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Abstract: In mounting, the asseny of parts or groups to products or ggoups ofhigher levels takes
place in the productiont usually forms the er of the operational value chaifhus, the assemktoccu-
pies a key position regarding the realization of ttharacteristics of the products or modules, bsean
this case itrepresents the last opportunity to influence thetuees aid their qualitative variety. Whe
functional products or modules e mountedthe achievement of the intended function in thereld
quality is a major prioritylt depends«essentially on the assembly proces3é® convenient setting of t
assembly process can be foundconsidering and weighii it from differentperspecives.This work dis-
cusses the problentd toleranceand places therim the foreground. The tolerances of the componef
the product, the tolerances of the arrangemenhefdomponents to each other and the tolere, meas-
urements, and adjustmerite/olved in the process of assembly are takenadntmun. The aim is to cre-
ate optimization strategidsased on the analysis of influencing factors ofdcbmponent tolerances al

the assembly process.
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1. INTRODUCTION

In order to provide the required product charas-
tics in assembly, functionéblerances are specified in t
design of a producflolerances need to be defined so
the desired measuremaran be achieved in any indui-
al processes. The definitioof tolerances is a cono-
mise between the functionality of a component are
manufacturing cost. From the perspective of assg
the product tolerances represespecifications or e-
strictions that limit the feasible solution space in -
assembly planning. The viabtelerance in the planned
installation procesm turn restrict the allowable solutic
space in the design. Consequently, there are tude-
related interactions between the prct, the particular
assembly process and the resouneesiting from the
assembly proceg4] Since tolerances have a significi
impact on the cost of the installation, a detadedlysis
of the tolerance problem in the design of ashbly sys-
tems is necessary.[2]

2. MOTIVATION

The paper discughe development of technology 1
substitution of bronze (CuSn12Ni) from worm geara
low alloy steel. Since the use of a stetdel pairing em-
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inatesthe properties of the soft bronze mate. Further-
more, bythe use of the ste-steel-pairing there is no
possibility for the worm whe¢ to running in. Thus can
not be compensated thmanufacturing and assemt
tolerances. An alternativeolutior must be found to
guarantee the function of theorm gear in the desired
quality.

Subgoal of ZeMA is the substitution of bron
(CuSn12Ni) from worm gears by usi appropriate man-
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Fig. 1. Contact pattern of a worm gt
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ufacturing and assembtglerances. Since this is dcult

to grasp and the need for thelection f suitable toler-
ance ranges cant be mirrored on the product alol
further tracking of the featuras necessarto identify

the customer's requiremeiithe optimization of the we:
pattern was selected to tdsecause factors such struc-

ture and location of the wear pattemre very sensitive t
changes in the tolerance ranges. Weal pattern occu-
pies a defined position on the tooth flanks. In il

the shafts must be aligned to tipear bo, which is why
the gear boxis the reference size of the sem. The
functional toleranceensure that the required cont

pattern can be achievedisible in Fi¢. 1 This must be
ensured by mounting tolerances.

3. PROCEDURE FOR ANALYSIS, EVALUATION
AND DETERMINATION OF THE ASSEMB LY
PROCESS

The interactions described in sectibnstarting from a
customer requirementare shown in F. 2 The Figure
illustrates the interactions between product, atbe
process and resources and servestasldor the proce-
dure of determinationral optimization of an assemk
system. The present work develamstimization stree-
gies in relation to th tolerance management, which
used to design an assembly process by a consmeE
function-related tolerance&or this purpos the mount-
ing process is designed for an efficianplementatiorof
the product in thelesired quality. The procedure n-
tended to support early consideration of the toles
issue in the product development proc

The customer's regrement forms the basis of - ap-
proach. Based on this information, tagproach must be
used not only for the product alobal overall for prod-
uct, process and equipmein the first step, the produ
analysis is performed. Hermgrecedenc has to be created
and the product specificationwiust be developt. A
large number of tolerances and characteristicstte!
manufacturing and assembly processes can be otbta
a very early stage of the process. Mbttolerances are
importantfor each step in the asseml which is why the
most importantolerances in the assembly prochave
to be identified. These tolerance axlled key charac-
teristics (KCs) and can be determirtedusing the meth-
od of key characteristic Flow-Down3][The next step is
the product design, an iteratioteg to questic and im-
prove the revised result. This stepn berepeated as
often as necessary accordingth® customer's reqie-
ments. In the following step, the resouiis created or
optimized. This requirea visualization of the proce to
detect the variations in thmounting process. he toler-
ance chain is a comprehensive twblisualiz¢ tolerance
problems in the analysis procesehe method ¢ the
tolerance chain is used to identify the potentfioptimi-
zation of worm gears by @fiinating the inletby using
suitable tolerances. For a beti@rocess overviel the
worm gear is split and displayed irgeverz planes (Fig.
6). Iteration is performed bgystem optimizationNow,
there are three wayte optimize a tolerance chain. T
shortening of the individual tolerances reds process
variations or uncertainties.
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Fig. 2. Procedure for analysis, evaluation and determinaift
the assembly proce [4].

Another optioncould be themutual changes in the
tolerance chain, if the costs are not significarnn-
creased by the shortening of a chain link, andetkten-
sion of another chain link savmajor investments. The
combination of all three methods genes maximum
savings.

