B1300 as00 11000

Bl. & T4 1.1 .75 S0TS2904): Ti000 a3000 TSOO 500

Bl. & F4 1.1 1.0 1007529041 Ti000 a3000 TSO0 9500

Bl. & T4 1.1 1.25 1307529041 Ti000 a3000 TSO0 9500

BEl. & 34 1.1 1.5 1507529041 T1000 g3000 TS00 500

Bl.g a4 1.1 2.0 200752904k Tiooo canon TS00 500

. =S
ot (lz)
(&%)

0. gz

) m| M mm m @ m @@ @m| D M m| ) m Mm@ @
paf vl vl ral ral rarara e e e e e ra ra ra ra ra 12 10| 10| 1
oo 0| QO O | OO O OO Q0 0| Q0 0| QD 0| QD) Op| OO D) QO Q0 Q0| 0 OO
ololololaleeeeeeeeeeeee s
[}
[}

Figure 4.3 Chinese standard of eccentric bearing
(http://mwwjiansujiO01.comy/2007-8/200782191328.htm)
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Appendix 5 Calculation of first stage output shaft

Symbol Explanation Vdaue Other
Fy Force from eccentric bearing in 4360N From Appendix 4
vertical plane
Fyx Force from eccentric bearing in 10355N From Appendix 4
horizontal plane
Ty Input torque 9.54N - m From Appendix 3
d; Pinion pitch diameter 34mm From Appendix 3
Fu Tangent force on pinion 561.2N Calculated
a Pressure angle 20° From Appendix 3
Fq Radial force on pinion 204.3N Calculated
n Efficiency of first stage gears 98% From Appendix 2
b Gear width 20mm From Appendix 3
L, Length of part 1 of shaft 18mm Selected
L, Length of part 2 of shaft 16mm Selected
Ls Length of part 3 of shaft 16mm Selected
Ly Length of part 4 of shaft 18mm Selected
Ls Length of part 5 of shaft 24mm Selected
L Total length of shaft 92mm Selected
Ry Reaction force on bearing B in 911.1N Calculated
vertical view
Rav Reaction force on bearing A in —1111.1N Calculated
vertical view
Sy Maximum shear force in vertical 3248.9N Calculated
view
M, Maximum bending moment in 27816N - m Calculated
vertical view
Rgn Reaction force on bearing B in 2065.8N Calculated
horizontal view
Ran Reaction force on bearing A in —2615.8N Calculated
horizontal view
SH Maximum shear force in horizontal 7739.2N Calculated
view
My Maximum bending moment in 66934N - m Calculated
horizontal view
d, Gear pitch diameter 138mm From Appendix 3
T Torgue on shaft 37950N - mm Calculated
A, Axial load on bearing A ON Calculated
A, Radial load on bearing A 2842N Calculated
B, Axial load on bearing B ON Calculated
B, Radial load on bearing B 2258N Calculated
ds Shaft diameter (mounted with gear) 18mm Selected
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ry Shaft fillet radius 2mm Selected
ry Fillet radius on the keyway 0.2mm Selected
Ki1 Static stress concentration factor on 3.7 Diagram 3

keyway (for torsion, mounted with (reference figure
eccentric bearing) 5.22)

Su Ultimate strength 923MPa (134ksi) Selected
Sy Yield strength 750MPa Selected
q1 Notch sensitive factor of shaft part 0.92 Figure 8.24

(for torsion, mounted with eccentric (reference figure
bearing) 5.23)
Kgp Fatigue stress concentration factor of 3.484 Calculated
shaft part (for torsion, mounted with
eccentric bearing)

T, Torsional alternating stress 0MPa Calculated
Tm Torsional mean stress 181MPa Calculated
Oaa Axial alternating stress 0MPa Calculated
Oam Axia mean stress 0MPa Calculated

M Maximum bending moment 72484N - mm Calculated

D Shaft diameter (mounted with 22mm Selected
eccentric bearing)

dy Shaft diameter (mounted with 20mm Selected

tapered roller bearing)

q; Notch sensitive factor of shaft part 0.87 Figure 8.24

(for bending, mounted with eccentric (reference figure
bearing) 5.23)
B Key width 6mm Table 1 (reference
figure 5.21)
H Key thickness 6mm Table 1 (reference
figure 5.21)
K2 Static stress concentration factor on 1.57 Figure
shaft (for bending, mounted with 4.35(reference
eccentric bearing) figure 5.24)
Kpp Fatigue stress concentration factor of 1,5 Calculated
shaft part (for bending, mounted
with eccentric bearing)

Obm Bending mean stress 0MPa Calculated

Ob.a Bending aternating stress 300M pa Calculated

Oea Equivaent aternating bending stress 300Mpa Calculated

Oem Equivaent mean bending stress 181Mpa Calculated

Crp Temperature factor 1 Calculated
Cr Reliability factor 1 Calculated
S, R.R.Moore endurance limit 461.5Mpa Calculated

Load factor 1 Calculated
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Cq Gradient factor 0.9 Calculated
Cs Surface limit 0.9 Calculated
Sh Fatigue endurance limit 374Mpa Calculated
SF; Safety factor from section E-E 2.88 Calculated
Ki3 Static stress concentration factor on 3.7 Diagram 3
keyway (for torsion, mounted with (reference figure
gear) 5.22)
K¢3 Fatigue stress concentration factor of 3.484 Calculated
shaft part (for torsion, mounted with
gear)
qs3 Notch sensitive factor of shaft part 0.92 Figure 8.24
(for torsion, mounted with gear) (reference figure
5.23)
Sys Shear yield strength 435Mpa Calculated
SF, 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 forcesfrom eccentric bearings

Forcein the vertical plane Fy = 4360N (from Appendix 4).

Force in the horizontal plane Fy = 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.

