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HEATING BEHAVIOUR OF SMALL PLASTIC GEARS

JANOS BIHARI
University of Miskolc, Department of Machine and&uct Design
3515 Miskolc-Egyetemvaros
machbj@uni-miskolc.hu

Plastic gears are used in many areas of life. Deisig and installing these types of gears

often needs physical post-control due to the daficy of the relevant standards and work-
helps. In order to have real results by the contrad must use a kind of testing equipment,
which is able to simulate exactly the stress ad askhe typical problems. To be able to

compile the right tests we must learn the typebede problems. Some of problems will be
introduced in this paper.

1. Introduction

Heating of plastic gears is an important problencalbse the strength parameters
deterioration of most base materials to be conckisdaster than that of steel gears. In
classical design the main reason of heating isfibon between the teeth surfaces. In
some design method the heating coming from theriatenaterial friction is also taken into
consideration but they cannot be used or only imited matter for small size plastic
gears. In case of plastic gears it is especiallyoitant due to the material deformation
induced by the friction caused heating. In this ggapome characteristic problems are
shown, which should be expediently taken into régdrdesign and control of such kind of
gears.

Definitions:

. Small gears:
Module < 1 mm (precision engineering, DIN 58405)
Characteristic external dimension <50 mm
. Micro gears:
Module < 0,2 mm (VDI micro gears)
Characteristic external dimension <20 mm

2. Limitations of design methods

Overviewed the often used design methods for smiakt plastic gears and the
problems of those methodsigure 1-5) [1.], it can be seen that from the four basisesa
in three, the acceptable accurate determinatidheoheat process is not possible as a part
of the design according to either the complexitg anst demand or there are no methods
or enough data for doing the calculation. In usela$sical design methods the standards
and offers to be concerned can be applied in lssigerranges however, in case of smaller
sizes, especially for micro driven-gear there arelocuments. So, it is generally true, that
in case of small size and micro driven-gear equippeves the heating should be
controlled by experiments.
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Practical design methods of SPGs
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Figure 1.

Practical design methods of SPGs
~

* The gears and the elements of the driving unit are designed by
the acknowledged guidelines and standards.
CD * The designer makes precisely all the necessary geometrical,
staticand tribological calculations, and controls the results.

_/

e Typically the design method of micro- and cheap driving units.
22]PI « Characteristic parameters can be the size, the production cost,
noise level, operational precision, etc.

\

e The designer draws the driving unit, focusing on the main
parameters, that are usually the easy-to-produce and the easy-
to-assemble.

* Working tests are the main control

Figure 2.
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Problems of design methods:

Classical design

No exact solidity Contact ratio Heating calculation
data for materials changes methods

Drive unit can
Extrapolated operate in case of
tolerances significant
production defects

Figure 3.

Problems of design methods:

Parameter based design

Problems of the
classical design are
also true.

Too many
uncertain factors.

Effect of assembly
mistakes are
difficult to foreseen
and calculate.

Simulation and
tests are neccesary
before prototypes

Figure 4.



8 Janos Bihari

Problems of design methods:

Test based development

Problems of the Wrong geometry

. Several problem-
classical and the opportunities are also can work
parameter-based PP properly due to the

. unknown.
design are true here. tolerances.

Test pieces give right

results only by using

the final production
method.

Rising of the
temperature is non-
calculable.

Figure 5.

In heating of plastic gears the deformation duladling and the re-deformation due to
unloading have an important role. This elastic defition is always accompanied by
internal friction. This kind of heating can be alhdotally eliminated by determination of
the strength requirements however, the system elsndo not satisfy all the time the
strength requirements in case of parameter basgdjdest-based development or design
of cheap units. In such kind of situation only casé of element tests or knowledge of
previous test results can be judged whether teagth of the gears is suitable or not.

3. Critical design positions from point of heating

The gear deformation can be induced more factaegathe non-suitable strength
property. For instance over-loading, non-optimakéige of teeth and abnormal contact of
surfaces, which have not been designed for that.hgating can be reduced in these cases
as well by well selected lubrication. However,hibald be taken into regard, that in the size
range under investigation the characteristic prooeds the lifespan lubrication and the
reinforced cooling of the lubricant never can becgeded in practice.

3.1. The over-loading

The small size units involving driving gears oft&muld be built in together with the
electronic engine, which assures the propulsioe. ddsigning possibilities are reduced due
to the generally limited assortment of small engim@d the power assortment scale is
increased as much as by 50% steps. In micromdieesdaling is more robust. It can be
easily happened, that only significantly higher powngine is at service, so the protective
system for the drive cannot be designed neithéieapower in way nor the counter-driven
gear sides. So the increase of loading on the miwg-side it overloads the drive. In small
measure the pollution of the moved structure ondifiven out-side might be enough. This



Heating behaviour of small plastic gears 9

is an unambiguous situation. The problem can beroed if not the true conclusions are
formulated in case of the damaged drive under tiyetson.

3.2. Geometrical faults of the gear-drive house and mounting errors

The cheap drives are generally built into the disted houses. For reduction of costs
the houses are generally made from more piecefoatide fastening of the house pieces to
each other a few screw bonding is applied. Genesalhp pits are used. The bearing axles
and often the axles themselves are manufactureasing the same materials. Additional
problem, that the assembly timing of such unitgeeerally short. If the tools at service are
not suitable then the probability of errors is l@gh

|
|
|
|
I
| ‘
1 | L
Figure 6. Bad drives

In Figure 6.there are examples for three typical problems.ofdaing to constructional
reason not rare cross-spaced houses are used.rdiflenp shown in the left side can be
reason of either a mounting or manufacturing falitte fault can be seen in the middle is
an often experienced situation, namely the gearnleaaxial direction shoulder, they are
mounted by extrusion to the steel axle and so ¢heeftransmission is assured by closed
fitting. In this case the gear has been slippedhenaxle due to assembly failure. On the
right side the bearings are made with the housereypiece. If the tolerance ranges are
prescribed badly then the distances of the beagngport can be relevantly different. In all
of the threecases the loading is transferred on a smaller caiffam one gear to the other
then it would be necessary.

3.3. Incorrect tolerance deter mination of axle distances

In the small and micro ranges there are no stanéedances [6], [7]. The tolerances
can be prescribed by extrapolation of the onesdvali the larger ranges. Problems,
connected with inconvenient selection of tolerarea@sbe seen iRigure 7.

In situation of drafts 1 and 3 the axle distanagstao big. In this case the bending on
the tooth root is bigger than the allowable, arditgumping over might be occurred. In the
draft 2 the axle distance is too short; one ofabdldendum circles reaches down into the
dedendum circle of the other one, following defatiovaof teeth and gear.
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1: centre distance + trouble
2: centre distance — trouble
3: vertical tolerance trouble

Figure 7. Centre distance troubles

4. Special design cases

Figure 8. Narrow wheel body deformation at paramétesed design
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If the space is limited, so the wideness of the geamall there might be deformation
of the wheel body due to over-loading and axleadis¢ failure. In this case the total wheel
body is over-heated~{gure 8.; Figure 9).

Figure 9. Thin wheel in a drive unit, with fibreinéorcement reducing the deformation

In case of parameter based design due to geondinttations the small diameter
gears body will be thinRigure 1Q). This kind of gears is generally fixed to thdeaky
cementation but the use of sintered joins is at#arare [5]. If the axle distance is too big,
then not the tooth root deforms but the ribbon bjear body that is the teeth are diverged.
If the axle distance is too small, then the heabtan pushes the small gear teeth interval
spaces so it is again the gear body that will berdeed. In this case the deformation can be
occurred due to the over loading too.

Special loading state can be occurred in small toathines and purpose oriented
facilities. InFigure 11 a screw nail is wreathed by machine into chipdo@he hardness
of the different structures is also different, swidg the wreath the loading is also varying.
For the loading variation an example is given by diagram. The time of over-loading is
very short and just only one-two teeth are involved
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Figure 10. Deformation of narrow gear body

LOAD

1(A)

electronic power limit

/

/ ’

\ /|
~J i~ )

t(ms)

Figure 10. Momentary over-loading in case of chigtmbscrewing
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According to the process can be seen in the diagh&rdrive is protected from the
over-loading electronically Higure 1Q). Opposite, at over-loading some teeth can be
deformed strongly, following local heating. Goingund in case of badly determined
tolerance these teeth can be reached down intdeithendum circle of the other gear or due
to shrinkage they are not fitted between two teétihe large gearFigure 11)

Figure 11. Effect of local heating

The same can be happened if a drive in standinigigooss taken out for a continual
loading, then being started. This is a frequentasibn at air technical equipment for baffle
moving units. In these facilities the air streamgrto move continuously the baffle, which
is kept many times in the right position only thegulsion. In this situation the force effect
coming from the air stream loads only the linkiegth.

5. Summary

In determination of the small size plastic gearating the effect coming from the teeth
surface contact friction can be exceeded by th#hieinternal friction. Finding the failures
is difficult because the small size plastic geagsigped by propulsions might have
operating capability opposite to critical designamafacturing and mounting errors.
Additional problem is that the plastics have godutation absorber property, so the noise
of the propulsions does not deviate from the norasgk. In consequence, in this size range
the proceeding of the material and application iggest are absolutely necessary.
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DETERMINATION OF IDEAL CURVE HAVING CONSTANT WEDGE
ANGLE FOR ROLLER FREEWHEELS

ZOLTAN BIHARI-JOZSEFSZENTE
Department of Machine and Product Design, UniveitMiskolc
H-3515 Miskolc-Egyetemvaros
machbz@uni-miskolc.hu; machszj@uni-miskolc.hu

Abstract. The task of the starter motors is to rotate thalmastion engines to the necessary
rotational speed. An element of the mechanism figa running clutch. It has two func-
tions. The first one is the torque transmissiomfrihe driving member to the driven shatft,
and to speed up the combustion engine. The9 otimetibn is to disconnect the elements,
when the combustion engine has been already tusmed and the driven shaft rotates
faster than the driver.

In this paper the pressure angle as the most impoparameter of operation is investi-
gated. A new curve is developed for inner profifehousing, which operates to constant
wedge angle.

Keywords:. free running clutch, roller freewheel, logarittmsipiral
1. Introduction

The task of the starter motors is to rotate thalmgstion engines to the necessary rota-
tional speed. An element of the mechanism is afu@aing clutch. It has two functions.
The first one is the torque transmission from theig member to the driven shaft and to
speed up the combustion engine. The other fungtiém disconnect the elements, when the
combustion engine has already turned over, anddthen shaft rotates faster than the
driver.

In a previous paper we have discussed the operatidngeometry of the roller free-
wheels, and the effect of load, deformation andrve@athe operation of clutches has been
analysed [4]. In paper [5] we have defined the getoyn which occurs constant wedge
angle. In this paper the fundamental knowledgerésgnted and a new method, which
helps us to determine the inner profile curve athbusing of clutch. This method gives a
chance to reconstruct roller freewheels having omkngeometry.

2. Elementsand operation of roller freewheels

Figure 1shows a sketch from a roller freewheel having aated outer star-wheel. It
has four components: the housing, the hub, thersoind the springs.

Figure 2shows a detail of a roller freewheel, where tHeraonnects with the housing
and the hub. The figure contains the necessaryrdiimes. The shape of the rollers and the
hub is cylinder, and the housing has a curved sersually based on logarithmic spiral.
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Housing

Hub

Figure 2. The geometry of the contact

For the operating of the roller freewheel it iswanportant requirement, that the profile
of the housing and the hub should produce a tappr §he tangent lines at the contact
points determine the anglea2which defines the dimension of the gapr 8 called as
wedge anglery, is the radius of the hub, adgis the diameter of the roller FFigure 2 The
operating of the roller freewheels is showrrigure 3

During the connection, the driving element is tbeding, which is rotated by torqiv
into the shown direction. To generate the equilitorj the torquéV; on the hub equaldl;,
but the directions of the torques are oppodie.means the torque on one roller. When
uniform load distribution is assumed between rellénen

M, =—, (2.1)
4
where torqueM is the total load on the clutch amds the number of rollers. The calculated
tangential forcd-; from the torque at the contact point of the roélad the hub is
=M,

— 2.2)
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i
Figure 3. The operating principle of the roller éwheels

The tangential force presses the roller into tipetayap, as long as this tangential force
is smaller than the friction resistance, thakis Fs. The operating condition of the clutches
is the self-locking. If the inequality is not readd, there is no self-locking and the hub
slides on the roller. In this case the clutch cammark. The equilibrium of forces is repre-
sented irFigure 4 From vector triangle we can write the followingeession:

F =F, dana . (2.3)

Figure 4. The equilibrium of forces acting to thodler
The working condition is obtained by simplificatitmom the above relation:

tana <p anda <arctar . (2.4)
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It is found, that the operation of the roller frédeels is defined by the relation between
the wedge angle and the friction coefficient, amdbies not depend on the magnitude of the
load. The clutch will slip in that case only, iktinequality (2.4) is unrealized.

3. Profileof housing in accordance with theliterature

Roller freewheels with outer star wheel are gehermed by automotive industry. They
have logarithmic spiral profile according to thedature. The logarithmic spiral has a spe-
cial property: there is a constant anglébetween the radius and the tangent line in any
point of the curve. Using this curve as a profilestar wheel the wedge angle Bas slight
changes at different contact points. It become®simonstant.

The task is to find a new curve, which has constatige angle @ in any arbitrary contact
point. This is granted when the centre point ofrier having variable radiug moves on
a logarithmic spiral path.

4. Theequation of the profile having constant wedge angle

During determination of profile the radius of thenér ring (), and the wedge angle
(2a) are considered as constant. In this case weitasllérs with different radiusrg) on
any points of the inner ring and the profile of@ustar wheel. Thereforey can be inter-
preted as a function @in the following form:

g =1g(6) (4.1)

An illustration from the structure and the usedations are shown iRigure. &5

Y A
90 -«

ty K 2a

b

Iy

\j
x

Figure 5. Layout draft of the roller freewheel
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The coordinateg andy of the point ,K” on the curve can be written usiagxiliary co-
ordinate systeng - /7 as follows:

X=Xg +4“K, (4.2)
Y=Ys ti - (4.3)

All the parameters of the above equations areuthetion of angle?