Theinput torqueis:

T, = 9.54N - m.

Pinion pitch diameter:

d; = 34mm

Tangent force on pinion:
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Ty 9.54x10°
Tdy/2 17

Fey

>F, = 561.2N
Pressureangleisa = 20° (from Appendix 1).
Radial force on pinion
F.i = Fy Xtana = 561.2 X tan 20°
>F,; = 204.3N

Find forces on gear

The efficiency of first stage gearsis n = 98% (from Appendix 2 n isequal tonHl ).

4181

Tangent force on gear:
Fip; = F;1 X1 =561.2 X 98%
—2>F = 550N
Radial force on gear:
F,, = F.; X1 = 204.3 X 98%
>F,, = 200N
Geometry of the shaft

Figure 5.1 shows the geometry of the first stage output shaft. It is separated into 5 parts.
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Figure 5.1 Geometry of the first stage output shaft
Part listapered roller bearing L; = 18mm. (According to the selected bearing type in Appendix 6)
Part 2 is eccentric bearing L, = 16mm. (According to the selected bearing type in Appendix 4)

Part 3 is eccentric bearing Lz = 16mm. (According to the selected bearing typein Appendix 4)

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

Part 5isgear Ly = 24mm. (According to the gear width b = 20mm in Appendix 3)
Thetotal length of shaft isL. = 92mm.

Calculation of forces and bending moments on the shaft

The calculation can be divided into vertical plane and horizonta 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 \ertical view of shaft with forces

Infigure5.2:

CA = 4.25mm

AD = 21.75mm

DE = 16mm
EB = 21.75mm
BF = 18.25mm
Find reaction forces
TRay + Fy + (=Fy) + Rgy + F., =0
2R,y + Rgy = —200 (1)

A: Fy X 21.75 — Fy x (21.75 4+ 16) 4+ Rgy X (21.75 4+ 16 + 21.75) + F,, X (21.75 + 16 +
21.75+18.25) =0

> — 69760 + 59.5 X Rgy + 15550 = 0
>Ry = 911L.IN
Plug into equation(1):
SR,y + 911.1 = —200

SR,y = —1111.1N
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Calculation of shear forcesand bending moments

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

Figure 5.3 Section AD
l:S(X) —Ruy =0
S = —1111.1N
AD:M) —Rpy -x=0
2M(,) = —-1111.1-x
In this section when x = 21.75mm (at point D) has the maximum moment:

Mp = —1111.1 X 21.75 = —24166.43N - mm

Section DE: 21.75 < x < 37.75mm (seefigure 5.4).
n by

M e T
w . .

I;‘I‘

Figure 5.4 Section DE
188y —Fy —Rpay =0

>Sw) = 4360 + (=1111.1) = 3248.9N
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DE:M() — Ray - x—Fy - (x —21.75) = 0
My + 11111 - x — 4360 - x + 4360 X 21.75 = 0
M, = 3248.9 - x — 94830
In this section when x = 37.75mm (at point E) has the maximum moment:

Mg = 3248.9 x 37.75 — 94830 = 27816N - mm

Section EB: 37.75 < x < 59.5mm (seefigure5.5).

Figure 5.5 Section EB
1:Sey—Ray —Fy +Fy =0
S = —1111.1N
EB:M() — Rpy *x—Fy - (x—21.75) + Fy - (x = 37.75) = 0
M) +1111.1 - x + 4360 X 21.75 — 4360 x 37.75 = 0
M) = —1111.1-x + 69760
In this section when x = 35mm (at point E) has the maximum moment.

Mg = —1111.1 X 37.75 + 69760 = 27816N - mm

Section BF: 59.5 < x < 77.75mm (seefigure 5.6).



Appendix 5 Page9(29)

Figure 5.6 Section BF
}:Sxy—Rav = Fy + Fy =Ry =0
>Sx) = —200N
BF-My) —Ray - x—Fy - (x — 21.75) + Fy - (x — 37.75) = Ry - (x—59.5) = 0
M) +1111.1 - x+ 4360 X 21.75 — 4360 X 37.75 + 911.1 X 59.5 - 911.1 - x =0
>M(, = —200 - x + 15550

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

Mg = —200 X 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 diagramin vertical view
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Figure 5.8 bending moment diagramin 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 forcein vertical view:
Sy = 3248.9N (At section DE)
The maximum bending moment in vertical view:

M, = 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.

a F?i:.h

KB sy | Mg 2MERW gmay
R Sy
S

Figure 5.9 Horizontal view of the shaft with forces

Find reaction forces
T:RA].[ + FX + (—Fx) + RBH + th =0
QRAH + RBH = _550 (1)

A: Fy X 21.75 — Fy X (21.75 4+ 16) + Rgy x (21.75 + 16 + 21.75) + F, X (21.75 + 16 +
21.75+18.25) =0

> — 165680 + 59.5 - Ry + 42762.5 =10
SRy = 2065.8N (2)
Plug into equation(2):
SR,y + 2065.8 = —550

Calculation of shear forces and bending moments

SectionAD: 0 < x < 21.75mm (seefigure 5.10).
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i .
fi? | ¥
Py .
Figure 5.10 Section AD
l:S(X) - RAH =0
S = —2615.8N
ADM(X) - RAH -x=0
éM(X) = —2615.8-x
In this section when x = 19mm (at point D) has the maximum moment:

Mp = —2615.8 X 21.75 = —56893.7N - mm

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

L |

L G
1

M T
G2y B .

Figure 5.11 Section DE
lis(x) —Fx —Rpg =0

2>S) = 10355 + (—2615.8) = 7739.2N

DEM(X) - RAH X — FX . (X— 19) =0

My + 2615.8 - x — 10355 - x + 10355 x 21.75 = 0

SM, = 7739.2 - x — 225221

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

Mg = 7739.2 X 37.75 — 225221 = 66934N - mm
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Section EB:  37.75 < x < 59.5mm (see figure 5.12).

Fx

[

Figure 5.12 Section EB
l:S(X)_RAH - FX + X = 0

S = —2615.8N
EB:M() — Ray - x—Fx - (x—21.75) + Fx - (x = 37.75) = 0
M +2615.8 - x + 10355 x 21.75 — 10355 X 37.75 = 0
M) = —2615.8 - x + 165680
In this section when x = 37.75mm (at point E) has the maximum moment.

Mg = —2615.8 X 37.75 + 165680 = 66934N - mm

Section BF: 59.5 < x < 77.75mm (seefigure 5.13).

Fye

w

Figure 5.13 Section BF
l:S(X)_RAH - FX + FX - RBH =0

>S(y = —550N

BFM(X) - RAH + X = FX . (X - 2175) + FX . (X - 3775) - RBH . (X - 595) =0
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M) +2615.8 - x + 10355 x 21.75 — 10355 x 37.75 + 2065.8 X 59.5 — 2065.8 - x = 0
M) = —550 - X + 42762
In this section when x = 54mm (at point B) has the maximum moment.

Mp = —550 X 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 diagramin horizontal view
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~565730]
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 forcein horizontal view:
Sy = 7739.2N (At section DE)
The maximum bending moment in horizontal view:

My = 66934N - m (At section E-E)

Torsion loading diagram
Thetorque is generated by the rotating gear.

T=F ><dz—550><138
- 1't2 2_ 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 loadson bearing A
Thereisno axia load exist on the shaft that the axial load on bearing A is zero.
A, = ON

Figure 5.17 shows the radial load on bearing A.

Figure 5.17 Radial load on bearing A

A = |Rav® +Rap? =+/(=1111.1)2 + (—2615.8)2

A, = 2842N
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Find loads on bearing B
Thereisno axia load exist on the shaft that the axial load on bearing B is zero.
B, = ON

Figure 5.18 shows the radial load on bearing B.

Figure 5.18 Radial load on bearing B

B, = |Rgy? + Rpy? = 1/911.12 + 2065.82

>B, = 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 (d; = 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 isT = 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 sectionisD = 22mm.
Thefillet radius on whole shaft isr; = 2mm.

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

B = 6mm
9{H = 6mm

Thefillet radius on thekey isr, = 0.2mm.

52 _092_ 4033
B 6

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

2 _ 0033
B -_ .

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

5 (Su = 923MPa (134ksi)
S, = 750MPa

Figure 8.24 (reference figure 5.23) in page 28 of Handbook for Machine Design
r;{ = 2mm
Sy = 134ksi
Torsion
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2>q; = 0.92
Handbook for Machine Design (8.2) K¢ =1+ (K; —1)-q
Ky =14+ Ky —1)-q; =1+(3.7-1) %092
>K; = 3.484

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

Handbook for Machine Design (8.5) —S;mK = 1:.;"
K, .
Tm 16T
SF-Ky m-D3

_ 16 x 37950 x 3.484

9
tm X 223

SF = 63.2 - SF

Find axial stress

Thereisno axial force on the shaft which meansthe axial stressis zero.
0,2 = O3m = OMPa

Find bending stress caused by the maximum bending moment
M, = 27816N - mm

My = 66934N - mm

M= [M,?+My? =+/278162 + 669342

M = 72484N - mm At section E-E (figure 5.19)
The shaft diameter (mounted with eccentric bearing) isD = 22mm.

The shaft diameter (mounted with tapered roller bearing) isd, = 20mm.

Figure 8.24 (reference figure 5.23) in page 28 of Handbook for Machine Design
r{ = 2mm
Sy = 134ksi
Bending
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>q, = 0.87

Figure 4.35 (a) in page 14 of Handbook for Machine Design (reference figure 5.24)
D 22

d, 20

rq _ 2 _

4, 20" 0.1

Bending

Handbook for Machine Design (8.2) K, =14+ (K, —1)-q

1.1

——

Kf2 =1+(Kt2_1)‘CI2 = 1+(157—1)X087
erz = 15

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

Opm = OMPa

o, _ 32:M,
SF Ky m-d3

Handbook for Machine Design (8.6)

Gb,a _32M
SF-K;; m-D3

32 X 72484 x 1.5
D0pa = e TE X SF = 104SF

Find equivalent bending stress

Equation (a) in page 25 of Handbook for Machine Design:o., = /0,2 + T,2

0, = ’O‘a’az + 0p a2 = /02 + (104SF)?

>0, = 104SF

T, = OMPa

>0, = /02 + (104SF)2 = 104SF
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O 2

Equation (b) in page 25 of Handbook for Machine Design:o,,, = 07"‘ + [Tl =

2
Om = /O'a’mz + opm? = /0% + 02

6, = OMPa
T, = 63.2SF
Oem = 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 > 10°.
S, =S,-CL-Cq-Cs-Cr-Cgr
Cr = Cg =1 (Noinformation)
S, =0.5-S, (Noinformation, steel)
>S, = 0.5 x 923 = 461.5MPa
C, =1 (Bending)
Ce = 0.9 (Bending, 10 < d < 50mm)

Su = 134ksi
Fine — ground
Figure 8.13 (reference figure 5.26) in page 26 of Handbook for Machine Design

2S,=4615%x1x%x09x%x09x%x1x1=374MPa
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Diagram 5.1 Fatigue strength diagram

0ea  104SF
= = 1.65
Oem  63.2SF
Diagram 5.1 (fatigue strength diagram)

>6,, = 300MPa

Oem = 181MPa

300
951‘71 = m = 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
isthe 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 d; = 18mm where mounted with the gear
Thefillet radius on whole shaft isr; = 2mm.