Xs =(r, +1y)[€0SI , (4.4)
Yo = (1, +14)8IN0 , (4.5)
¢k =1, [0s@ +20) (4.6)
g =Ty 8INE@ + 20:) . 4.7

Substituting expressions from (4.4) to (4.7) iMa2] and (4.3) contexts, coordinates
andy of the point ,K” are obtained as a function of &ng

X=(r, +1,) [€0sY +r, [€OSP + 20) , (4.8)
y=(r, +1y)8IN0 +r, [$in(@ + 2a) . (4.9)
Derive the coordinatesandy according todto determine the slope of the tangent line:

X =% ==(r, +14)8ING + 1, [€0s) — 1, [$IN(@ + 20) + 1, [¢0SP +20),  (4.10)

y’ =%: (ry +1y) [€0SH +1, [S$ING + 1, [0S + 20) + 1, [SINE + 20) . (4.11)

The slope of the tangent ling)(at the point ,K” is:

dy _ 1y [sing +sin(@ +2a)] + 1, lcost + cos@) +2a)] +r, [tos)

4.12
dx r, [cosd +cosp +2a)] -1, [Isind +sin@ +2a)] -1, [$ind (4.12)
which can be written as follows (sEgure 5)
- sin +6 +20)
(G +0+20)=—"—— (4.13)

cos% +0 +20)
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After further modifications based on the trigonorigetelationships we have

s . T T i
SinG *(0+20)) _sin [0S0+ 20) +cos) [SIN(O+20) o409 +20) . (4.24)
—sin(f +20) .

cosg +(6 + 20)) cos% [¢os(d + 2a) —sin% $in(0 + 2a)

The slope of the tangent line using equations {4at@l (4.14) is described by the fol-
lowing relation:

ry' sin® +sin(@ +2a)] +r, [lcosd + cos@ +2a)] +r1, [€0) _ cog@ + 20)
ry Qicosd +cos@ +2a)] -1, sind +sin(@ +20)] -1, 3ind  —sin(0 +2a)

(4.15)

Multiplying both sides of the equation with the nimsms of denominator we get the fol-
lowing formula:

— 1, [3iN6 [3in(0 + 2a) 1, [$in*(0 + 2a) ~1, [£0) [$In(0 + 20) +
=T, [€0s + 20) [$in(0 + 20) — 1, [¢0SH [$iN(0 + 20) = (4.16)
=1, [€0S) [€0S() +20) + 1, [£0S (0 +20) 1, (3N [E0SE + 2a) +
=TIy $in(@ + 20) [E0sE + 20) — 1, [$inH [E0SE + 201)
Sorting each member of the equation accordinggatefficients we obtain the follow-
ing form:
ry +sing [$in(@ + 20) + cos [€0sP +2a)] +
ry [+sin’(0 + 2a) +cos (6 +2a)] +
ry I+cosd [$in(@ + 2a) —sind [€os +2a)] +
r, J+cosd $in@ + 2a) —sind [&osP +2a)] =0. (4.17)

We can recognize trigonometric identities so thea¢ign would be as follows:

ry [€osp — (0 +2a)] +
ry A+

ry [$in[(0 +20) - 0] +

r, 3in[(@ +20) - 6] =0. (4.18)
After simplifying:

ry [€0s(2a) + 1, +1, [8in(2a) +1, [$iN(2a) = 0. (4.19)
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Because of the cosine function is symmetricalq(x) = cos¢x) ) therefore
ry [€os@a) + 1, + 1, [8in(2a) + 1, [$in(2a) =0 (4.20)
can be prescribed. Expressing from the above equation:

(ry +1,)8iN20 sin2a
r, =-— =- r.+r). 4.21
o 1+ coLa 1+coa W +1o) (4.21)

Examining the constant coefficient (before the kedcof the above equation, we have
a simple formula:

sin2o  _ 2[sinalcosa _ Z[Slna[cosa=—tga=A=const (4.22)

1+co20  1+cofa—-sinfa  2[tofa

The result is a first-order, variable-separabléedéntial equation:

ry =Alr, +r,), (4.23)
namely
dr
—2 = Alr, +1,). (4.24)
dé ’

After rearranging the equation, it has to be iraégpn, then both sides have to be in-
volved with "e":

dr,
=AM /] (4.25)
Iy *1h
Infr, +r,) = Al@+C A (4.26)

Organizing the result and introducing a simplifioat e“ = K , we obtain the general
solution of the first-order, variable-separabldaténtial equation (4.29)

ry +r, = A7) =M [e° (4.27)
rg+r, =K@, (4.28)
rg =KE@Y—r, =K@ -r,. (4.29)

If we suppose that, = constant and we demand the value,ef ryo on the place of =
& , we can calculate the value of ,K” as particidalution of the differential equation.
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r, +r

K =S = (ry +1,) @719 = Ko = (1o +1,) [0 (4.30)
e

For the sake of verification we have to replace rdmult into the original differential
equation:

ry =Alr, +r,)

AK " = A(K &Y —r,)+r,] = AIK [@"" - A}, + AL, (4.31)

Because of the equality existing between the twlessbf equation, the result is accept-
able. Formula (4.29) is an equation of the curteyhdch the angler (and the wedge angle
20) does not change at any possible contact point.
5. The proof of the per manence of the wedge angle 2a

Although the calculation presented above clearbwshthat the wedge angler?s con-
stant in any contact point, let's consider an otqgproach. This hypothesis proves clearly
that the wedge anglea2is permanent using another condition. A resulthef method is

also the parametrical equation of the ideal curve.

YA C

K 2+ 6

» X

Figure 6. Moving of the roller central point

Let’s consider the situation shown kiigure & If the red curve is a logarithmic spiral,
than the parameter of the equatiom.ifn this case of logarithmic spiral angtés constant.
Therefore the angle at apex “C” from right-angled triangle BGC mustdiso constant.

So in this case of the curve when constant wedgée&n produced the centre of the

roller must be run along a logarithmic spiral. Tharent position of the point @ is de-
scribed as:



Determination of ideal curve having constant wedgglefor roller freewheels 23

G = R, ct¢ (5.1)
where
6‘:%—0(. (5.2)

The value of the inner ring radiug) at the placed = 0 bery, and the angler is a de-
sign parameter of the freewheel, which can be deted using the friction relationships.
The coordinates of an arbitrary point on the idealve can be described using the follow-
ing formula (sed-igure 6):

X = Xg +1, [€0SQa +0),
Yk = Yo 1y 8in2a +0), (5.3)

namely
X = Ry [77°% [€0sH + 1, [£0SQa +6),

Y =Ry [&77%% [$in6 +r, [$in(2a +06) . (5.4)
Compared to equations (4.8) and (4.9) we find tlewing
Ry @799 =1 +r,. (5.5)
Using this equation we can calculate the rolleiusd;:
rg =Ry (@7 —r, . (5.6)

The general solution of the solved differential &ipn in (4.29) and the equation (5.6)
describe the same curve, if the coefficients aeatidal.
Substitute the constangKsee equation (4.30)) into relation (4.29):

rg =K @Y —r, = K& —r = (r,, +r,) @00 @ -y, (5.7)

namely
rg = (rgo +1,) @078 — . (5.8)

We must prove agreement of the following coeffitsewhile comparing the equations
(5.6) and (5.8):

Ry =Ty +Ty (5.9)
and
-0 (etge = (6, —0)ga . (5.10)
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Fulfilment of condition (5.9) is easy to show. tmetinitial position (wherg, = 0) the
value of R, can be defined as the sum of the constant inngrrédius i) and the initial
roller radius (go). In case of condition (5.10), whedy = 0 the equation ctg = tana must
be satisfied.

After conversion using formula (5.2) the followieguation is indeed satisfied:

ctge =ctg(%—a) =tga . (5.12)

The conclusion is that both methods have reacheddme solution. This proves that
the derivation is correct. It is proved, that iEtpath of the roller centre is a logarithmic
spiral, the described ideal curve cannot be a ithgaic spiral because of the changing
roller radius. The shape of inner ring, the idaaive and the path of the roller centre are
shown inFigure 7.

The inner ring outline, the ideal curve and the path
of roller centre

50
45 1
40
35 A
30 A
25 A
20
15 1
10 A

Centre of the roller

Ideal curve

Inner ring

Figure 7. The inner ring outline, the ideal curvedathe path of roller centre
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Abstract. In propulsion technique applied in every day pcacthe load of gears is usually
one directional or two directional, but the strasea the tooth sides are not the same de-
gree. Numerous researches verify that departing Standard symmetric toothed wheels,
the loading capacity of gears can be increasedshgnmetric teeth. Effects of deviation
from standard have numerous consequences, whightbde examined.

Keywords:. tooth shape, tooth root curve, tooth root strasgmmetric teeth
1. Application of gears

Functional units and gear drives, which modify pasters of movement, take a great
part in energetic chain realized in mechanical potsl In gear drives continuous one-
directional rotation of the toothed element paias be ensured by a suitably integrated
rotation reversing facility. These transmissionnedats of movement realize either exact
map of movement or large load transfer. The tob#pse plays a great role in determination
of transmission parameters. Deviation from symroetoioth shape generates questions
about design, manufacturing and certification (prtipning, reliability). [9] The most
important function of gear drives applied in driyimechanisms is steady transmission of
movement during working. [1] Considering the sinfglems of motion, rotation would be
changed, for example by reduction of revolutions.

Gearings can essentially be divided into two groggematical and load transfer
drives. [1] These functions mean different requieats for the teeth. Kinematical drives
ensure precise angle rotation. These drives amactesized by small pitch. In load transfer
drives pitch is larger, which helps accommodatimnhie fluctuation of temperature during
working respectively inaccuracy of gears.

In the drive train of mechanical systems thereuswaal functional claim, where the en-
ergy in a unit of time, which is the source of pow&hould be available for any working
machine. This availability taking the energy comgats into consideration can be changed
discreetly or continuously in a range. These fuomal units are driving mechanisms.

One element of the system is denoted functionallyhie structure element figure
1., which can be examined from inside as if it wouldalpeunknown construction.

]

Pi(1) Py(1)

—_—» Ni. U >

Figure 1. Functional unit describing driving meclism
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The input is described by the effeg(tl, with its components in the energy chain that
are the moment Mt) and the angular speed(t). This characterizes the source of energy at
the same time.

The output is marked by the effec{(tp, which due to construction of the system ele-
ment depends on the system controller informafidrese are the stage contact (i), which
can be discreet or time control and it gives th&tesy transmission, and the functiodal
which denotes the direction of rotation inside skistem.

Based on the above mentioned it can be written that

R =M, ()L (1) 1)
R, ()= M () (1) (2)
@® _ ey

am Y f(i) 3)

together with appropriation the formulas (1), (3).
M;(t) =n; M (1) [, (4)

wheren is the efficiency which belongs to the controltedtings (stages) of the system
element. Examining the system so that in poi(t) regulated rotating movement should be
mapped as well, from formula (3) it follows that

0 (t) = 311, B (1), (5)

wheresd is a { —1,0,1 }-value function, which is a furthdirectional input and defines
the rotation direction character of the input (givBrection, stillness, change of direction).
To the outgoing moment of the system generallgit be written that

M, (t) = 800, M (t) @, 6)

Figure 1 can be transformed in view of formula (6) so thatn be seen iRigure 2.,
which shows that one group of the driving mechan{&mn example gradual) elements can
characterised by the unchanging rotation directrmvement, while the reversing can be
solved by insert a functional element.

This recognition lead the researchers for examiplbeadriving gears of the vehicles or
wind turbines that the unvaried rotation directioninstance at loading capacity, efficiency
of gears can result regular working, if deviatingni symmetric tooth shape non-symmetric
tooth form is applied. This motivated rows of rasbas for the practical application, on the
one hand to the description of geometry, on theroktiand towards the static and the dy-
namic examinations, and the manufacturability akk we
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Figure 2. Reversing function built in the drivinggamanism

2. Damage of gearsand modification of loading capacity

Damage forms of gears can be divided into two gsolipoth breaks caused by fatigue
or aggressive origin breaks belong to one of thgelst group. [1, 2] When it is caused by
fatigue in connecting point perpendicular to thetlosurface tangential direction compo-
nent of the normal tooth force results in compléesses (bending and shearing) in the
tooth root. Through bending stress mainly in thathaoot on the loaded tooth side i.e. on
the drive side tensile stress wakes, while on tileaded side i.e. on the coast side pressure
rises. These pulsating fatigue stresses are repofer development of cracks, which can
cause break later.

Another large part of damages are caused by casualf the tooth surface. [1, 2]
Abrasion, pitting, different scratches and scoritrgcking and other tooth surface damages
belong here. Damage of the tooth surface can bsedahy several reasons, but here we
would like to talk about damages caused by fatifijpst of all. During contact of curved
surfaces because of surface pressure Hertziarsssesonsorted with sharing stresses,
therefore fatigue of tooth surface occurs aboweadihg period number (as in case of tooth
root fatigue). These stresses are pulsating presgresses and this process causes pitting
of the tooth surface.

The shape of tooth influences remarkably loadirngacay of gears, extent of stresses
in the tooth, which develop in meshing becaus®adling. Having the tooth manufacturing
realized by extracting principle in sight by chargithe tool basic profile modified teeth
can be produced. [9] Shaping the tool cutting emtgghanging it we can affect the shape of
tooth root. With increase or decrease the toolchaifile angles we can modify the radius
of curvature of the tooth evolve profile arcs, tleusent of Hertzian-stresses as well.

3. Concerning standards

The established manufacturing processes and thireetents of application define ba-
sic profile symmetric, which is standard. It is Bese of economy; integrate of cutting
tools, changeability of gears, given kinematicsnainufacture instruments, standard forms
of calculating procedures, demand of changes ettan in drives.

The basic profile determines the exact geometrgeatr teeth, which is a fictive rack
profile. This can mesh with teeth of a given geanily. [1] On the middle line of the basic
profile the tooth thickness and the tooth cut width the same. The acute angle between
parts of the straight profiles, determine the sidgledges, and the straights perpendicular
to the middle line is the basic profile angtg.(Value of the standard basic profile angle is
usually 20° but in special applications it can lféecent from this as well. We can express
the odd sizes of the basic profile with module (whijch is nationally standardized too.
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The basic profile of the evolve teeth determines lthsic profile of the cutting tool,
which is called tool basic profile. [1] If we putdse two kinds of basic profile to each
other, then their middle lines cover each othee fibad line of the tool basic profile corre-
sponds to the foot line of the teeth basic profieneans that the shape of the tool head
edge determines the tooth root profile of the geath. In case of litle module (smaller
than 1 mm) the foot line of the tool basic profigrees with the head line of the teeth basic
profile. In the other cases the tooth height ofttha basic profile is larger than the tooth
height of the teeth basic profile.

In our country the basic profile of cylindrical geavith evolves teeth and its tool basic
profile to manufacture are described by standar®&”M33 and MSZ 17154. Standard
MSZ 310 decrees module series.

4. Increasing the loading capacity and the lifespan as a new possibility

Researches tending to increase loading capaciggafs are in connection with asym-
metric tooth shape mainly. In these studies tomtbssare distinguished. One of them is the
loaded tooth side (drive side) another is the widdsside (coast side). The profile angles of
both sides are different, that causes asymmetrycpkarly. Various advantageous or dis-
advantageous properties come to the front deperatinghether profile angle on the drive
side or on the coast side is larger. Greater pértise researchers prefer that case, when the
profile angle on the drive side is larger. Circuangtes and marginal conditions of the re-
searches have to be taken into consideration in ezse.

Kapelevich [3] realizes computer aided simulatidrthe gear design in his method.
This way special pair of gears can be solved widelgrease of loading capacity of gears
can be reached by application of larger profilelamg the drive side beside size and mass
reduce. Furthermore he showed decrease of vibrétioxl, which was available by de-
creasing meshing stiffness.

Working gears at big revolutions per minute dynaload and vibration cause the main
problem. Karpat et al. in [5] investigated behaviofiasymmetric gears during dynamic
load. With enlarging the profile angle on the driside dynamic factor of the asymmetric
toothed gears was grown. However this factor redueenarkably by increase of adden-
dum, item the area on the tooth surface was grotvarevone pair of tooth meshes with
each other and extent of static transmission emedsiced at the same time. Design of
asymmetric teeth can be optimized by decrease wdmic effects. These results are sig-
nificant mainly in relation with aircraft industrgutomotive industry and wind turbines.

Results of Pedersen [6] showed that in order togedase the bending stresses in the
tooth root it is necessary to apply asymmetricie@he greatest effect can be reached by
this way. Reduction of bending stresses can béheghby two methods: either by thicken-
ing of tooth root or changing the shape of tootht where the stress density is the largest
one.