{ d; = 18mm.
Table 1 (reference figure 5.1)in page 11 of Shaft design and shaft related parts

B = 6mm
9{H = 6mm

Thefillet radius on thekey isr, = 0.2mm.

52 _092_ 4033
B 6

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

2 _ 0,033
B -_ .

Figure 8.24 (reference figure 5.3) in page 28 of Handbook for Machine Design
r{ = 2mm
Sy = 134ksi
Torsion
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Handbook for Machine Design (8.2) K =14+ (K, —1)-q

SKy3 = 3.484

Handbook for Machine Design (8.5) S;mK = 1:'5;1
Ko

T 16T
SF-Kyp  m-dy®

_ 16 x 37950 x 3.484

— 153 SF = 115 - SF

2Ty

Equation (8.4) in page 25 of Handbook for Machine Design Sy = 0.58 - S,
>S,s = 0.58 x 750 = 435MPa

Only torsional stress on this section

Sys = 115+ SF
>SF _ 435 3.8
27115

Select thefinal safety factor
Compare two generated safety factor
SF; = 2.88 < SF, = 3.8
Select the final safety factor is:

SF = SF, = 2.88
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Reference

table from chdiéh standard SMS 2305.
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200-330 |70 36 [22 )14 4 1.4 200

Figure 5.21 Table 1 key standard
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K= formfaktor
55T Vridning av rund-
15 \ sténg med Kilspar
5,0 1 T 16M,
£ nom” qr. 3
4.5 ‘ \i nominell spanning
4,0 ! ™ Tonax = K¢ Tnam
3,5 F
- \
3,0%
A e LS RS B -4--.*::;:,,
0 0,01 0,02 003 004 005 006 . B

Diagram 3. For calculation of static stress
concentration factor in keyways

Figure 5.22 diagram for static stress concentration factor in keyways
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Ficure 8.24

Notch sensitivity curves
(after [9]). Note: (1) Here r
is the radius at the point
where the potential fatigue
crack originates. (2) For
r> 016 in., extrapolate or
useg =& 1, ‘

0.5

© = Use these values with bending- and axial loads | Steel
r as marked

r Use these values with torsion 8, (hsi) and Bhn

1.0

0.9}

C.81

o7l

0.6

0 0.02 004 006 008 010
Notch radius 4 {in.)

[¢] 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Notch radius » (mm)

Figure 5.23 Notch sensitivity curves
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L4}
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Figure 5.24 Figure 4.35(a) in page 14 of Handbook for Machine Design

0.16
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(a)



Appendix 5 Page28(29)

TABLE 8.1 Generalized Fatisue Strensth Factora for Ductile Materials

{S=N curves)

a. 10%eycle strength (endurance limit)*

Bending loads: 8, = 5,0 CqCeCrCy

Axial loads: 5, = §40, CpCyCrCy

Torsional loads: 8§, = 0 CsC0rCy

where 8! is the B.R. Moore, endurance limit,® and

_ Bending Axial . Torsion
Cr  (load factor) L0 10 0.58
Cs  (eradient factor): 1.0 0.7 to 0.9 1.0
diameter - {04 in, or 10 mem)
(0.4 in. or 10 mm) < diameter < e 0.7 e 0.9 049

{2 in, or 30 mm)*

Cg  (surface factor)

Oy (lemperuture factor)
T = B4(}°F
B Y = T = 1020 °F

ses Figure 813

Values are ooly for steel

1.0

Cg  (reliability fuetor)!
50 reliability
o0% "

95% "
o9
LT

b. 10°-cycle strenpth®" ¥
Bending losds: 8, = 0.95,Cr
Axial loads: 8 = 0.7535,Cr
Torsional loads: 8§ = 0.95,,Cr

L.000
397
(.868
1.814

+ 0753

1.0
I-{0.0032T — 2.688)

£.0

where .’5' is the ullinmte tensils b|IﬂI1gl|:I wndd &g, 15. the ultimate shear 1rmng[h

*Fior rruasterinls not having the enduranae imdt, apply the factors to the 1P o 5 % ’ﬂ‘-;.r;'la mﬂh

h gt = 0.58, for steel, lncking better data.

“Pog (2 dn. or S0mm) < diameter < {4 in. oc 100 mm) reduce these actors by ahlilul'l:ll For
(o i, o 100 em} = diameter < (& in, or 150 mm}, reduce thwse factons by aboo 0.2,

“The factes, Cp, comesponds tm an § percent standard deviation of the endurance lmit. For :xamp]t,lu:lr

9% rellability we shift —2.326 smndard deviations, and Cp = [-2.32600008) = O.EL4.

“Wo cocrections For gracient or surface are normally made, but the cxperimental valoe of 8, or &, should

ertain to sizes reasonably close to those invelved,

*Mo carrection is uanally ntade foe reliability ot 107 cycle strength,

B f = 0BS5S, far stoel; 3,; = 0,75, lor ather duclile metals,

Figure 5.25 Generalized fatigue strength factors for ductile materials
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Surface factor C,

Hardness {f{ﬂ}
%IZU 150 EDD 240 EED 320 EED 4DD 44[} 43{) 520

oL :l’:urrude;l h:n sait watar
60 80 100 120 140 150 13::1 zuu zzn 240 250

Tensile strength 8, (ksi)

I [ ] B | | ] ]
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

s, (GPa)

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
A, Axial load on bearing A ON From Appendix 5
A, Radial load on bearing A 2842N From Appendix 5
B, Axial load on bearing B ON From Appendix 5
B, Radial |oad on bearing B 2258N From Appendix 5
P Equivalent dynamic bearing |oad 2842N Calculated
ay Life adjustment factor for 0.33 Table 1 (page 53 of
reliability SKF General Catalog)
p Exponent of the life equation 10 Given
3
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
dp, Mean bearing diameter 33.5mm Calculated
Vi Required viscosity 70 mm? /s Diagram 5 in page 60
of SKF Generd
Catalog
\ Actual operating viscosity 60 mm? /s Diagram 6 in page 61
of SKF Generdl
Catalog
k Viscosity ratio 0.86 Calculated
Ne Degree of contamination 0.55 Table 4 in page 62 of
SKF General Catalog
P, 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
Lomn SKFrating lifeat 98% 55348h Calculated

reliability

L oads 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 radia forces are acted on those two
bearings, the axial forces are zero.
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Axid load on bearing A: A, = ON

Radial load on bearing A:A, = 2842N

Axid load on bearing B:B, = ON

Radial load on bearing B:B, = 2258N < A, = 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 A, = ON, the equivalent dynamic bearing load isP = A, = 2842N.

Find bearing typein 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:

106 /C\P
Lymh = a1 * askr m (5)

Symbol L,;, isthe SKFrating lifeat 100 — n%. Thisn in the symbol represent the failure
probability of the bearing. Thetotal reliability of bearings on one shaft is selected as90%. Asthe
number of bearingsis 4 (2 tapered roller bearings and 2 eccentric bearings), the reliability of one
tapered roller bearing is:

Reliability ~ ¥Y90% = 97.4%

Select the reliability of this bearing is98%. The failure probability is2% that means the SKF
rating life can be written as Ly, -

The exponent of the life equationisp = % for roller bearings.

e Find life adjustment factor for reliability a;
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{ Relability = 98%
Table 1 in page 53 of SKF General Catalog

>a; = 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
shaftis:

n =n, = 249.4rpm
e Find SKF lifemodification factor
From the bearing type 30204J2/Q and the SKF General Catalog:
d = 20mm
D = 47mm

The mean diameter is:

_d+D 20+47

dmz_z

2>d,, = 33.5mm

d, = 33.5mm

{Diagram 5 in page 60 of SKF General Catalog
n = 249.4rpm

v, = 70mm?/s

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

v =60mm?/s (At 55°C, operating temperature)

The viscosity ratiois:
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K= \% _60
Tv; 70
>k = 0.86

Table 4 in page 62 of SKF General Catalog
Normal cleanliness
d, = 33.5mm < 100mm

>n. = 0.55

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

P, = 3kN

Diagram 2 in page 55 of SKF General Catalog

P,
Ne -F“ =0.52
k =0.86
eaSKF =1.3

 Find SKFrating life

X
60 x 249.4 2842

100 <c
p

10
P 10° 27.5x 103\3
Lomn = a3 - agkr m —) =0.33%x13x%

SLyn = 55348h

Reference
SKF Genera Catalogue
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Appendix 7Input shaft design

Symbol Explanation Value Other

Tout Output torque 6300Nm Given

n 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

K 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

K¢ Fatigue stress concentration factor 3.484 Calculated

T, Alternating torsion stress 0 Calculated
Tm Mean torsion stress 63.4Mpa Calculated

SF Safety factor 6.86 Calculated

Input torque:
Low 0999 oo oNm

ni  0.915240.5

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_92 0.033
- — = —= 0.
B 6

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

L 0033
B_ .

_)Ktz 3.7
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From Appendix 3, the hardness of the shaft material (20MnCr6-5) is 350HBW.
- Sy, = 750Mpa
- Sys = 0.58S, = 0.58 x 750

- S,s = 435Mpa

Figure 8.24 (reference figure 7.3) in page 28 of Handbook for Machine Design
r =2mm
Sy = 134ksi
Torsion

-q=092
Handbook for Machine Design (8.2) K =1+ (K; —1) *q
Ke=14+(K;—1)*q=1+(3.7—-1)%0.92
- K¢ = 3.484
Since the torque is constant, the torsion alternating stress t, = OMPa

Tm _ 16Ty
SFKe  md3

Handbook for Machine Design (8.5)

T 16-T
SF-Kp  mw-dy?

_ 16 28.6 + 1000 * 3.484

- —03 SF = 63.4 - SF

T

There is no alternating torsion stress, so make T, = 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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Symbol Explanation Vd ue Other
ds Shaft diameter (mounted with gear) 18mm From Appendix 5
N Number of splines 6 Selected
ds Inner diameter of spline 18mm Selected
D4 Outer diameter of spline 20mm Selected
\ Spline width 5mm Selected
h Height of spline 1mm Selected
b Gear width 20mm From Appendix 3
k Coefficient of load with no equal 0.75 Selected
apportionment between teeth
I Working length of spline tooth 20mm Selected
dy, Average diameter of spline 19mm Calculated
[o'p]l 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 22mm From Appendix 5
bearing)
H Key thickness 6mm From Appendix 5
Lg Working length of the key 22mm Selected
[cp]z Allowable crushing stress for key on 110MPa Selected from table 6.1 in
first stage output shaft page 102 of Machine
Design (reference figure
8.4)
T; Input torque 28600N - mm From Appendix 7
de 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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A B: C:
Permanent To slide To slide
W, fit without load under load
Mo, of for all
splines fits k d h d h d
Four 0.241D 0.075D 0.850D 0,125D 0.750D
Six 0.250D 0.050D 0.900D 0.073D (L.850D 0. 100D 0.8000
Ten 0.156D 0.045D 0.910D 0.070D 08600 0.095D 0.810D
Sixteen 0.098D 0.045D 0.910D 0.070D 0.860D 0.095D 0.810D

Figure 8.1 SAE Sraight Tooth Splines Sandard
(http://mech.sharif.ir/~durali/desi gn/Shafting/detail §/Lecture%2020.pdf)

Infigure 8.1, the parameters of the selected permanent fit spline are:
Splines number:N = 6
Inner diameter of spline:ds = d; = 18mm

Outer diameter of spline: D = 4

0.9
5 ds 18
1709709
2>D; = 20mm

Spline width:W = 0.25 - D
W = 0.25 x D; = 0.25 X 20
>W = 5mm
Height of splineth = 0.05 - D
h = 0.05 x D; = 0.05 x 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 < 1
k-z-h-l-dm_[op] €Y)

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.
2z=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.
21=Db = 20mm

d,,isthe average diameter of spline.