In Senthil Kumar et al.’s study [4] the asymmetnjagges the loading capacity of the
tooth root in contradiction to traditional symmetigears. The asymmetry means larger
profile angle on the drive side in this case.

Researches can be found, in which the authors peogbaping of the cutting tool
(rack), because the shape affects the gear teathvéeprofile and tooth root curve). Rack
profiles proposed by Senthil Kumar et al. [4] hawves circle arc on its head edge. In this
case by application of profile angles differ fromch other the radius of tool head edge
decreases to a lesser degree than in case of syimmiéte positive effect on the bending
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stresses is in connection with widening of the hodh this study at designing of non-
standard tools the authors considered only stanaedule and standard profile angle on
the coast side, which makes the process of theetagiheering easier.

Pedersen [6] proposed new shape of standard racknatle a difference in between
the parts of the tool head edge according to wioct of the tooth profile side it forms. On
the coast side of the tool head edge there isecaat, on the drive side there is ellipse arc.
He guaranteed the continuity of the tool profilehaan initiated factop, which modifies
the width of the tooth at the same time.

Alipiev [7] generated variations of rack tool pte8 in case of different profile angles
on the drive and on the coast side, while he chéitige size of the head edge radius and its
positions.

These results are not complete, only a short sushoaar be read above.

5. Generalization of thetool basic profile

In order to study of effects of asymmetry, onelhaf first steps is to determine the basic
profile of the tool, which generates the gear teftfl] Later changing possibilities of the
meshing characteristics can be examined with {BisPoints of the basic profile are ar-
ranged in an xy orthogonal coordinate-system irhsaovay that the middle line of the
basic profile overlaps with the x axis of the capnade-system, the y axis divides longitudi-
nal the tooth of the basic profile into halves.sThirangement was shownHRigure 3

The basic profile is constituted by straights andses connected to one another, equa-
tions determining them must be described in theogrdinate-system. The straights con-
struct the edges at the sides, head and at fooblirihe basic profile. The curves are the
rounding between the straight parts. The roundetgveen the side edge and the head edge
has a great influence on the shape of the tooth poafile. [1] The equations of the
straights can be given as a function of x in thecagrdinate-system. These straights are
marked I. and Il. irFigure 3 The straight I. which forms the edge at the sifi¢he tool
basic profile crosses the poirg & the x axis in a given direction. The straightncloses
(90°+u) with the x axis, where means profile angle. The coordinates of the pBint7)
can be read frorRigure 3.and by this the equation of straight I. can betemi (8).

P,0i%,)= R 6T 0) ™)
_ 1 T[Em_
Y = ®)

The straight Il., which defines the straight pdrthe tool basic profile, is parallel with
the x axis, and the distance between them is équhk sum of clearance and module. The
equation of the straight Il. can be given by foran(9).

Y, =—(m+c)=-(m+ c*ln)= - mO1+ c*). 9
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Figure 3. Tool basic profile with ellipse curve 10

To the rounding of the head edge and the side dgexample an arch of a round or
an ellipse can be taken. Another curve can be asesell, which is attached to a suitable
reference point. Another x*y* coordinate-system banused to write down the equation of
the curve. The origin of this new coordinate-systrerlaps the origin of the xy coordi-
nate-system. As an example, let the rounding ofl leelge and side edge be an ellipse arc,
which’s major axis (2a) to the y axis, and minoisg®2b) to the x axis is fitted. From well
known equation of the ellipse value of y can beregged (10).

x*)?
y* = (1——( bz) )@ (10)
After tangents of the curve are defined (11.) audhderstanding that gradients of the
tangents be equal with gradients of the straighasidl 1. Thus the tangents are parallel with
the straights I. and Il. The tangents on the poitsand B* are tangential to the curve
(12). After differentiation formula (13) is offered

d *
Y=y, (11)
dx
dy* dy’ * *- *
rorivall RGP SR (12)
2
dy* —%E?.x*
=(y")' = (13)
dx* a2
20/ & - Ox*)?
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If the formula (13) equals with gradient of theagght I. and x* is expressed from the
equation, then formula (15) is given. From the lestithe extraction of root the negative
value is considered. This equals to the coordirgtef the usual point P later.

1
== tana -
1
X*=- - .
\/blz % Har? o + 1) (15)

After this the origin of the ellipse curve is movgstifting in the direction of x and y)
in the xy coordinate-system so that the tangentstlaa straights 1. and Il. are covered with
one another. At this time the rounding betweenhiad edge and the side edge which are
straights, is generated by the arc of the givenemow between the contact pointsahd
P, as it can be seen kKigure 3

The shifting in the direction y of the ellipse (pbP* is moved to the straight I
point B, is offered) is given by the difference between yheoordinates of the definite
tangent and the straight Il. The gradient of thaight I. influences the shifting in the direc-
tion x (point R* is moved to the straight +» point R, is offered). Given from geometry the
coordinates of the point,Pcan be read fronfrigure 3 On the basis of this the correct
shifting in the y direction of the ellipse can been by formula (16).

O'y=—-(m+c)+a (16)
'y, v
Pa(x3; y3) .
*
Pr(xi"syr )k P ]*(X]*y]*)\ [ x

"""" N 11

Figure 4. Tool basic profile with ellipse curve 10

To the determination of the shift in the x direatithrough the y coordinate of the
point B’ on straight I., which equals to thg*ycoordinate of the point P, the %’ coordi-
nate can be written by formula (17). ConsideringRhgure 4, formula (18) gives the cor-
rect shift in the y direction. By adding the cotrshift values under formulas (16) and (18)
to the corresponding coordinates of the poiritwe get the coordinates of the point ¢h
straight I. In case of the poing R can be done in similar way.
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mn
X, "=y, H-tana)- T[4 : a7)
O'x=x"+tAX+X,*. (18)

By the definition of these straights (head edgee sidge), the optional arc (rounding)
and the coordinates of the connection points cfehmirves the half of the tool basic profile
can be determined. The whole profile can be givaciy by reflection to the y axis the
profile got this way or by application of a diffettecurve.

By exact description of the tool basic profile dé@k teeth can be generated. In the
course of generalization by changing the parametkthe basic profile for example the
profile angle, the rounding of the head edge, thralmnation of the rounding curves, just in
different way on the two sides of the profile, roefsasymmetric non standard teeth can be
originated.

6. Deter mination of the maximum stresslocation at the tooth root

The international and national standards (DIN, W@ so on) give precise directives
to the static examination of cylindrical gear paircase of symmetric teeth. At research of
tooth root fatigue the calculation methods setadwlys from a base model. These models
present deviation in each standard (for examplewtcthe friction). These differences are
not significant but they can not be left out of sioleration. The models define parameters,
which depend on the geometry of the model. Thebbisteed parameters determine factors
suitably. These factors help describing the maxinadrthe tooth root stress in a maximum
stress location supposed and fixed in the modddage model can be seenFigure 5. a)
in case of symmetric tooth shape.

Base models can usually handle specific geometdoastructions only. That is why
the designer runs into difficulty of the calculationethod immediately, mainly when the
axial distance is smaller or larger than the eldargraxial distance. At this time teeth has
to be done free from clearance so profile remohals to be applied. Determining of the
profile removals can be solved by dividing of themenon tooth height () when it is
defined by some kind of principles (equal toothtrfadigue endurance, minimal slip lost
effect and so on). Because of the differences amooth heights the static examinations
supporter software are not able to handle the tamihstress modifier factors.

In case of non-symmetric tooth shapégure 5. b) the accuracy of the model itself
can be questioned because it is not sure that #xénmm stress locations take place in the
contact points on the 30 degrees tangents of tit toot curve.

In the tooth root the maximum tension place cardéfned by experimental model
methods beside classical mechanical procedureseldan be the followings.

— Fatiguing experiment affected on real model, frohicl after tooth break the po-
sition of the broken piece cross section let caelthe maximum stress location
but not the effective magnitude of the maximum i@ms

— The examination is possible on CAD virtual modethakEM analysis where the
maximum stress place and the maximum tension caalbalated.

— With optical stress analysis where with the helpwtable matter on real model
near static load the maximum stress location anside can be defined.
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Figure 5. Geometric base model
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Figure 6. Shoot of thermo-map

Thermo-map shoot on real model effect of fatiguedloEssence of the method is
that the tooth exposed to the fatigue load undecebf the developed stresses be-
cause of the transformation limit formed in thettomot the loss of energy origi-
nating in the internal friction changes the thermap of the tooth. The thermo-
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map gives the critical stress locations thus theimam stress location, too.
Figure 6.presents a principled solving on this measurinthok
Locating the maximum stress position and deterngnadf the maximum tension is
necessary to give a fast and confirmed proportgpaind controlling method to the design-
ers’ hand in case of non-symmetrical tooth shapsedls which method is a nominal stress
determination of an approximate model and a joirgemmetry dependent stress modifying
parameters.

7. Summary

In propulsion chain of mechanical constructionstti@hed element pairs, mainly gear
pairs with evolve tooth profile play an importanote. Constructional solving come to fore-
ground increasingly tending to fulfil the functioBecoming the one directional energy
transfer (there is no rotation direction changethm centre of interest proposed the request
at tooth shapes the deviation from symmetrical foFims study is tending to sum up sev-
eral results that have been achieved so far. kepts the generalization of the deductive
base profile to mapping the non-symmetrical teAttstatic examinations it calls the atten-
tion to the difficulties caused by the divergenaf symmetrical tooth shape, for example
at applying the standards recommendations. It sleowadoption of thermo-map like new
method, which can make it easier to create thecxizpate models.
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Abstract

The constraint of the reliable operation of a gddve is the proper stiffness of the struc-
tural elements, so the stiffness of the gears. @tiee variant of the planetary gear drives is
the harmonic gear drive, which essence is thelfiktyi of one or both elements of the gear
pair. The flexible gear body changes its shapetdube structure of wave generator and
gear pair, and also due to the external loadseofitive. The mesh of the gears is the func-
tion of the degree and nature of deformation. Plaiper is dealing with the laboratory test
of a drive produced for experimental purposes.

1. Introduction

Since the foundation of the Department of Machind BRroduct Design (formerly the
Department of Machine Elements) at the UniversityMiskolc there has been research
works in relations with planetary gear drives. @héhe variant of the drive is the harmonic
gear drive that has been belonging to the areaahimed drives since the middle of 1970s.
One of the constraints of the design and produaifaihe harmonic gear drive (hereinafter
referred to as harmonic drive) is the knowledgehef meshing and the interaction of the
rigid and flexible gear pair. In paper [2] the aatllealt with the theory and laboratory test
of the meshing of harmonic drive, in paper [3] #malysis was expanded by the study of
the waving gear coupling and the calculations efdkflection of flexible gear due to loads.
In the paper the authors summarize all the knovdateressary to the interpretation of the
laboratory test results and the newer resultsebtialysis of test results.

2. Elastic deflection of bodies

Although the relation between load and the eladéformation of bodies due to load
has been widely known there are relatively few na@édms the operation of which is based
on this recognition. The majority of mechanism$ased on the rigid body model to the
present day. Clerence Walton Musser was the invemtm summarized in paper [1] the
principles that can be the basis of the operatibmechanisms, starting from Robert
Hooke’s well known formula which states that thaséic deflections of bodies are propor-
tional to the loads. These principles are the dimnathe integration, the scalloping, the
differentiation, the interfacial strain, the Poissowedge, the torsion lever and the twisted
strip. In [5] the authors dealt with the arcuatithe integration and the scalloping in detail,
keeping the harmonic drive and the waving gear kogin mind.

3. Thearcuation

At Figure 1 the neutral line, k of a prismatic flat curvedabeis visible which is trans-
formed to k' curve, due to load. The neutral likés an arc with radius, r. The tangential
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displacement of one of its arbitrary point havipgoordinate isw= w(¢) and its curva-

. 1 1 d®w
ture isk(@)=——= =l

o) r?(d¢g?
length, AB is decreasing. The increment of the diength is the function of curvature, i.e.

s —s= f(ol@)-r).

+WJ . By increasing the curvature of the beam the chord

(o]

a) b)

Figure 1. Arcuation. a) The displacement of an &ey point and
b) the change in chord length

~

c) d)
Figure 2. a) and b) Planetary gear drive, ¢) andHrmonic gear drive



Results of laboratory tests of harmonic gear drive 37

In Figure 2. a)a planetary gear drive having an internal connacgjear pairl and2
and an eccentrie connecting them is visible. Figure 2. c)a harmonic gear drive consist-
ing of an internal connection gear paiand2 and a wave generata deflecting the exter-
nal toothed gear to elliptic shape is visible. Tearsl and2 and the eccentri@ of the
planetary gear drive is regarded as rigid. Theutircspline, 2 and the wave generator, g of
the harmonic drive is also rigid. The external haat gear (flexspline)l of the harmonic
drive is deflected elastically due to the wave getue,g.

The angular velocities of the elements of planethiye relatively to the housing are

W, @, and @}, that of the gear pair relatively to the eccentiie wj, = w;—w, and

@,y = w,~wy . The ratio of angular velocities);, and Wy, is defined by the ratio of

Z
number of teethz; and Z,, i.e. U =2 gear 1 drives gear2, (1 - 2), the ratio of
4
“A7% _y. in case ofw, =0
W~ W

angular velocities relatively to the eccentr, is i;, =

:L. To increase the ratio, the number of teef,
@ 1-u
should be increased and/or the difference of tootimbers, z, - z should be decreased.

The increment of tooth numbers increases the raliiaénsions and the decrement of the
difference of tooth numbers causes interferencevdsst root and crest ddgure 2. b)
shows.

The external toothed gedrr,of the harmonic drive is deflected to elliptic phaby the
wave generator, g and the curvature along its gifetence is changing similarly to the
beam shown iFigure 1. b).The teeth of the flexible splind, can mesh the teeth of circu-
lar spline, 2 in the stage having greater curvature. At thigestdne chord lengths among
the tooth tip edges of the flexible spline are dased andhere is no interference be-
tween theteeth of the gears, as shownhigure 2. d) The tooth number difference is inte-
gral multiple of the wave number, for symmetry. Whithe wave numberN = 2, the

minimum of the tooth number difference, - z = 2.

and e —» 1 the ratio isigy =

4. Harmonic gear drive or gear drive service

The planetary drive shown iRigure 2. a)can be studiedn both gear drive and
planetary gear drive service. In gear drive service the frame of referencexsd to the
eccentric,e and the interaction of the gears turned relatitelthe eccentric is analysed. In
planetary gear drive the frame of reference isdfj»&g. to the circular splin@,and the in-
teraction of external gear, 1 and internal gear £udied in the slewing of the eccentric.

On the analogy of planetary drive the harmonicaldan be analysdd gear drive or
harmonic gear drive service. First case, the swivel of pair of gears is aredysm the
frame of reference fixed to the wave generatohammonic gear drive service the weaving
motion of the external gear is examined in the &aofi reference fixed to the circular
spline. As the investigation of gear pair meshthg, occurrence of interference disturbing
the meshing and the interaction of the elementthefdrive are more clear in gear drive



38 Jozsef Péter—Géza Németh

service,the following analyses are made in the frame of reference fixed to the wave
gener ator.