_D+d_D;+ds
mTo2 2
20+ 18
2>d,, = 5 = 19mm

[cp]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.
>[o,], = 120MPa

Torgue on the first stage output shaft T = 37950N - mm.

Plug those values into equation (1):

2T B 2T
k-z-h-1-d, k-N-h-b-d,

2 X 37950
0.75x 6 x1x20x19

= 44.4MPa < [0,] = 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:



Appendix 8 Page4(5)

4.7
g h1= L] (@)

T isthe torque on first stage output shaft T = 37950N - mm.
disthe shaft diameter. In this case it is the shaft diameter where mounted eccentric bearing.
2>d =D = 22mm (From Appendix 5)
his the thickness of key.
—h =H = 6mm

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

R

Figure 8.2 Length of key on the first stage output shaft
=L =22mm
[op]is the alowable 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.
>[o,], = 110MPa
Plug those values into equation (2):

4-T  4-T
d-h-1 D-H-Lg

4 x 37950

———— ="523MPa< [o,] =110MPa
22 X 6 X 22 2

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.



Check the strength of the key on input shaft

The input torqueT; = 28600N - mm. (From Appendix 7)

The input shaft diameterd, = 20mm. (From Appendix 7)

Key thickness H = 6mm.

Working length of thekey 1 = 22mm .

Allowable crushing stress[o,, |, = 110MPa.

Plug those values into equation (2):

4T 4T
d-h-1 dg-H-1
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4 x 28600
20 X 6 X 22

= 433MPa < [0,], = 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

Lyd

. Table 6. 2I Allowable crushing s

mmms rr g

tress and allowable press\_lre_' of spline

joints (MPa)

Surface with

o Surface without
Working way | aqowable value | Working condition ek bepatihent heat treatment
of joint - i
Badness 35~55 .4_0 i
. e §0~100 100~140
Dead load Lo, Middling _ ;
Badness 15~20 . s
Sliding joints (p] Middling 20~30 30~60
without load . il 95~ 40 40~170 -
_ Badness b $~10
e PR S 5~15
. Sliding joints [5] Middling G
with load - Well — 10~2F17
Figure 8.3 Table 6.2 in page 105 of Machine Design
Table 6.1 Allowable crushing stress and allowable pressore of keys Joints (MPa)
| b
Working way Material of L :
ok [kt R = Dead load Light impact Joad Impact load
_ _ Steel 125~150 100~120 .« - 60~90
_ [, ](Fixed joint)
Cast iron T0~80 50~60 30~45
[ pX(Sliding joint) Steel 50 40 30

Figure 8.4 Table 6.1 in page 102 of Machine Design
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Appendix 9 Output shaft design

Symbol Explanation Vda ue Other
Tv Output torque 6300Nm Given
T, Torqgue on each cycloid gear 3150Nm Calculated
oy Tensile strength 923Mpa Selected
Opp Bending strength 396.89Mpa Calculated
d, Pin diameter 45mm Selected
e Eccentric distance 1.75mm Selected
b, Thickness of cycloid gear 15mm Selected
) Distance between two cycloid gear 0.000849 Calculated
Zw Pin hole number 3 Selected
Ry, Distributed circle of pin and bearing 86mm Selected
radius
d, Roller diameter 60mm Selected
dy, Pin hole diameter 63.5mm Calculated
dy, Outer ring diameter 535 From appendix 4
D¢ Dedendum diameter of cycloid gear 286.5 Calculated
Ly Length of part 1 of shaft 50mm Selected
L, Length of part 2 of shaft 100mm Selected
L Length of part 3 of shaft 20mm Selected
Ly Length of part 4 of shaft 24.5mm Calculated
Lsg Length of part 5 of shaft 7.5mm Calculated
Qmax Maximum force on the pin 58605N Calculated
Rg Reaction force on bearing B 118628N Calculated
Ry Reaction force on bearing A —60023N Calculated
Sax Maximum shear force 60023N Calculated
M nax M aximum 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
Ki1 Static stress concentration factor on shaft 2.05 Figure 4.35(reference
(for bending, section B-B) figure 9.12)
q1 Notch sensitive factor of shaft part (for 0.89 Figure 8.24 (reference
bending, section B-B) figure 9.13)
[\ Fatigue stress concentration factor of 1.93 Calculated
shaft part (for bending, section B-B)
K2 Static stress concentration factor on shaft 1.75 Figure 4.35(reference
(for torsion, section B-B) figure 9.14)
qz Notch sensitive factor of shaft part (for 0.94 Figure 8.24 (reference
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torsion, section B-B) figure 9.15)
Ks, Fatigue stress concentration factor of 17 Caculated
shaft part (for torsion, section B-B)
Sh Fatigue endurance limit 332MPa Calculated
T, Torsiond alternating stress OMPa Calculated
Tm Torsional mean stress 201MPa Calculated
Oaa Axial alternating stress O0MPa Calculated
Oam Axial mean stress OMPa Cadlculated
Obm Bending mean stress OMPa Calculated
Ob.a Bending alternating stress 270Mpa Calculated
Oea Equivalent alternating bending stress 270Mpa Calculated
Oem Equivalent mean bending stress 201Mpa Calculated
SFy Safety factor from section B-B 4.9 Calculated
K¢z Fatigue stress concentration factor of 17 Calculated
shaft part (for torsion, section A-A)
SF, Safety factor from section A-A 5.8 Calculated
SF Final safety factor for whole shaft 49 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 pinsis shown in figure 9.1

g Y g

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

On = Qmax L
FTw
The maximum force on the pin:
_ 48T,
max ZWRW

And then:

3
T ,
W = =5 = 0.1d 3(W is the section module)

L =15b, +8
Because ofor < opp, from those equationsit can be simplified:

_ 4.89 % 10T, (1.5b, + 8)

- <
OF ZyR,,d3 = OFp
, s/T (1.5b, + &)
g g
oy 2366 I Rom
L _Tv_6300 .
8= "2 m

opp = 0.430, = 0.43 * 923 = 396.89Mpa

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

d >366><3 Tg(1.5bg+5) 366)(3 3150(1.5 * 15 + 2)
- ) 80 TO) o
o ZwRw O 3 %86 * 396.89

- d;, > 33.3mm

So from the reference diameter of the pins from reference figure 9.1, choose 45mm and then the
roller diameterd,, is 60mm.
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d;, = 45mm
ﬁ
dp = 60mm

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

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:

5 e o B e sl A . el
!

T

- T
I
—

[ T 5 i e g e 1t = i

Figure 9.2 Smple picture of output shaft
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L; = 50mm
L, = 100mm
Lz = 20mm

L,isthe distance from force Q. acted point to the disk. In reference figure 9.10, distance
B =15mm and § = 2mm areall given.

B 15
L4:B+6+E= 15+2+7

- Ly = 24.5mm

B 15
L5 =E:_

— Ls = 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 dimensionsin Figure 9.3 are:

Ot

S

Bt E C

!

1
& L
Figure 9.3 Forces on output shaft
DA = 19mm

AB = 62mm

BE = 19mm
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The maximum force on the pin:

EC = 44.5mm

CH = 7.5mm

4.8T, 4.8 x 3150 x 10°

Qmax =77~ = 3 x 86
- Quax = 58605N
T:RA +Rg —Quax =0 (1)

A: Rp X 62 — Quux X (44.5+19462) =0

- Rp = 118628N

Plug Rz = 118628N into equation (1)

- R, = —60023N

Calculation of shear forcesand bending moments

Section AB:0 < x < 62mm (seefigure 9.4)

lIS(X) - RA =0

AB:M(X) — RA -x=0

Figure 9.4 Section AB

>S(y = —60023N

SM(, = —60023 - x



Appendix 9 Page7(16)

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

Mg = —60023 X 62 = —3721426N - mm

Section BC:62mm < x < 125.5mm (seefigure 9.5)

-

Figure 9.5 Section BC
l:S(X) - RB - RA =0

9S(X) = 118628 + (—60023) = 58605N

BEMy) — Ry x—Rp - (x—62) =0

M) + 60023 - x — 118628 - x + 118628 X 62 = 0

>M(y) = 58605 - x — 7354936

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

Mp = 58605 X 62 — 7354936 = —3721426N - mm
The bending moment at point Eis:

Mg = 58605 x 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

-

_ _-.M

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:

M. = 3721426N - m (At section B-B)
Torsion loading diagram

Thetorque on all parts of output shaft is the output torque.



Appendix 9 Page9(16)

T =Ty =6300N-m

2T = 6300000N - mm

Figure 9.8 displays the torsion loading diagram.

Bearing loads

Figure 9.8 Torsion loading diagram

Asthere are no axial forces on bearing, the bearing force is equal to the reaction force onit.

Rp = 118628N

R, = —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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Ao
| ! |
o
_ 2
Loy
. o
L) |
| A i ]
i f I i
L VRO

)

G h L

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 isto find the bending stress.

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

1)_110_122
d 90
r 3 0033
d 90
Bending

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

Figure 8.24 in page 28 of Handbook for Machine Design

r = 3mm
Sy = 134ksi
Bending



Appendix 9 Pagel1(16)

-q; = 0.89
Handbook for Machine Design (8.2) K¢ =1+ (K; —1)-q
Keg =1+ Ky —1)-q; =1+ (2.05—1) x 0.89
>Kg = 1.93

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

Opm = OMPa
- : oa _ 32:M,
Handbook for Machine Design (8.6) - = —3
K .

Ob,a _ 32- Mmax
SF-K 1 D?

32 x 3721426 x 1.93
Sop, = VELTE x SF = 55SF

Secondly isto find torsional stress.

D_110_122
[ d 90
g 3 = 0.033
d 90
Torsion

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

Figure 8.24 in page 28 of Handbook for Machine Design
r = 3mm
Sy = 134ksi
Torsion

>q, = 0.94
Handbook for Machine Design (8.2) K¢ =1+ (K; —1)-q
K =1+ Ky —1)-q, =1+ (1.75-1) X 0.94
SKpp = 1.7

Since the torque is constant, the torsion aternating stress t, = 0MPa
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Handbook for Machine Design (8.5) S;mK = 1:.;"
K, .
Tm 16-T
SF-Kf; m-D3

16 X 6300000 x 1.7
Tm = Tx 1103

SF =41-SF

Thethird step isto find equivalent bending stresses.

Thereisno axia load.
Oaa = O3m = OMPa

Equation (a) in page 25 of Handbook for Machine Design:o., = /0,2 + T,2
Oy = [0a4%2 +0p,2 =+/0%2 + (55SF)2

-0, = 55SF

T, = OMPa

>6,, = /02 + (55SF)2 = 55SF

Equation (b) in page 25 of Handbook for Machine Design:o,,, = “7"‘ + /Tmz + 07‘“2

Om = [Oam? + Opm? =+/02 + 02
o, = O0MPa
1, = 41SF

Oom = 0 ++/(41F)2 + 02 = 41 - SF

The next step isto find fatigue endurance limit

Table 8.1a (reference figure 9.15) in page 27 of Handbook for Machine Design, assume N > 10°.