5. Reducing and multiplying drive

. .. wdriving — .
The gear drive speeds down when the ratis,———— is i<-1, or i >+1, and

Wiriven
seeds up wher 1<i <1. The harmonic gear drive speeds down when the wawerator,
g is the driving element and the gelaor 2 is driven besides the fixe2l or 1 gear to the
frame. In this case the driving direction @ - 1 or g — 2. The harmonic gear drive
speeds up when the direction of drivelis. g, or 2 - g. The relations are summarized in

Table 1

Table 1.
Gear 1.2 i12 =u Gear 2.1 i =
drive drive 21~ u
Speeds . 1 Speeds _
dF())wn Harmonic| 9~ 1 lg1 :E F:Jp Harmonic| 1~ 9 lig =1-u
gear gear
drive .1 drive A |
g-2|lgg=—7 2.9 |lg=1"7
1-1 u
u

The comparison of mechanical powers gives the feasibility of decision if which
sence of power flow of the gear dride- 2 or 2 — 1 is the equivalent of the sence of
power flow in harmonic gear drive service. The bafianalysis is the equilibrium of the
drive and the assumption stating that the magniaudksense of torqudd g M, and M,

are acting to the elements@fl and2, respectively, are not dependent on the framefef r
erence.

In the frame of reference fixed to the housing itiechanical power flowing through
the geard and2 are P, = M w; and P, = M,w,, respectively, and that of the powers in

the frame of reference fixed to the wave generatBfy =M (w-wy) és
P29 = Mz(wz—wg). On the basis ofable 2.the sign of power ratios and their conse-
quences are studiable. In cad§ the ratio of powersPlgrowing on the gearl with
Wy = W) ~ Wy angular velocity relative to the wave generator #dlowing on the gear

1 with @y angular velocity relative to the frame is posita@in the services of both gear

drive and harmonic gear drive the gear 1 is therdyior the driven element. The senses of
power flow arel - 2 and1 - g,or2 - 1andg - 1.

In case(2) the ratio of power@zgflowing on the geal with Wy = a)z—a)gangular ve-

locity relative to the wave generator afl flowing on the geaR with @, angular veloc-
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ity relative to the frame is negative. In this cése power flowl - 2 suits 2 —» g, and
that of 2 - 1 suitsg — 2.

Table 2.
Power flow
Power ratio m -
arn’(lj(?ir\wllg gear Gear drive

P, M -, 1- g 152
(1) g M@ =ag)_ u 1 2.1

Pl M]_C()l u-1 g- -

P. M -, 2-4g 152
@) 2g Mal@=ay)_ 1, 2 2.1

P2 Mza)z 1-u g - -

6. The meshing of harmonic gear drive

The paper [4] deals in detail with both the mecbanmodel used to the analysis of
meshing of harmonic gear drive and the occurrehage@rference disturbing the meshing.

6.1. Tooth profile

Te applied tooth profile is an involute curve, thase profile angleg = 20°, the ad-
dendum factor,h; =1, the radial clearance factot, =0,25 In the course of teste

flexible gear was manufactured as a cylindrical gear by hobbing and the internal gear
was generated by pinion cutter.

6.2. Flexible gear, flexspline

The flexible gears are cup shaped. The profileemion factors, X, of the flexible
gears,H21 andH22 were chosen larger than it was recommended (imathge of number
of teeth, z; = 100...80C x; = 3...4). TheTable 2.in paper [7] contains the profile correc-
tion factors both as intendedyy() and as determined by measurement over pirgyJ.
The recommended height of the tooth of flexiblergdg =1,4...1,6m In case of theear,

H21 this tooth height is less than the offered one ianthse of thegyear,H22 it is bigger.
The relation between the tooth height and the nurobéeeth meshing at one time are ex-
amined by the tooth height deviated from the recemhed value. The offered value of the
face width of flexible splinep; =0,2...0,4L. The face width was chosen less than offered
to avoid the interference appeared at the backgbaine tooth tip.

In the course of dimensioning and strength calmnatthe flexible gear was substi-
tuted by a hollow cylinder having a wall thicknedg, and length,L,; to simplify the

problem. The neutral surface of the hollow cylindera straight cylinder with radius,
D+, dey-D
4

g = . The wall thickness underneath the teelf, = , the equivalent

thickness considering the effect of the teeth duéekural rigidity, hy; = hy+ m, wherem
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Ly _bl

is the module. The length of the hollow cylinddr,; =b,+ comprises also the

superficies following the teeth and having the mi@ compensating coupling whekg is
the tooth width of the flexible gear.

6.3. The circular spline

The flexible spline and circular spline are meshimghe vicinity of the semi major
axis, prior to the appearance of the external loadsshown irFigure 3.Along the semi
major axis of the wave generator the centre distance, O, O, = a,, is equal to the radial

deflection of the flexible spline, a,, =Wy . When the profile correction factor of the circu-

lar spline along the major axis is calculated bg tonstraints of backlash-free mesh,
_Zy— g inva,, —inva

Xy = +X; is obtained, where the pressure angle,
2 tana
Ay = arccosT— . The revealing dimensions of circular splin€s22 and G23
Y%

are collected iMable 4 of paper [7].

a) b)

Figure 3. a) Ring substituting the flexspline bjdrdeflected
by two disks with eccentric bearing support

6.4. Wave generator

The elliptically deformed fleible spline and thgid circular spline are brought in con-
nection by the wave generator. Two wave eccenisic Wave generator (and elliptical cam
wave generator, not discussed in present papeg uwszd. The two wave eccentric disk
wave generator consists of two eccentric, two diskd commercially available rolling
bearings.
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a) Inthe course of research the ratio of radédlledtion/moduleyy, /m wa changed to the
values 0f0.6,0.7,0.8, 1.1, 1.2, 1 by altering the flexible spline, the eccentric dinel

disks due tarable 3.[7]. By changing the element of the drive the relation between
the radial displacement, wy the semi arc of contact between the flexspline and

wave generator disks, [, shown in Figure 3. and the deflection of flexspline, de-
scribed by the radius of curvature, p wereinspected.

b) The flexible spline is influenced by the disk whicas bearing support with eccentric,
€, and diameterd, , along an arc of central angl2/3. The suggested range ¢,
considering the magnitude of the bending stregtenvicinity of the semi major and

semi minor axes isf =20°...40. Along the arc of contact the radius of curvatofe
the neutral linef g =Ty + W —€ is constant, the radius of diskiis=r 5 —%. The

relation between the data @, I, Iz and B can be expressed by the formula

(lh=Tg)lo _ %(005ﬁ+ﬁ sing ) 2siB

Wo g g—sin,ﬁ cosB—,B—% (coB+ B siB § 2sif
The values offf computed by givewg, ry and Iz data are collected ihable 3.[7].

6.5.The mesh of the elastic external teeth geaxgfiine) and the rigid internal teeth gear
(circular spline)

Zg .
1
Yo A £,
01
A
. 1
/KA() /
/1%
/ [Jr=r@) \ \*¥
e
0, &
0, I k
Y.
1
€; Yg
Og
a) b

Figure 4. a) Deflected flexspline, b) Profile meshEdge mesh

The deflected elastic gear (flexspline) is showrFigure 4. a). There are some as-
sumptions around the tooth. Its axis of symmefjyis the normal of neutral linds; . The
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centre of base circleQ; belonging to the involute tooth profiles is siketalong the axis
of symmetry, f;. The momentary centre of rotation of the toothimtyrthe traverse of

flexspline in relation to the wave generatoﬂﬁ .

The engage of one pair of tooth of the flexiblaetigair of gears can be studiedHriy-
ure4. b).It can be traced back to the engage of an extéestth gear with geometric cen-

tre, O, and a shifted centre of rotatio® , and an internal teeth gear with coincident
geometric centre and centre of rotati@,.

|

i

/

1

Z e

£ Zh

>
Zg 3
l Mg'(LMZ M’// M| /T an; / LMy
/ ), (Em2e 7?%1 ’?/w
- _

Wo>m 7

a) b) <)
Figure 5. The location of meshing teeth in relatiorthe semi major axis of the wave
generator as the function of radial deflectiong

Y i

The location of meshing teeth in relation to the semi major axis of the wave gen-
erator is changing in the function of radial deflection, W,, as shown irFigure 5. The

suggested range o is 1,1...1,2 i, which is reduced due to the elastic deflectiothef

elements and the rearranging of clearances.

In front of and behind the profile mesh the gaplirection of the normal between the
tooth profile and the tooth tip edge, is so smalhirelatively wide range, that the elastic
deflection ofthe elements are meshing edge-like way too. The basis of the investigation
of the edge mesh the knowledge of the gap in normal direction and the elastic deflec-
tion due to loading of the drive elements. The papers [2, 3] deal in detail with the compo-
nents of elastic deflection of harmonic gear dewd the edge mesh.

7. Thetypical data of the elements of test drive

The typical size of the harmonic gear drive is tioeninal (N) inner diamete¢ ND),
which is approximately identical with the actuahém diameter(D) of the flexible gear
drive. The elements of harmonic drive with the naahidiameter ofND 120, 160 and 190
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are shown irFigure 6 These elements were manufactured in the labgrafoDepartment

of Machine Elements, University of Miskolc, and tlests were made on the elements hav-
ing the nominal diameteND190. The geometry data of drive element were summaiize
paper [7],Table 2., 3and4.

Figure 6. Basic elements of the Harmonic drive.
a) ND120, b) ND160, ¢c) ND190drive elements

7.1. The test place building up

The drive box shown ifigure 7. was fixed on a machine base and the circulanspli
2 was fixed to the drive boxaw, =0). The wave generatoly was revolved in relation
to the drive box through a torque measuring sfdfe torqueM, acting to the flexspline,
1 was changed by the loading disks, With regard to the end face of the drive thlg

acts counter clockwise as shownFigure 8 and9. The wave generator was revolved
counter clockwise in slow down servidgg — 1) and clockwise in speed up service

(1- 9g).
7.2. Recording the test data

The radial displacement of flexspline, the chanfggsaradius of curvature and the load
acting to the tooth of flexspline was recorded aditw toFigure 8, as the function of de-

viation, ¢g in relation to the circular spline.

7.3. Measurement of the radial displacement

The radial displacement of the fexspling, was measured next to the tooth, in a plane
parallel to the end face of the flexspline. The sueing gauge that consist of feather and
feeler, wes fixed to the circular spline. The diggiment was recorded by strain gauges
glued to the two sides of the feather, in the fiomcbf the wave generator deviation rela-
tively to the circular spline. The dicplacementwf=0 was recorded previously to putting
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the wave generator into the flexspline. The unitisplacement was determined at the tip

d
of deformational wave( @ = 0)on the basis of generator geomeEwo = e+7t—2j .

Fo=Fa(9;)

oz prad)

p=p(43)

-
Caw)

1000

Figure 7. Experimental drive. 1 flexspline, 2 cilauspline, 3 wave generator,
4 coupling, 5 rotating transducer, 6 loading disk

w, P, F w, o, F

a) b)
Figure 8. The wave generator deviation and the reicm
of measured amounts in harmonic gear drive service.
a) The harmonic drive slows down, b) speeds up



Results of laboratory tests of harmonic gear drive 45

D2g iﬂ;”g W3 =0 —

—
— T,
2 M,
WJ Mg \M; Mg,‘
wfg =0 —wg @g a);g=0); -wg \ / wg
a) b)

Figure 9. Torques acting to the elements of theadand the angular velocities
in gear drive service.
a) The gear drive slows down, b) speeds up

7.4. Measuring the radius of curvature

During the tests the tangential elongation of thare layer of the flexspline is sup-

hy

posed to be negligibly smal( €¢0 =0)). In normal direction, atE distance from the cen-

tre surface of flexspline, parallelly to the endface of flexspline, the straiaq, = £¢(¢g)

originated from the bending is measurable by stgainges. Knowing the strain the radius

. 1
of curvature isp =

? + ‘9¢( ¢g
0
The change of the radius of curvature is measuredglane, parallel with the end sur-
face of the flexspline, next to the teeth. Theistgauges are glued next to the teeth. The
strain complied with the radius of curvatung, is allocated prior to putting the generator

into the flexspline €¢ =0). The change of unit of radius of curvature isedetined by a

)ho

measurement at the tip of wav%(=0, P =Tz, in paper [7]Table 3.with a generator

disk havingknown radius. The radius of curvatureeisorded during the deviation of gen-
erator relatively to the circular spline.

7.5. Measuring the force acting to the tooth o€uglar spline

To determine the load acting to the tooth of thhautar spline, a measuringh tooth was
shaped on the circular spline, on a way showFRigure 7. The measuring tooth is sup-
ported by a slender feather, gluing strain gaugesath the sides. The load acting to
theteeth is recorded in the function of generasuiation relatively to the circular spline.
The load acting to the teeth is determined knowthmgy load distribution, the number of
meshing teeth and the torque acting to the flemeph, .
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8. The measur ed amounts and the conclusions

The measured amounts in gear drive service arershowigure 10-13 The power
flow of 2 - 1 belongs the left hand side and thatlof. 2 belongs the right hand side
column. In the case of the power flov—. 1 the wheels are revolving clockwise relatively
to the generator, the teeth of flexspline entey the spaces of the circular spline on the arc

T
belongs to the angle range efzs¢so and come out on the arc belongs to the angle

T .

range of0 < ¢SE' In the case of the power flolv—. 2 the wheels are revolving counter

clockwise, the teeth of flexspline enter into tipaces of the circular spline on the arc be-
T T

longs to the angle range 6f< g< > and come out along the secnenz <@<0.

The number of teeth of the gears and the innenelier of the flexspline in the
inpected cases are; =190,z, =192, and D =191,7 mn, respectively. In the cases

shown in Figure 10. a) and c)the torques acting clockwise to the flexspline are
M; =0Nm 200 Nm, 400 Nm, 600 Nrand that oFigure b) M; =0Nm,200 Nm, 400 Nm

€s 600 Nmin Figure d) M; =0 Nm 200 Nm, 400 NmandFigure e) andf) the torque is
M; =600 Nm.

In the function of anglep, measured from the major axis of the generater réidial

displacementw, measured next to the teeth of flexspline is showrigure1Q a) andb).

The radius of curvatureg , inspected also next to the teeth of flexsplinghiswn inFigure

10. ¢) and d). In Figure 1Q d) and e) the force acting to the tooth of circular spline is

shown.

a) Figure 10 a) and b)show the radial displacement of the flexspliApplying the load
on the drive the flexspline is deflected and the gaps are rearranged and as a con-
sequence, theradial displacement of the flexspline decr eases.

b) Figure 10. c)and d) show the alteration of the radius of curvature.chse of
M; =0Nm the flexible spline is fitted to the disk alongetlarc belongs t23 as

shown inFigure 3 The measured value of the radius of curvature is approximately
constant.

¢) Inthe case oM,;>0, 2 -~ 1 and 1 - 2 the alteration of the radius of curvature is
different.In the case of 2 - 1 the disk actsin two stage to the flexible spline. Be-
tween these two stages the flexspline is bent and become detached from the disk.

d) Inthe case oM,>0and1 - 2 three special stages can be observed on the wave.

The generator supports the flexspline only on &fe hand side of the wave, at the
stage of penetration of the teeth of flexsplin@ itite spaces of circular spline. At the
tip of wave the flexspline separates from the @isll the circular spline will cause the
radius of curvature of the flexspline to be deceda€E merging from the engagement
the radius of curvature of the flexspline is in@ieg. This stage is followed by another
one which has an approximately constant radiusiofature.
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Gear drive service — 1 Gear drive servicel — 2

X, = 4,555, X, = 4,958, wy =1,2mm, e=3,9mn, d, =186,3mn B =34,757°

w, mm . w, mm
10 ff’*\\ 1,0 = \
0 - N\ 0 5 N\
-/ N\ \
10—+ Bh 1,0
B4 S \T
%2 -n4 0 4 w2 ¢ 2 w4 0 g4 w2 ¢
) a b)
P 100 =W 7 jum -
99 /—* & 99
98 ~\ a ! 98
=N 7 T 7
] i
96 \ / 96 5
o RN P o 4
94 ot/ 94 St/ .
2 w4 0 w4 w2 ¢ w2 w4 0 x4 w2 ¢
c) d)
EN ‘ —_— EN =
p \ s I\
=2 -n4 0 4 x2 ¢ 2 -wd 0 4 w2 ¢
e) f)

Figure 10. a) and b) Radial displacement of thadjgine,
b) andd) o is the radius of curvature, e) and

f) F is the force acting to the tooth of the circulatisg
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Gear drive service2 —» 1 Gear drive servicel - 2
X, = 4,555, X, = 4,958, wy =1,1mm, e=3,9mn, d; =186,1mn, 8 =24,811

180 — f 100
i =Y == 7
or ) |74
25 ! L 4
. N i

-2 -» [ x% w2 § -2 -wi F x =2 ¢

a) b)

Figure 11. The radius of curvature, in the functmfrdeviation relatively to the major axis

[iihs,

Ry,

28838 %
3}!.’

e) Figure 10. e)and f) show the forse acting to the teeth of circularraplin case of the
torque value ofM; =600 Nm. In both power flow the simultaneously engaging

teeth and the lar gest tooth for ce are appr oximately the same, and the distribution of
forces acting to the engaging teeth is also similar

)

h)

In the case shown ifrigure 11. the disks of the generator were changed from
d, =186,3mn to d, =186,1mn. The radial displacement decreased from

W =12mn to wy,=1,1mm, the semi arc of contact also decreased from

£=34,757°to B=24,811° theeffect totheradiusof curvatureisnegligible.

In the case shown ifrigure 12 the disks of generators were changed from
d, =186,3mm to d,=186,1mn. The radial displacement decreased

fromwy =1,2 mmto w, =1,2 mm, and the semi arc of contact also decreased

from 3 =34,757°to 5 =24,811°. Relatively to the variant shown Figure 11.the
circular spline was also changed, insteacp¥ 4,958 the profile correction factor al-
tered to x, =5,098. The increment in the number of simultaneously engaging

teeth is shown by the alteration of the radius of curvature.
In the variant visible oRigure 12 the eccentric and the disks were changeelar c of

contact between the flexspline and the disks wasincreased (23 = 85,06 . The ra-

dius of curvature of the flexspline, relatively ttee previously mentioned cases, was
changed slightly in the power flov2 — 1, and in the power flowl - 2 it was
changed significantly, dueto the influence of the disk to the flexspline.

In the cases discussed with the helpFafure 9-12.it is obvious thathe shape of
flexspline diver ges depending on the power flow of the drive.

At the power flow ofl — 2 the deflection of flexspline can be limited by rieéasing
the disk diameter.

Increasing the normal gap the limitation ofldefion of flexspline is reduced.
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Gear drive service2 —» 1
X, = 4,555, X, =5,098, wy =1,2mm, e=3,9mn, d, =186,3mn, B=34,757°

Gear drive servicel - 2
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Figure 12. The radius of curvature, in the functmfrdeviation relatively to

the major axis of the

generator.
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Gear drive service2 —» 1 Gear drive servicel - 2

X, = 4,555, X, = 4,958, wy =1,2mm, e=3,4mn, d, =186,9mn, B =42,53°
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Figure 13. The radius of curvature, in the function
of deviation relatively to the major axis

10. Summary

In the present paper the authors examined theimesdtip among the geometry and
load characteristics of a harmonic gear drive daoirtg eccentric disk wave generator. The
characteristics were the radial displacement medsmext to the back surface of the
flexspline, the radius of curvature, the forceragtio the tooth of circular spline, the data of
geometry and the load of the drive. The conclusivas restricted to the effect of the
changed driving elements on the curvature of flimep
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ON COMPUTATIONSOF VIBRATIONS AND FREQUENCIES
OF ROLLING BEARINGS
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3515 Miskolc-Egyetemvaros
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This paper summarises the sources and the reagodsveloped vibrations in rolling
bearings. Equations are given to compute the dpeelovibrations according to the
professional literature. The behaviour of rollingabings is analysed detailed in different
frequency range

1. Introduction

Rolling bearing as a mechanical element or mackieenent has been used in the
Ancient Rome. It has a very different shape thamai& nowadays, but the principle of the
operation was the same. It had wooden rolling elesnand it was used in the wheels of
coaches. After the fall of the Roman Empire, marggnificent scientific results were
forgotten, like bearings in wheels of coaches. [1]

Leonardo da Vinci the grate scientist of the MidAlges dealed with shaft mountings,
that is to say bearings. Unfortunately as with mather ideas of his own, he just made
sketches about the bearing, there is no known tyécof them.

In our days the bearing is one of the most ofteedusachine element in machines and
equipments. Bearings after the patent of Philipgfeun (1794) have been made significant
expression to the engineers in the meaning of théferent operation circumstances and
rolling problems. Judging their condition and dafmthe rest of their lifetime have caused
a huge headache for the engineers.

2. Beginning steps

The first large scale examination to estimate thteof heavy machines and judge their
running conditions was made by T. C. Rathbone.riifie vibration diagnostic of our days
was built upon their work. The scientific level tife modern vibration diagnostic was
generated by the development of computing equipsremd the claims of the industry.

Rathbone was the chief engineer of Turbine and Mach Division, for the Fidelity
and Casualty Company of New York. He started td eeth the measurement and the
documentation of the machine vibration at the baigip of the 1930’s. He first publicated
his results in 1939 with the title of ,Vibration Tewance” in the periodica Power Plant
Engineering. This paper was about the diagnostithefvibration level rising in case of
rough operation deriving from unbalancing machifi2gHis results were summarised in a
chart Figure 1.Rathbone chart).

The Rathbone chart classifies machines into sewésiahs:
— 1. Sensory perception level,
- 2. Very smooth,
- 3. Good,
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- 4. Fair,

- 5. Slightly rough

- 6. Rough — needs correction,

— 7:Very rough — correct immediately.
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Figure 1. Rathbone chart [3]

Of course his results are not up to date and rapeprfor our days regulations, but his
work was very significant milestone in this filefiszience.

The determination of the acceptable vibration lemnetase of rolling bearings is still in
use was based on this chart and the measuringse$uhe engineers working for ENTEK
IRD. In Europe the chart for rolling bearings wagned as the original Rathbone diagram
for many yearsHKigure 2).
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Figure 2. Chart summarising the results of ENTER 8]

3. The behaviour of rolling bearing is different frequency range

The vibrational behaviour of rolling bearings cae Hivided into several ranges
according to the frequency. This can be sed¥igare 3 [4]

A

v, mm/s

Structural resonance

Nonlinear spring
Oscillator part
Failure prediction

100 K 100kHz 10°kHz 1 Hz

Figure 3. The vibrational feature of rolling beagraccording to the frequency ranges [4]
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3.1. Non-linear spring

The rolling bearing under 100Hz can be modelledabyonlinear spring. This model
consists of 3 masses. A spring element and an ladss@ement mean the connection

between the masses. Mechanical model can be s&éguire 4.

X

7. S /

Vibration

Figure 4. Mechanical model of rolling bearing

With the signs ofigure 3.:
— M4 outer ring
— ma: rolling elements
— my: inner ring
k: rigidity of spring element
r: the coefficient of absorber element

The connecting surfaces in the rolling bearing exéremely small. In a sense of
mechanics the connection is a point (in ball b&grior a line (in roller bearings). Bearing
can be examined according to the Hertz theory. ighhelp of this theory the deformation
can be determined in the connection point or lind around. Of course this theory uses
simplification, but this is not means such a biffedence as we should generate if we
examine the model as a pure rigid body [4], [5].

The Hertz-theory uses a couple of conditions; erations can be solved according to
them.

Conditions:

— The size of the connecting surfaces is much smeilber the size of the connecting
elements.

— The load is perpendicular to the common tangemteptd the connecting elements.

- The material of the connecting elements is homogenand isotropic.

- Friction between elements is eliminated.

3.2. Vibration emitter, planetary gear analogy, dieped frequencies

On the horizontal axle dfigure 3 the next behavior stage can be seen. In thig $heg
has an interval from approximately 100 Hz to 1kl vibration emitter behavior of
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rolling bearing is the determinative. This kind lbé&havior is the consequence of the
structure the rolling bearings have. To understardnfluence, let us see how the bearings
are working.

Figure 5. Seat evolved on one or two rolling bodysed by
the internal clearance of rolling bearings

It is known that bearings are built in with intekrdearance. This means that the
clearance between the inner ring and the outerisiimgger than the featuring size of the
rolling body. In cases like this moments can ocduring the operation of the rolling
bearings, when two rolling bodies prop the innagrand there are moments as well, when
only one rolling body provides the shoulder of theer ring Figure 5). This phenomena
results theA size movement of the inner ring in radial directiso a kinematic excitation.
Therefore polygon-frequency arises. Calculatiorthef polygon-frequency can be solved
according to equation (1).

K
fo 60[Hz] (1)

n¢ is the revolution of the cage in rifinnit.

When the internal clearance of the rolling bearglgninated, then the kinematic
excitation would be disappeared and the rollingringawould be a pure rigid body. In
circumstances like this rolling bearings could betoperated.

Of course the polygon-frequency is not the onlgdiency that features rolling bearings.
In cases of bearings that are ensuring kinematie pailing other rolling frequencies can
be divided into two groups, depending on whetheritimer or the outer ring is rolling. [6]

In case of rolling inner ring:

— The frequency of the inner ring:

Ny cosa
fp=—2 |1+ . 2
2712007 dy Ty @)

d;
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- Cage-frequency:

Ny

f, =
K™ 120

_ cosa
dy
d3

®3)

— The frequency of the rolling element:

n, dm_cosza'

" 120

In case of rolling outer ring:

Cage-frequency:

fi =%
K™ 120

_ M
120

Quantities in (2)—(7) equations:
n, : rev of the inner ring,

4

dy 4)

ds

The frequency of the outer ring:

1+ I:tg . (%)

(6)

rat @)

d, : (featuring) diameter of the cage,

g

z. : number of the rolling elements,

d,,: middle diameter of the rolling bearing,

dg: diameter of the rolling element,

a: angle of action (in case of deep groove ball Iog@ia = 0°),
Indexes 2, 3, 4 means inner ring, rolling elemeuter ring.
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Solving the computations rev of each elements efrtling bearing is needed. Rolling
bearing is able to be substituted by a Ol planggaar. Through this planetary gear analogy
Kutzbach-construction can be applied for deterngrire revsigure 6).

. 1 -
=P %tf\
7 7 |

Figure 6. Rolling bearing substituted by planetgsar for defining revs

Besides the above mentioned frequencies othetasveappears during the operation of
rolling bearings originated from imbalance andftikires of the geometry.

3.3. Frequencies deriving from imbalance

In case of each element that has rolling movemémation deriving from imbalance
occurs. Sometimes this vibration is higher, somesint is lower. Even in case of the most
perfect manufacturing a few imbalance is still iastlements.

Evolving frequencies:
— Shaft frequency generated by forces:
N

. 8
t %0 (8)
— Cage frequency generated by forces:
n
f, =< 9
k760 ®)
- Housing frequency generated by forces:
n
f,=—%. 10
4760 (10)

- Roller frequency generated by forces:

This frequency usually can be eliminated. Rollexsegally compensate the effects they
have. If it cannot be eliminated computations carsdlved according to the equations (11),
(12).

From main movements:

-

gl1- 60 (11)
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From collateral movements:
n
—_ S
Collateral movements evolving in those bearings &éna not able to ensure kinematic

pure rolling. Bearings like this are e.g.: anguwantact ball bearing or deep groove ball
bearings that are also loaded by axial force

(12)

wB
w
l(*)s
W, ) 4
AN Y
w§ ’/ S 7\\ _
©s 5
/ NI

A o) B’
Figure 7. Sketch of an angular contact ball bearing

ns can be counted accordingRaure 7. by the next equation:

r
w, = a@i sina . (13)

3.4. Frequencies deriving from the failures of ¢f@@metry

The running surfaces of real rolling bearings dmdurfaces of the rolling elements are
not pure true to type surfaces. According to tluisperfect elements while rolling down on
each other generate different sizes of irregularity

The failure of running surfaces is usually wavineBRis can be originated from the
production and the circumstances of the assembie generated frequencies can be
counted according to the following equations:

- Effect of the geometry failure in case of inneigen

o
f, :|2%. (14)

- Effect of the geometry failure in case of outegsn
n
f, =i, 4 15
i, and j in equation (14) and (15) are the number of tlilerizs appearing on the given

elements, in case of wavinessand j are the number of the waveg, and n, are the rev
of the cage related to the inner ring and outeg.rin
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Failures appearing on the surface of the rollirgnents are polygon failure mainly.
Counting the frequency generated by the polygoluraishould be done according to
equation (16):

fa=ig—=. 16
37133, (16)
Rev ny is the rev of the rolling body own shaft.
3.5. Eigenfrequencies (resonance frequencies)

In case of equipment consist of rotating machirmmeints eigenfrequencies of these
elements should be kept in front of the designeyes. Permanent operation of an
equipment like this on the rev that results an taxioin proper for one of the elements’
eigenfrequency is forbidden. Calculating eigenfestpies on paper is to be solved only in
case of those elements that has a very simple gepnWith the development of the
computer technology finite element softwares are &b determine the eigenfrequencies
even in case of difficult geometry as well. Eigexfuiency depends on the material and the
size of the geometry. In case of rolling bearinigeefrequencies of the inner and the outer
ring are important. Frequency images of eigenfragies can be seen iRigure 8.
Determining the eigenshapes was carried out byM pi®gram.

g
[ \

|
AL /’ . 4

=1

Figure 8. Resonance shapes of Eigen frequenciease of rolling bearing rings (first 4)
3.6. Damage prognosis

In case of damages other frequencies appear ogealibve mentioned ones. These
frequencies can be originated not only from the aigenof the rolling bearing but it also
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can be caused by a false assembly, or an imprapestraction of the connecting elements
(housing, shaft). Let us see a very simple exaniptdling bearing is positioned in a bore

through an interference fit. Unfortunately the bomas made wavy. Because of the
interference fit the outer ring of the rolling bieay adopts the wavy shape, so the running
surface of the rolling elements also gets wavy.

The literature helps the engineers realising tlilarés of rolling bearings independent
of the reason of the failure by different spectrpictures determined by several measures
and analysis.