S, =S,-CL-Cq-Cs-Cr-Cgr
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Cr = Cg =1 (Noinformation)
S, =0.5-S, (Noinformation, steel)
>S, = 0.5 x 923 = 461.5MPa
C, =1 (Bending)
Cc = 0.8 (Bending, 100 < d < 150mm)

Su = 134ksi
Fine — ground
Figure 8.13 in page 26 of Handbook for Machine Design

2S,=4615%x1x%x09x%x0.8x%x1x1=332MPa

CME) o

feoeol

Uea. -
Soof -

— e

Tem f,s‘?_

G —
3> 35l

Teo,
=1 S

iee

fo] - -) }:’D gv;“‘ 53;9 ?9:7 T S‘W ?” (o0 U.e;“l-c
T =3F 1M oA

- —— — ==

Diagram 9.1 Fatigue strength diagram
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Cea _ 55SF
O 41SF
Diagram 9.1(fatigue strength diagram)

= 1.34

>06,, = 270MPa

Oem = 201MPa
SSFy = 220 = 4.9
1755 = &

Find safety factor from section A-A

Section A-A only has torsional stress, the diameter of this shaft partisd = 60mm.

Thefillet radius and torque are the same with section B-B.

9Kf3 = KfZ = 17

Handbook for Machine Design (8.5) —S;mK = 1:.;"
K, .
Tw  16-T
SF-Ki m-d3
16 x 6300000 x 1.7
St = = SF = 75 - SF

Let:
Tm1 = Sys = 435MPa

435

——=15.38
75

98F2 =

Select thefinal safety factor
Compare two generated safety factor
SF, =58> SF; =49
Select the final safety factor is:

SF = SF; = 4.9
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Reference
HEHEER I, 12 14 17 22 26 32 35 45 55
EREAR A 17 20 25 32 38 45 50 60 75

Figure 9.10 reference pin diameter (7742 145/ 811151

_~bearing hole

pin hele

Figure 9.11 geometry relations between the pin holes and bearing hole

Figure9.12(refer to figure 5.24in appendix 5 pagel4 of Handbook for Machine Design)
Figure9.13(refer to figure 5,23 in appendix 5 Notch sensitivity curves)
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2.6L

24

2.2

2.0 (c)

1.8

1.6

1.4

1.2

1.0-

rid

Ficure 4.35
Shaft with fillet (a) bending; (b) axial load; (c) torsion [7].

Figure 9.14figured.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
Rg Reaction force on bearing B 118628N From Appendix 9
R, Reaction force on bearing A 60023N From Appendix 9
P Equivaent dynamic bearing load 118628N Calculated
ay Life adjustment factor for 0.62 Table 1 (page 53 of
reliability SKF General Catalog)
p Exponent of the life equation 3 Given
C Basic dynamic bearing |oad 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
dp, Mean bearing diameter 155mm Calculated
\Z] Required viscosity 1000 mm? /s Diagram 5 in page 60
of SKF Generdl
Catalog
% Actual operating viscosity 1000 mm?/s | Table 2in page 246 of
SKF General Catalog
k Viscosity ratio 1.0 Calculated
Ne Degree of contamination 0.9 Table 4 in page 62 of
SKF General Catalog
P, Fatigue load limit 4KkN Page 346 of SKF
General Catalog
agKr SKF life modification factor 0.9 Diagram 1 in page 54
of SKF General
Catalog
Lomn SKF rating lifeat 95% 4461h Calculated
reliability

L oads 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:R, = 60023N

Radia load on bearing B:Rg = 118628N > R, = 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 isP = Rz = 118628N.

Find bearing typein 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:

106 /C\P
Lymh = a1 * askr m (5)

Symbol L,;, isthe SKFrating lifeat 100 — n%. Thisn in the symbol represent the failure

probability of the bearing. Thetotal reliability of bearings on one shaft is selected as90%. Asthe
number of bearingsis 2, the reliability of one tapered roller bearing is:

Reliability ~ vV90% = 95%

Select the reliability of thisbearing is95%. The failure probability is2% that means the SKF
rating life can be written as Ls,, -

The exponent of the life equationisp = 3 for ball bearings.
e Find life adjustment factor for reliabilitya;

{ Relability = 95%
Table 1 in page 53 of SKF General Catalog

Sa; = 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:

_d+D_ 110+ 200

A 2 2

2>d,, = 155mm

Diagram 5 in page 60 of SKF General Catalog
d, = 155mm
n = 4.3rpm

v, = 1000 mm?/s

Since the bearing will withstand a huge load with alow rotational speed, select extreme high
viscosity with solid [ubricationsin table 2.

Table 2 in page 246 of SKF General Catalog
v = 1000 mm?/s (At 40°C, operating temperature)

The viscosity ratio is:

_ v 1000
v; 1000
>k=1.0

Table 4 in page 62 of SKF General Catalog
High cleanliness
d,, = 155mm > 100mm

21, =09

+ 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 *6222-2Z7 and the SKF General Catalog, the fatigue load limit is:

P, = 4kN

4000
118628

P

Ne ; =09 x
P,

énc . E = 0.03

Diagram 1 in page 54 of SKF General Catalog

PR,
Ne -F“ =0.03
k=1.0
éaSKF =0.9

 Find SKFrating life

100 C\P
Lomnh = a1 - askr - m (—) =0.32x%x 0.9 x

P

106 L (151x 103\’
60 x 43\ 118628

SLyy = 4461h

Reference

SKF Genera Catalogue
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