On the field of vibration diagnostic there are adbmeasuring methods developed for
determining the state of bearingsigure 9. shows their application according to the
frequency values.

v, mmie

Structural resonance

Nonlinear sprina
Oscillator part
Failure prediction

- &PM

§ Envelope §
‘ ‘ SEE

|
100 1k 10k 20k 3Ck  100kHz 10°kHz 1 Hz
32k

Figure 9. Suggested measuring methods in diffdreqtiency intervals [4]

4, Conclusion

The paper introduced how wide the range of fregesna rolling bearing can perform
is. It should be noticed that the above introducaltulations are only typical for normal
operation. Frequencies generated by differentradlwere only mentioned. Analysing the
spectrum of a bearing all above mentioned freq@snshould be taken into account so the
failures generated frequencies to be identified, @mthis basis arrangements can be made.
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Abstract

In this “state- of- the- art” paper the place aaktkrof optimum design in product develop-
ment process is described, based on the defiratfigmoducts, definition of product quality
and product qualification levels. Most importanbguct characteristics and parameters are
listed which can be subjected to optimization oftidisciplinary optimization (MDO) pro-
cedures. Case studies and numerical examples anengbr optimization, quality analysis,
improvement and shape optimization of several itvdlproducts and products designed
by Industrial product and art designer student®e €kamples and case studies were se-
lected from the industrial projects and studentsigteand optimization works and results
of the Department of Machine and Product Desiddratersity of Miskolc, Hungary.

Keywords: product qualification, optimization methods, MDGhape optimization of
products

1. Introduction

In 1996 the Department of Machine Elements at Usite of Miskolc started the edu-
cation of product development as a new formatiamrs® besides of machine elements and
construction design. This resulted in the flarehaf activity palette of the department. The
education of product development invoked new digeds as Product and Art Design, In-
tegrated Product Design or Product Simulation. Aesalt of this new education activity,
the name of the department changed the new narbeartment of Machine and Product
Design since 2008.

During the design process of — not only industrigdroducts, besides the design of the
shape, functionality and colours of the products ivery important to keep the high stan-
dard of efficiency, reliability, economy (low mai@rand manufacturing costs) or high load
carrying capacity and longer life [1]. These ch&zgstics could increase the added value
content of the product or could give higher contpetness. For the development and in-
crease of these parameters of a product, it isaidable to apply and use the facilities and
possibilities offered by multidisciplinary optimizan (MDO) [2], the finite element
method (FEM) [3], [4] and computer aided design (A

In this paper the integration of these methodsésented into the product development
process by showing several case studies and nuheptimization examples. Examples
are shown for optimization, quality analysis, imggment and shape optimization of sev-
eral industrial products and products designedrbyyrct engineering students.

The examples and case studies were selected frerindlustrial projects and student
design and optimization works and results of th@ddenent of Machine and Product De-
sign at University of Miskolc, Hungary.
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2. The place and role of MDO and FEM in the design and development of products

First of all, it would be necessary to repeat thedl known definitions of product, prod-
uct lifecycle, quality of product, product desigmorder to place easier the FEM and MDO
methods into this system. (The usage of a threemkional CAD system is always neces-
sary to create the models for FEM and MDO invesitgs.)

Product can be everything which is marketable, gomable, or usable, fulfilling a need,
demand or request of the customers. As a simpleoaph, one can discuss three levels of
the product:

a. Abstract product;

b. Manufactured product;

c. Complementary product.

The abstract level of product integrates all theaathges, provisions, services, supplies
which can be associated to the image of the proandtthese will be the main reason to
why buy the product (for example in case of fooddurct the enjoyable taste, aroma, fla-
vour, healthy effects, nutrition values, etc. orcase of furniture convenience, aesthetics
etc.). At the level of abstract product, it is regted by the consumer that the product
should work well and should carry the loads duting operation and usage. The verifica-
tion of the product against these kinds of effextsld be an entering point for FEM and
MDO results into the product design process.

The product designer will transmit the abstractdpict into the manufactured product
level. The manufactured product has its trade masgme, form, characteristic colours,
packing, technical parameters, quality, reliabjlibad carrying capacity, etc. The last four
parameters already can be subjects of severad fald@ment and optimization studies and
improvement processes, the results of which canmdwgpconsiderably some very impor-
tant characteristics of the products. This is thestnimportant point where the FEM and
MDO methods could connect into the product desigicgss.

The third level is the complementary product, whinkans some more or added ser-
vices, characteristics of the manufactured proflucexample guarantee, assurance, set in
operation, or in case of a software product th&allaion, upgrade, etc. If the manufactured
product does not contain FEM or MDO results, tignpcould be also a possible place to
call in these investigations into the product depaient process, for example by creating a
new type of service as “optimized product” or “¥iexd product”. Also it is possible to cre-
ate some analysis, verification, optimization opiovement services for products after
selling, similarly to the upgrade process, as “dgwed product”, “economic product” or
“improved product”.

More detailed approach can be to define five legéthe product:

a. Elementary benefit;

b. Basic product;

Requested product;
Augmented product;

e. Potential product.

The “elementary benefit” level of the five levebgluct definition could be associated to
the abstract product” level of the three level prdddefinition, therefore everything can be
applied here what was mentioned for the abstramtlymt level, concerning the possible
entering way of FEM and MDO into the product degigocess.

Qe
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The basic product incorporates all the advantageatacteristics, what where provi-
sioned in case of the elementary benefit (for eXargpghurt incorporates that it is healthy,
enjoyable taste etc.).

The requested product contains all the requesagnsliand demands of the customer
concerning the product (for example easy to opgpatectical, or in case of food good fla-
vour etc.). This level could be associated to timariufactured product” level of the three
level product definitions, so this could be alsaraportant entering point for the FEM and
MDO methods into the product design process.

The “augmented product” collects more wishes of chstomer above the “requested
products” (for example more practical packing, morenvenient delivery, better
price/value ratio etc.) and the “potential productintains all the characteristics and
“dreams” which say how the product could be or initllude future developments.

On the basis of the above mentioned things onesearthat level d. and e. of the five
level product definitions offer more possible wdgs FEM and MDO investigation proce-
dures to enter into the product design process.

2.1. Possible product characteristics which coudddubjects of FEM and MDO investiga-
tions and qualification

The product lifecycle starts when the need fotfaluct appears and ends with the end
of the usage (when the product falls into oblividfithe product development process re-
sults in newer and newer, better and better vessainthe product, the “cycle” name is
more and more appropriate, since the life prooegsats cycle by cycle. In the lifecycle of
every product one can find the design, experimamlysis activity which helps the product
development process from the beginning of the yif&e until the starting of the manufac-
turing. This part of the lifecycle can be called“psoduct development”. The most impor-
tant possibilities for the application of FEM andi results are in this part of the lifecy-
cle.

Let us overview the most important parameters aratteristics of products, which can
be efficiently improved by the application of fiaielement and optimization results. The
most important subjects of the machine- and prodesign could be the followings:

Drives:

- Gears, gear drives, gearboxes, conical gear dindisal gears etc.

- Worm drives;

— Bevel gear drives;

— Belt drives, chain drives, friction drives;

— Harmonic drives, other special drives.

Bearings:

— Ball and rolling bearings, constructions containggrings;

- Hydrodynamic, hydrostatic journal- and sliding begs (axial, radial).

Shatfts, couplings and their assembly elements:

— Behaviour of shaft- gear- bearing assemblies;

— Several couplings, having different operation cgtsgmechanical, electrical, hy-

drodynamic etc).

Other important products and elements:

— Threaded connections;

- Seals;



66 Ferenc Janos Szab6

— Brakes;

- Springs;

— Slider- crank mechanisms;

— Selected special elements for pipelines (pipe $oivlves, supporting structures for

pipelines);

- Hand- tools and their elements;

— Household appliances, food processors;

— Tools to tinker and hobby;

— Cars and accessories or elements for cars;

- Furniture, artistic products;

— Children’s toys and furniture;

— Office furniture and accessories;

— Computers and additional products;

— Medical tools, implants, accessories

- Etc.

Most important disciplines that could be involvewldouched during the finite element
analysis and multidisciplinary optimization of tkedements are as follows:

Static:

- Linear static;

— Nonlinear materials;

— Large deformations.

Contact:

— Contact with or without friction;

- Lubricated contact;

- Wear and other forms of contact failure.

Dynamics:

- Eigenfrequencies, undamped and damped vibrations;

- Random vibrations, harmonic and random excitations;

— Transient response, response spectra analysis;

— Vibration reduction and supporting problems.

Sound and noise:

- Operation noise, noise reduction by the designgamanetry modifications;

— Acoustics, handling of noise sources;

- Noise reduction, isolation problems.

Fluids, gases:

— Fluid- structure interaction;

— Flow of viscous fluids (oil or cooling liquids);

— Pressure distribution in fluid films;

- Fluid friction;

— Lubrication problems;

- In internal combustion engines: or wheel and tiesign: interaction of gas and

structure.

Thermodynamics:

- Heat exchange between elements of a construction;

— Cooling problems,
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— Heat conduction and convection, radiation.

Electromagnetism:

— Forces acting on elements working in magnetic field

— Elements of electric motors, effects of the eletimgnetic systems;

Fabrication and operation conditions:

— Operation and fabrication interferences;

- Errors, quality requirements, tolerances;

- Requirements and constraints that one must falfitie good fabrication and opera-

tion.

A large variety of possible application variatiarem be provided by the combination of
the products and applied disciplines for the réaliznalysis and optimization of designed
products. The disciplines can be considered astrenis (in this case the objective func-
tion could be the weight, fabrication costs, loadging capacity etc. or their combinations
in multiobjective problems) or they can be taketo inonsideration as objective function,
this way it is possible to design noise minimizezhstructions or moving structures or
products having minimum power consumption or minimfuiction power loss, higher load
carrying capacity etc.

The examples and case studies shown in this papebe found also as a combination
of products and disciplines.

The qualification of a product means that all thestrimportant technical parameters
will be verified, where possible by using FEM sesliand at the end of this process the
product will receive a qualification as “ineligiBler “eligible” or “safely eligible”. This
qualification can be continued if the economy, eéfncy or optimality of an important
product characteristic is qualified, in this caseduld be possible to use quality levels as
“non- optimized” or “inefficient”, “optimized” or éfficient” and “Pareto- optimized” or
“multiobjective optimized”. These could be the pbkslevels of product qualification.

3. Case studiesfor qualification and optimization of products
3.1. Minimization of strains in electronic paneimfrovement of product reliability)

During the testing procedure of electronic pantls,test signal is driven to the attach-
ing points of the panel by using measuring needaxe the testing program contains sev-
eral input and output signals and measurementsutirdays this process is performed by
industrial robots and up to date programmable NChimes.

In this unified and robotized process 300-400 mé&aguneedles can press the panel in
one time, depending on the type of the panel anthertype of the needle. Each needle is
built with a spring, in order to assure the corremttact with the panel. These springs are
calibrated so that 3-5 N load is present at théaobrpoint. It is easy to calculate, that in
case of several hundred needles the panel is lositfled 000—-2000 N .Regarding the panel
sizes, (160 mm length, 100 mm width and 1.6 mmktiéss approximately, the size de-
pends on the panel type) this is a high load. Tdad sometimes is causing so large defor-
mation and strain values in the panel, that soroal lfailures occur in the electronic ele-
ments assembled onto the panel, therefore a nuofbsupporting pins is applied to de-
crease the deformation and stréiig(ire 1).
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Figure 1. Supporting pins and the assembly
of the panel into the measuring frame

Previous measurements and experiments show thedia sf value greater than a limit
of 8x10™* is dangerous for the local failure of the assethelements. The experiments and
measurements also show that the strain field irpthreel is very sensitive for the arrange-
ment and for the number of supporting piRgy(re 2).

ryak] teszt 6 Static Strain
Deformation Scale 1:1

ol estrn
3.500e-004
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7.057e-004
B 3608004
5.674e-004
4.967e-004
1l | 4261e-004
3.5542-004
2 8488-004
2141e-004

1l 1.435e-004
| 7 .285e-005
2.197e-006

Figure 2. Strain contours shown on the assemblg pfaelectronic elements.
This picture helps to decide which electronic elenigin dangerous position

The assembly of the supporting pins sometimes eareby difficult, because electronic
elements are assembled to the both sides of thel,gherefore one can find only a few
place to apply supporting pins. This situation reedite optimisation of the number and
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position of supporting pins used for decreasingniaimum strain on the panel under the
limit value 8x10“ In the solution of this task the strain field wietermined by using finite
element calculations and for the optimization tlen&ic Algorithm was used. As results in
the investigated cases, because of the optimalostipprangement the maximum strain
value was decreased under 6X1@ith same number of supports as before the inyesti
tion, or in other cases the limit of 8x1@s fulfilled with a number of supporting pins 20%
smaller than before the investigation. These resafle useful during the fabrication, be-
cause the smaller number of supporting pins caredse the fabrication cost, the prepara-
tion time for the measurement can be shorter. Bltimg high strain values in the panel
can increase the reliability or elongates the taitife of the product, and the number of
waste products and user- complaints can be dedreassiderably.

This case study was an example of improvement mtodliability and economy by
applying the results of a multidisciplinary optimiion process (MDO). This study shows
the advantages of an “optimized product”.

3.2. Verification and qualification of the product

The second case study shows the example of prodadification, based on a finite ele-
ment analysis (FEM).

In chemical plants, stack gases are eliminatech{pur a burner link. When the link is
started up (lighting), this is an explosion; thadn pressure in this part of the pipeline will
be very high. It is very important that the ignigdrould be verified against this pressure
value if it will bear the strains, stresses anddeations occurring when starting the burner
link. Figure 3 shows the igniter chamber, stress and deformatiotours are ifrigure 4

0000 0.040 0080 0120 0,160 (m) ‘A\ X
[ E—1 | | z

f — —

Figure 3. The igniter chamber
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Figure 4. Stress (to the left) and deformationt{te right) contours of the igniter

On the basis of the finite element results, it wassible to draw the conclusion that the
igniter is “safely eligible” under the operatiorr@imstances during the lighting period.
These results and some selected parts of the engpemtt were used by the manufacturer in
the quality certificate of the product, which mbstalways part of the product documenta-
tion.

4. Student projects
4.1. Shape optimization of a product (pliers haft)

Figure 5. a)shows the initial three dimensional model of @jevhich has constant cross
section shape regarding the haft. Shape optimizgitocedure in ANSYS DesignSpace
program system shows the proposed material to rdit@iFigure 5. b),in red colour), the
designer has to redesign the structure, eliminatiegunnecessary material and giving a
new form concept to the produétigure 6).

Figure 5. a) (Initial shape) and Figure 5. b) (ma#ds to eliminate) of pliers model
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Figure 6. a) (New, improved form) and
Figure 6. b) (Stress state verification) of the guiot

As the result of the shape optimization proced@2% of the product material was
spared. Finite element analysis of the new, op&dhighapeHigure 6. §] shows that the
structure fulfils the operation requirements (iseaf 200 N load, 71 Mpa is the maximum
stress). The maximum deformation in this casedsim.

4.2. Finite element analysis of a bar-chair

A new design of a bar- chair can be seeRigure 7. a),having the shape of DNA spi-
ral. On the basis of several finite element analytsie modified design is shown kigure
8., while stress contours under the load can be fanrdgure?7. b). The structural behav-
iour of the DNA shape column invokes a lot of fetwtevelopment and research possibili-
ties, therefore these investigations will be camtith in the future, within the frames of Stu-
dent Research Work (TDK).

Figure 7. a) Original shape of the bar- chair anij&re 7. b) stress contours under the
load caused by a sitting person
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Figure 8. Modified design of the bar-chair after ME&nalysis
5. Conclusion

On the basis of the definition of products, prodyeality and product qualification lev-
els, the place and role of optimum design in prodievelopment process is described.
Most important product characteristics and parametee listed which can be subjected to
optimization or multidisciplinary optimization (MDOprocedures. Case studies and nu-
merical examples are shown for optimization, guadihalysis, improvement and shape
optimization of several industrial products andducts designed by product designer stu-
dents. The case studies and student works showarddrate the efficiency and advantages
of applying FEM and MDO methods during the prodiesign process.
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Abstract. Gear couplings are used to eliminate the misaligrismef the connected shafts.
Most important components of the gear couplingthechub and the sleeve. The hub is an
external gear having crowned teeth. The sleeven i;yt@rnal spur gear. Both gears have

equal number of teeth. In this paper the manufargumethods are presented for the hub

and sleeve and mathematical models are investigfitedhe tooth surfaces of both
components.

Keywords: gear coupling, internal gear, crowning, gear hogpbgear shaping

1. Introduction

Main components of the gear couplingigure 1) are the sleeve and the hub. The
sleeve is an internal gear and the hub is an eadtggar which has crowned teeth.

Figure 1. Gear coupling

The two toothed components compose a special géamgherein both number of teeth
are the same. The gear coupling is able to compernisa misalignment of the coupled
shafts by the tooth crowning and backlash. Usirgingle hub and sleeve, the effect of
angular misalignment may be eliminated. In the ficacgenerally two hub-sleeve pairs are
built up as it is shown in Fig.1. In this case toenpensation of the offset misalignment is
possible in addition to the angular misalignmergnekforward the possible manufacturing
methods of these special gears will be examinedh&faatical models of the tooth surfaces
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will be set up, which can provide the basis of filmther investigation for the operation of
gear coupling.

2. Manufacturing of the crowned gear

The crowned teeth of the hub are produced by hgbddcording td-igure 2

Y

workpiece

| <

Figure 2. A conceptual sketch for manufacture ofagred tooth surfaces

In the hobbing of cylindrical gears the tool ané thiorkpiece rotate permanently and
the tool has a slow feed parallel to the axis efwlorkpiece. In the hobbing process the tool
is called hob. To produce the crowned tooth sugdle tool moves along a circular path as
it is shown inFigure 2. The unique structure of the hobbing machine ugutdes not allow
this motion of the tool, so the necessary relatiaement is obtained by the radial motion
of the workpiece-table and the axial movement ef titol. During production the centre
distance varies continually. The maximum valueesftoe distance is:

arnax = r0 + rli (1)

wherery andr; are the radii of pitch circle for the hob and terkpiece respectively.
The circular arc of the relative movement betwe®n tbol and the workpiece can be

characterized by the radiud=MN , depending on the pitch radius of the hob and the
distanceR which is the typical size of tooth crowningigure 2:

A=ry+R. )

In addition, the centre distance is determinedHgy durrent axial position of the hob
denoted byB in Figure 2 Consequently, the actual centre distance:

a=VA?-B? —-R+1,. ©)
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3. The mathematical model of hobbing

The mathematical model of hobbing was presentelditin [1, 2] as an envelope with
two independent parameters. This solution is slgtéd describe the ideal tooth surfaces,
but it includes some approximation, since the tamameters are not independent perfectly.
Mitome [3] has reported a very expressive methadhfibbing of conical involute gears.
This method in modified form is suitable to detamenthe real tooth surfaces of cylindrical
gears [4].

A conceptual sketch of the hobbing and the conoedietween coordinate systems are
shown inFigure 3.

Figure 3. The sketch of hobbing and the used coatdisystems

The hob is considered as an involute worm wheneiolute helicoid is fitted to the
cutting edge of the hob. Thread surface of the wbama virtual translation along the axis

Yo in coordinate systemy, Yo, Zo because of the angular velocity of rotatiog

The equations of the resulted surface-series are

Xo = Xo(u,v),
Yo = Yo(u.v)+ pagt, 4)
2 =2(uv),

whereu andv are the parameters of screw surfads,the time within one revolution of the
workpiecep is the parameter of screw amg is the angular velocity of the hob.

During one revolution of the workpiece the tool geates the tooth space I, ... Rt
denote from the second to (k+1)-th tooth spaceshvaie cut during the second to (k+1)-th
revolution of the workpieces is the feed of hob during one revolution of therkqiece.
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Figure 4. Real tooth surfaces of a cylindrical s@ar

Let T be the time during one rotation of the workpiecéé the surfacek is cut the
position of the origin @along the axiz is

2= -vg(t +KT) )

where v is the velocity of feed. The workpiece turns thegla w(t+kT), which

corresponds to the ang(e)t +2kn'). For cutting the surface ks the equation system has
the following form:

Xo = %o(U,v)
Yo = Yo(u.v)+ pa(t +KT) (6)

=Mm|’°]. @)

The transfer matri is as follows:

coswt s siwt - cog siw t acos t
—-sinwt sin2 cogwt — cog cap t — asin
M = . . (8)
0 cosz S -y( & K

0 0 0 1
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An arbitrary surface fcan be determined by solving Eq. (7) when k=Inis
substituted and at the same time relationship éslywed between the parametersy, t.
One possible way to determine the relation betwegameters when the determin&nt
becomes zero:

Jdu ov ot
Jdu ov ot
0z 0z 0z
ou oOv ot

Expressions (7) and (9) together define any surddement F of the tooth surface.

Examined case of hobbing concerns to the productibreylindrical gears. The
presented formulas will valid for the manufacture coowned teeth by the following
conditions:

— in addition to the axial feed velocityshould be considered a radial veloeity

— this motion occurs continuous changing in cediseance.

The proportion of radial and axial velocities ispessed by the following equation
based on the prescribed path of tool

v, _ B

V_s_ [a2 _g2

(10)

B = b/2 belongs to the position of toal= 0 and the relationshifB = z+g is valid

whereb is the face width of the gear. The change of catliseance is described by Eq. (3).
Substituting the relation betwe&uandz

2
a(z) = A2—[2+gj -R+n (11)

is obtained. It describes the change of centreamii®t, while the cutter passes along a
prescribed path and the temporary position of dlotis determined by the coordinateAll
these indicate that the mathematical model fomdyical gears is suitable to describe the
crowned teeth, if the changing of centre distar&ecansidered in the last column of
transform matrix (8). Substituting (5) into (11etbhanging of centre distance as a function
of the time is:

2
a(t)=\/A2{g—vs(t+kT)} -R+1,. (12)

This relationship should be taken into accountalecaating the matrixv.
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4, Equations of the crowned tooth surfaces

Based on the above-mentioned description, it is)dothat the resulted tooth surface
depend on several parameters. Thus it is influebgatie size of the holig) and the feed.
In fact, it is also true for hobbing of cylindricgéars, that one gear produced by different
hob or different feed has several tooth surfacé®& dylindrical gears with involute tooth
surfaces are idealized surfaces.

The idealized tooth surface for crowned gearind kél derived so that involute tooth
surfaces having variable profile shifting in paghttansverse planes are assumed.

A y1 A y1

ty

A
A

Figure 5. Crowned tooth surface

Equations of the tooth surface are:

X =TI,,sino;,
Y, =T1,,C0S0,, (13)
z =t,.

wherer,, is the arbitrary radius along the tooth profile, afid is the tooth angle. To
calculate it the following expression is used:

6= % +inva -inva, (14)
1
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where s is the tooth thickness along the pitch cylinder,is the pitch radiusg is the
standard pressure angle,, is the pressure angle at radiys a y; can be determined by the
following equation:

cosay, = Ton . (15)

Herery, is the radius of base circle. In Eq. (14) the means the involute function,
which is interpreted as inwv= tana —a.
The tooth thickness along the pitch cylinder is

s=g5-2(R-yR*-Z Ytana , (16)

wheres, is the tooth thickness in the plane= 0.
All these indicate tha#, depend on the radiug, and the coordinate=t;, i.e. in Eq.
(13)
X = Xl(t1' ryl)
and a7
Y1 = Y1(t1* ryl)'

5. Manufacture methodsfor internal gears

Manufacture methods of the internal gears may assdied into two categories, which
are the forming and generating procedures. Theifymrocesses include the form milling
and broaching.

The form milling is realized by hobbing machinengsiform milling head and finger
type or disk type milling cutter. The teeth arenfied one by one without generating
motion. Form milling may be used economically foaahining the gears which have large
diameter and high module. Disk type cutters havaagbide bit realize appropriate
productivity. The disadvantage of the procedurébéoless accurate than the generating
methods and large ring gears can be manufactulgd Tme tip diameter of gear should be
many times as large as the milling head. Form mgjllis not suitable for preparation of
helical teeth.

The broaching is the most productive method for ufacture of internal gears, but also
the most expensive as well. In consideration ofpitime and foundation costs of broaching
machines and the high price of the broach, thedtiiag should only be used economically
in quantity production. To produce helical teetingsspecial machine is possible, but the
fabrication and sharpening of tool and the guidofgtool along helical path are very
difficult tasks.

The generating processes are the gear shapingskieeng and gear hobbing.

The gear shaping was the first generating procdsshws suitable to produce internal
gears too. This procedure is still the best knonah most widely used method.

Since the gear shaping has low productivity duentermittent operation, several
attempts have been made to develop efficient ptamuenethods. Such methods were the
gear skiving and gear hobbing for internal teethegation.
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The gear skiving was created as a special blertieofjear shaping and hobbing. The
cutter comes from gear shaping while the movementse from gear hobbing. The
productivity of gear skiving is similar to the gdasbbing of external gear teeth. It can be
mentioned as an advantage that the helix anglebaaset between wide limits, compared
to other procedures that are either unsuitablehfermanufacture of helical teeth, or just
defined helix angle values can be produced. Theigp®ol holder ("flying cutter") did not
provide sufficient rigidity, therefore the gear\gkig did not come in general use.

Gear hobbing for internal gears can be done onamional hobbing machine using
special tool clamping device. In the course of piiithn barrel-shape hob is used. The
spread of procedure was obstructed by the costoofipticated hob geometry, the
convenient solution to a rigid tool holder and #iee limit, which arises from the fact that
the tool holder device must have fit to the intériray.

Henceforward we consider the gear shaping becdusethie only generating process
using the manufacture of internal gear, which iselj used, reliable, and has adequate
precision.

6. Gear shaping
The gear shaper and shaper cutter were developkepiaaented by Fellows in 1897. The
position of workpiece and cutter and the charastierimovements of gear shaping are

illustrated inFigure 6

. shaper cutter

machining motion

internal r" =
Figure 6. Gear shaping of an internal gear

Axes of workpiece and cutter are parallel to eatiero The generation is produced by
the harmonized rotation between the cutter and gksank. The relationship between the
angular velocities can be expressed as the gear rat

Y22y, (18)
@

The cutting motion is a vertical (at certain typdsnachine is horizontal) reciprocating
movement of the cutting tool. In the machining e there are two type of feed in radial
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and tangential direction. The radial feed is reliby cam mechanism or threaded spindle.
The tangential feed is the rotation in mm refet@@ne stroke and measured on the pitch
circle of cutter. During cutting neither cuttingotonor workpiece does not rotate. The
generating movement that is a slight rotation igied out during the return motion of
cutter.

By gear shaping spur and helical gears can be ggketoo. Spur gears are produced by
straight-toothed tool and helical gears are marnufad by helical shaper cutter. Since the
gear couplings contain spur internal gear, heredttal with straight teeth only.

7. Equations of thetooth surfacesfor internal gear

Theoretical tooth surfaces of the internal geaesiavolute cylindersFigure 7.shows
the tooth profile and the parameters of tooth serfa

A ¥2 A Y2

1)

> y >

X2 Z

Figure 7. Tooth surface of internal gear

Equations of the tooth surface are:

X, =T, 8iN0,,
Y, =1, C080,, 19)
z, =t,.

Wherer,, is thearbitrary radius along the tooth profile, aéigis the angle of tooth
space. To calculate this angle the following exgimsis used:

6, = ° inva- inva, (20)
2r,
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wheree is the tooth width of space along the pitch ciralgjs the pitch radiusg is the
standard pressure angle, ang is the pressure angle at radiys It can be determined by
the following equation:

cosa,, = b2 (21)

y2
ryz

Herer,; is the radius of base circle. In Eq. (20) imeis the involute function, which is
interpreted as ing = tana —a.
The tooth surface is described by two independardmeters,, andt;:

X2 = X2(ry2)!
Y, = Yo (ry), (22)
Z, = 7,(t,).
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Theoretical basis of a method will be introduced in this paper. With the combination of the
tools of design methodology this method can be used with great profit during the generation
process of the optimal product variant, besides it also takes care for costumers’ require-
ments.

1. Criticising traditional design methodology

A significant disadvantage of existing methods is that their adaptability to computers is
limited. Traditional methods suggest several possibilities for the sequential steps realising
the given logical step that implies their multiple character. Firstly a fix sequential design
method has to be created instead of traditional methods, though utilizing their positive fea-
tures.

Keeping physical principles in view is the second great disadvantage of traditional
methods. It is disadvantageous because the constructor may limit the solution possibilities
in a very early phase of the design process. This way he may unwittingly eliminate solu-
tions that could be really valuable in the period of selection, because they are novel or abso-
lutely new concepts. This way the second task is to generate the solution variants, without
paying any attention to physical principles.

The third —and maybe the greatest— deficiency of existing methods is that they do not
even try to generate all the possible solutions that could be made on the basis of the given
functions, because they pay attention to the human capacity and not to the capacity of com-
puters. So it can happen that some —or significantly a great number of — principally correct
and absolutely new solutions escape the designer’s eyes. That is why the most important
task is to make it possible to generate and handle all the solutions that can be generated on
the basis of the given functions.

2. Computer Aided methodological Concept Building (CACB)

Analysing other technologies integrated into CAD systems —so the CAxx technologies
[2] — in connection with the whole design process it can be defined that aiding of the design
process by computer was developed counter direction to the advancement of it (Figure 1.).
Computer technologies appear first time in the documentation period of the design process
that can be taken as the last phase of it, while the computer aid of conceptual design —that
can be taken as the basis of the design — is not yet solved even today. Designers have to
keep their eyes on the consumer’s criteria as well, although these criteria can eliminate
some originally new solutions. This way in this paper a method is suggested that combined
with the tool system of the design methodology can be used with a great benefit in the pe-
riod of conceptual design that is during the working out of the basis of the optimal product
variant, and it also pays attention for the consumer’s criteria.
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The whole design process in case of traditional design

Task Ll Conceptual | Engineer.ing L Documen?ation
design | computations by drawings
CACB |
?

-Development of the computer tool-system

Figure 1. CACB (Computer Aided methodological Concept Building),
suggestion for expanding the application of computer tool-system

uality line - uantity line
Q 24 Design task Q Y
’ Definition of customer’s requirements ‘ ’ Market- and patent analysis
. B - functional subassembly- - l _ -
l Ranking customer’s requirements }*W’ Finding and defining functional

l subassemblies

’ Definition of construction requirements ‘

l Finding and defining connections

. - R connection- 3 N
’ Ranking of construction requirements }<—> among functional subassemblies
l importance

Defining evaluating aspects according
to the construction’s requirements l Generating the solution variants

l |

Ranking evaluating aspects |

’ Choosing the optimal solution variant "—

Figure 2. Logical steps of the suggested computer aided concept building

Methods that are suitable for computer application and are developed on the basis of the
advantages of the traditional design methods — that are not directed by any computer appli-
cation — should be created in order to get the conceptual design phase computer aided, and
to find the optimal concept for the given design task. Logical steps of the suggested Com-
puter Aided methodological Concept Building (or CACB) is shown in Figure 2. Before
elaborating the design task it should be analysed. The tools for that are the market research
and the analysis of patented solutions. In parallel with this customer’s requirements should
be found and defined. These requirements should be evaluated and ranked with the de-
signer’s eyes, because these requirements are the basis of the evaluation at the end of the
concept building method. All the possible functional subassemblies should be defined dur-
ing the market research and the analysis of patented solutions. Product structures or solu-
tion variants can be generated from these subassemblies. These variants should be evalu-
ated by the designer. The optimal solution that is the result of the concept building is the
one that fulfilled all the evaluation criteria.
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2.1. Customers’ requirements

Customers’ requirements and claims established to the product are usually ready for the
designer at the beginning of the design process in a shape of a claim-list [1]. According to
this list criteria can be collected and ranked through the designer’s eyes. The basis of this
ranking is the fuzzy logic, but it also applies the couple comparison suggested by the tradi-
tional design methodology.

Ranking the criteria can be described by the equation (1) that also can be determined by
equation (2) that is the K criteria matrix. Criteria should be compared in couples. It should
be analysed if the criteria in the columns of the matrix are more important than those can be
find in the rows of the matrix. The k;j; elements of the matrix according to (1) and (2) can
get the value 0 and 1. The lower triangular of the matrix is the complement of the upper
triangular.

K, K, K, .. K,
KT0 k, ky . kK
Kolky 0 Kyy oo Ky Ky )
Klk, ky 0 o kg [k
Kn I(nl kn2 kn3 0 knf
K=(k;),, @)
L=k; =k; 3)

Important features of the criteria matrix are:
— the major diagonal of the criteria matrix can contain only zeros,
— if the elements above the major diagonal is summarised their pairs under the major
diagonal, the result is always 1 (3).

According to that it is also enough to have the elements above the major diagonal; the
value of the elements under the major diagonal can be calculated. So the number of the
elements that is enough to determine a similar square matrix can be described by a mathe-
matical row according to (4).

z=n-(=1)=[(n=1)-(n=1)]+[(n=2)-(n=2)]-...
ot (=) (=)=t (1 =1)- (1= )] ®)

Summarising row-by-row the results of the criteria comparison according to equation
(5) effects the importance of the criteria. So a (6) k¢ criteria importance vector arises that
should be considered when defining criteria.

e =§k” (5)
k, = ke Koy Ky Ky (6)
2.2. Generating solution variants
Functional subassemblies that are important during the generation of new solution vari-

ants and can be found in the known solutions should be disclosed by the patent and market
analysis. Sometimes new functional subassemblies should be determined by intuition. Gen-



86 Agnes Takacs

erating variants can be realised in several way — e.g.: according to binary logic or random
generation. When the designer would like to perform a preliminary selection with analysing
the functional subassemblies ranking according to equation (1) and (2) should be repeated
with the functional subassemblies:

F F F F x
Fro f, f, fio | fir
Elf, 0 f, . f,|f o
Fif f 00w £y
Fn fn1 fnz fn3 0 fnf
F=(f,),, ®)
I=f =1 )

Summarising the values in each row of the matrix it eventuates the importance of the
functional subassemblies (10). This can be described by the (11) importance vector of the
functional subassemblies.

fr =21 (10)
ff:lflf for fir o fan (11)

Than the rank of each functional subassembly should be given on an open interval, be-
tween 0 and 1, so each of them has a fuzzy value.

After this the designer also determines the solution level with a value between 0 and 1.
Determining the solution level means that we should withdraw those subassemblies that has
a smaller rank than a given value from the set of those functional subassemblies that are
building up solutions. This way the designer eliminates several solution-possibilities, but
those functional subassemblies that are the most valuable in technical meaning assist gener-
ating significant solutions. The value of the solution level is the closer to zero, the more
functional subassembly constitutes the generated solution. So giving a value to each solu-
tion level is not showing the quality of the solutions that can be generated, but results a
quantity selection. This selection can be shortening the period of the generating. Raising the
value of the solution level the complexity of the product can be decreased, so the costs of
the product can be also decreased. But this way it is not sure that the most important cos-
tumers’ criteria will be fulfilled.

Than the connections between functional subassemblies constituting variants should be
defined, so it should be controlled which functional subassembly can be connected to which
one. According to this the C connection matrix (12), (13) can be determined.
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Cl CZ C3 Cn
Cl O CIZ Cl3 Cln
C2 CZl 0 C23 CZn (12)
C3 C}l C32 O C3n
0
C,/¢, C»n Cy ... O
c:=(c),, (13)

The components of the matrix can be 0, 1 and x letters. These characters describe if
there is connection or not between the given functional subassemblies in the structure. If the
connection is defined by x, than during the generation the program has the right to make a
decision whether the connection takes part in the structure or not. This way during the gen-
eration each solution has another connection matrix, so each solution can be defined by an
S structure matrix (14), (15), that has absolutely binary structure, consisting only zeros and
ones.

S S, S S,
Si| 0 s, S Sln—
Sy[8y 0 sy San (14)
S;8y Sy, 0 S3n
0
SulSu Sw2 Si3 o 0]
S:= (Sij )nxn (15)

Each structure can be characterised by a structure graph as well. These graphs define the
connections among the different functional subassemblies of solution variants. Nodes of the
graphs mean the functional subassemblies; the edges of the graphs mean the connections
among the functional subassemblies. Structures can also be defined by structure equations
that describe the edges of the structure graphs, or those connections that are writing down
the structure of each solution variant. Synthesis of a structure equation is very simple: it
contains the connections between functional subassemblies denoted by 1 in the structure
matrix. For example:

F-F F—F.Fj-F . Fj—Fy- (16)
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Computer Aided
methodological Concept
Building
Generating solution variants on the basis of Generating solution variants on the basis of
fixed functional subassembly set flexible functional subassembly set
Generating variants on the basis of varying Generating variants on the basis of Generating variants on the basis of varying
connections among functional subassemblies varying functional subassemblies connections among functional subassemblies
Binary Accidental Binary Accidental Binary Accidental
generation generation generation generation generation generation
? ? ? ? ?
Solution | | =[ Soluion2 | = [ Solution3 |=[ Solution4 | = [ Solution5 |=[ Solution6

Figure 3. Generating solution variants

Generating variants can be realised basically in two different ways as it is shown in
Figure 3.; on the basis of the fixed functional subassembly set, or the flexible functional
subassembly set. There are cases when giving the importance of the functional subassem-
blies can be eliminated. In this case the set of functional subassemblies is not changing, so
the generating happens according to the fixed functional subassembly set. When the set of
functional subassemblies is decreased by giving the importance of functional subassemblies
and determining the solution level, the size of the functional subassembly set changes, so
the generating happens according to the flexible functional subassembly set.

Exploring the optimal field of use and analysing the efficiency of the mentioned meth-
ods needs more examination. In case of some products — e.g.: rear-view mirror of a car— by
the definition of a low solution level all of the functional subassemblies can take part in the
product structure, but at a higher solution level only those functional subassemblies are
missing that has not effect on the basic operation of the product. In case of these products
the hardness of the solution level does not influence the operation. But there are those kinds
of products as well — e.g.: solutions variants deriving from the connection of different kinds
of planetary gears—, where all the functional subassemblies are necessary to generate oper-
able solutions. That is the reason for the generating solution variants according to varying
connections between the functional subassemblies can be called total combination, because
if the connections between the functional subassemblies are preliminary not defined, all the
possible solutions can be generated by binary generation. It is not sure that according to the
theory of random numbers all the possible solutions can be generated.

The method worked out basically deals with two different theories: solution variants
generated by varying the functional subassemblies and solution variants generated by vary-
ing the connections among the functional subassemblies. The research shows two mathe-
matical solutions for both theories: the binary logics, and the generation of random num-
bers. As it is shown in Figure 3., the different generation theories can show different results.
These methods do not eliminate the possibility that the results can fall in with each other.
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Figure 4. The maximum number of solution variants according to the binary logics
and the theory of random numbers

There is no need for defining the connections between the functional subassemblies in
case of generation according to random numbers, because than the main point is that the
computer randomly determines solutions from all the possibilities. These solutions should
be examined by a strict value analysis, if they are operable solutions. According to binary
generation each functional subassembly can be connected to each of them so it is sure that
all the possible solution variants can be created. But the user of the program can also fix
connections, than the generation is resulted less solution. Generating according to different
theories can bring different solutions. Efficiency-analysis of the methods needs more ex-
aminations.

Figure 4. shows the expectable number of solutions generated according to binary gen-
eration and the theory of random numbers depending on the number of the generating cy-
cles, besides the computer assistance of the suggested methods. As it can be seen on the
figure all the possible solution variants can be created by binary generation even besides
finite cycle number. The curve of the generating according to the theory of random num-
bers only fitting the horizontal line of all the possible solutions in case of endless cycle
number. Depending on the input data of solution generating it can happen that the border of
the combinatorial bang realises at a lower number of solutions, than the number of all the
possible solutions. In that case the set of solutions will be inhomogeneous, because of the
lack of those solutions that were generated after reaching the border of the combinatorial
bang. So if it happens it is better to use the generation according to the theory of random
numbers, because solutions generated up to the borders of the combinatorial bang are from
the full set of the generation that is why the set of the solutions will be homogeneous. Gen-
erating the same number of solutions iy is always higher than iy, so in the case of the gen-
eration according to the theory of random numbers more program cycle is needed than ac-
cording to binary generation.
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2.3. Evaluating step

In the evaluating step the generated solutions should be evaluated. During this process
the E value matrix (17) and (18) can be created. This matrix ranks the evaluating aspects
according to the consumers’ criteria. Summarising row-by-row the result of the comparison
of the evaluating aspects it eventuates the importance of the evaluating aspect (20). This
can be described by the (21) importance vector of the evaluating aspects.

The ranked evaluating aspects should be characterised by a weighting factor. After that
using the weighted product characters method a table according to Table 1. should be de-
fined. Each variants should be evaluated with points between 1 and 5 (the worst is 1-means
Pmin, the best is 5- means ppax), than should be multiplied with the given weighting factor.
Than the weighted values should be summarised in each row, so the rank of the evaluated
solutions denoted by g vector is resulted. This vector can be found in the last column of the
table. The q; element of the g vector that has the highest value gives the optimal solution

ei: |_e1f € 6y

E = (eij )nxn
El E2 E% En
0 elZ el3 eln
ey 0 ey €
e, €, 0 .. e
0
€1 €n €3 .. O
1-g; =¢;

n
€ = z €j
j=1

enf J

(17)

(18)

(19)
(20)

21

(22).
Table 1.
The method of weighted product characters
A A, A; AL )y q
\Y 1 pmin+pmax pmin+pmax pmin+pmax pmin+pmax q
WV1 W1V1 WzV[ W3V1 WnVl ZWVI !
V2 pmin+pmax pmin+pmax pmin+pmax pmin+pmax q
WVZ W1V2 W2V2 W3V2 WnV2 ZWVZ 2
V3 pmin+pmax pmin+pmax pmin+pmax pmin+pmax q
WV3 W1V3 W2V3 W3V3 WnV3 2WV3 3
Vn pmin+pmax pmin+pmax pmin+pmax pmin+pmax q
wV, | w,V, WLV, w3V, w,V,, SwV, n
Vot = max(q (22)
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3. Representing the fuzzy solution-family in three-dimensional space

The fuzzy solution-family consists of those solutions that were correct solutions of the
generating according to the flexible subassembly set. In Descartes coordinate-system the
space determined by the V elements of the solution-family, the F functional subassemblies
used during the generation and the importance of the functional subassemblies is the Q
fuzzy solution space (Figure 5.). The Q fuzzy solution space can be described by a B prod-
uct complexity matrix and an f; functional subassembly importance vector.

Importance of functional
subassembly

Fuzzy solution- \2 F
m

family Functional

subassemblies

Figure 5. The importance of functional subassemblies, the complexity of solutions

B:=(b),, (23)
Fl I:2 F3 Fm
Vl _bll b12 b13 blm ]
VZ b21 b22 b23 b2m (24)
V3 b31 b32 b33 b3m
Vn _bnl bnz bn3 bnm_

The Q solution space can be sectioned by 3 excellence planes. Either of the planes par-
allel with the plane determined by the solutions and the functional subassemblies are the o
fuzzy product complexity planes. It shows which functional subassemblies take part in a
solution at different level of the importance of functional subassemblies. Those functional
subassemblies that has a higher importance than the o product complexity level, takes part
in the solutions. Moving the plane in vertical direction the complexity of products can be
controlled. Different (o) levels of product complexity can be featured by the product com-
plexity matrix.

The Q solution space sectioned by a plane that is perpendicular to the axis of solutions
the B fuzzy functional subassembly importance plane arisen. This plane shows how impor-
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tant the functional subassemblies that are building up the solutions in certain solutions. The
Q solution space sectioned by the B plane shows a “prismatic” nature, because it shows the
same frame in case of each solution. Differences between the solutions come from the dif-
ferent connections between the functional subassemblies written by the S structure ma-
trixes. The B plane of the functional subassembly importance can be characterised by the
(11) f; functional subassembly importance vector.

The Q solution space sectioned by a plane that is perpendicular to the axis of functional
subassemblies the & fuzzy functional subassembly incidence plane is offered. It shows
whether the certain functional subassemblies are in the set of those elements that are build-
ing up the fuzzy solution family and if it is so, how important they are. The & plane can be
featured by any element of the f; functional subassembly importance vector according to
(11).

The relationship of the introduced planes can be defined according to the followings:

— The intersections defined by the planes a and § determine, which functional subas-
semblies are building up a given solution of the solution-family.

— The intersection can be defined by a vector that has a value-range of 0 and 1.

— Intersections determined by the planes that are parallel with 0—6 planes show the
importance of those functional subassemblies that are the members of the solutions
in a solution-family. The intersection-line is a certain element of the f; functional
subassembly importance vector according to (11).

— Intersections determined by the planes that are parallel with f—3 planes show the
incidence of those functional subassemblies that are the members of the solutions
in a solution-family at a certain level of importance, so at the level of a solution
level. The intersection-line can be described by a vector with each element the
same: 0 or 1.

The point of intersections determined by the above introduced three planes (fuzzy prod-
uct complexity plane, fuzzy functional subassembly importance plane and fuzzy functional
subassembly incidence plane) is the importance point of a functional subassembly, as it
defines the importance of the given functional subassembly. The Q solution space has a
constant vertical size, and its maximum value is 1. But the size of the Q solution space can
be modified in the direction of V and F that can be influenced by the following factors:

— Modifying the fuzzy product complexity level the number of the functional subas-
semblies taking part in the solution generation can be influenced. This has an ef-
fect on the number of the solution variants.

— The number of the solution variants also depends on the values of the connection
matrix.

4. Adaptability of the suggested methods for computer

It must be noticed that the introduced methods generating solution variant are able to
operate effectively only then, when the application of a computer is solved. These methods
make a suggestion for how to generate the more possible solution built up from the func-
tional subassemblies, determined at beginning of the process. It is only the binary method
of generating variants on the basis of varying connections among functional subassemblies
capable for introducing all the possible solution variants. It was interpreted that in case of a
big amount of variable connections it is better to use the method of accidental generation,
because this way an overall view of the whole solution-space is given. Binary generation is
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eligible to use, when the number of all the possible solution probably not overruns the Ter-
ritory of perspicuity. As a summary it can be established that the introduced methods show
a possibility for an algorithm of the design methodology, beat the human limits, shorten the
design period, proving the probable quality of the technical plan.
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