4. METHOD OF TOLERAN CE CHAIN

The method of the tolerance chain is used in ta-
per to identify the potentialof optimization of worm
gears by eliminating the inléty usin¢ appropriate toler-
ances. Previous research nasyet managed to establish
a steelsteel mating in worm gears, which is mainly «
to frequent incorrect positioning in the joiningopesses
To identify all deviations in the processes and ana
possible causes for the inaccuracy tolerance cludia$
levels were identified. Byamparing the individual v-
els the potential oimprovementby streamlining and
shortening the toleranaain was demonstrat:

Fig. 3 shows different metho to streamline and
shorten a tolerance chaificcording to the first rrthod,
a tolerance chain cae shortened breducing individual
members (Fig. 3No. 1). The tolerance chains showr
Fig. 3 can be reduced, for example by a more pre
fixation of the work piecén the worl piece carrier. Fur-
ther, a tolerance chain cée shortened by reducing t
number of elements (Fig. 8Jo. 2). A reduction in the
tolerance chain can also be achieved by a joinidgla
order to increase the efficiency of tolerances ompli-
ance with the target tolerance of the ¢ a reciprocal
change of the individual membe¢can be useful to reduce
uncertainties (Fig3, No. 3). This is approximatelthe
case when the reduction of ¢ limb is connected to a
relatively low cost, while the extensi of another is
associated with relatively higtost savings. The combi-
nation of the three methods listed leto change in the
efficiency of the tolerance chain. In addition,ei@nce
chainscan be a basis for interdisciplinary discussion:
offering the possibility of a simple visualization of da-
tions [5].

5. FACTORS INFLUENCING THE CONTACT
PATTERN

Before thekey characteristics of the prod can be
identified, knowledge of theomponent that influence
the contact pattern iquirec. Since the engagement of
gears generallyloes not cause the contact of edge
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Fig. 3. Methods to shorten a tolerance chain [6].
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Fig. 4. Factors to determine the contact pattern

over the entire surfacéhe force is transferri only onto
a partial area of the tooth surfaeehich isvisible on the
image carrier.

The factors that influence the bearing size andam
pattern position can be derived in Fig. 4. The nraa-
son for location and severity dig contact pattern on tl
tooth flank are manufacturing tolerances and tage-
ometry of both the worm wheel and the worm st
These differences are relevant fitre tolerance chain
analysis performed in section &he incorporation of
components to one another is important. Since dise &
the refeence imaging size of our syst and the position
of the two waves to each other is impor all deviations
resulting from manufacturing and assembly inacdeg,
starting from the case, muse taken into considerati
to the desired contact patterRor this, thecase was
measured by a codinate measuring machine. T data
was thencompared with existing values of the techn
drawings.In addition to the maximum vzes of the tol-
erances, the worst case, it is possible to useathasal
values towards the analysis.

6. IDENTIFICATION OF THE KEY
CHARACTERISTICS

The worm gear has a considerabiember of toler-
ances that areot all relevant to the funcin.[7] The
deviations of the ribs in thease, for example, miglbe
irrelevant to the function. For this reason, thierances
thatare relevant for the function of the product ¢hat
must be considered during installation plan were
determined according to the approathborated in sec-
tion 3.

In the next step of the methaal identify KC¢, prod-
uct KCs should be identifiedased o the product fea-

tures determined in the second step. As explaine:
section 3 itshould be assessed whether the devia
occurring in the production process of each produa-
ture are critical to meeting customer demands. &
deviations likely to be encountered in the produt
process need to be compaseith the maximum perrs-
sible deviations, which are determined by the omer
demandsWhen identifying the product KCst is im-
portant for the assembly process plannito consider
only thoseproduct characteristicthat are also affected
by the installation process.[8]

In a joint workshop with tt Laboratory for Machine
Tools of the RWTH Aachen (WZL and the Ruhr-
University Bochum (RUBJhefollowing key characteris-
tics were identified:

+ distance of axles
* axial movement
e cross angle of axles

Furthermore, only thosproduct characteristicthat
are important for the fulfillment of customer derda
should be considered. For all three product charis-
tics it was assumedn the basis of expert knowled
from ZzeMA, WZL and the RUEthat compliance with
the permissible deviations due to the proion-related
variations in product characteristics is criticThe three
product characteristics medtet criteria for the produt
KCs.

7. APPROACH FOR IDENTIFICATION OF
PROCESSRELEVANT PARAMETERS

In order to determinall proces-relevant parameters
distinctly in the x-, y-, and-direction, two levels per-
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Distance of axles

The relevant parameter for determing the contact pattern are:

Axial mgvement
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To determing all the relevant process varables, two levels must be
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Fig. 6. Procedure for determination of all relevant proces#able.

pendicular to each other are drawn in the axitation
of each shaft, the worm wheel and the worm shayt
this measure each shaft can be clamped in twodle
Fig. 6 also shows the procedure for determinatibthe
paameters (for example, section DD). First, the {x
P1 and P2 are placed in the rotational axis obtiginal
position of the worm wheel. The deviations are \aé#d
to flow to the points that are relevant to the tispmeni
of the points in the x-direction.

Based on the tolerances of the casd the mounting
of the shaft, there is a displacement of the pdam{sosi-
tive x-direction. The range of thiistancediffers in most
cases, due to different toleranasses irthe two points
different, so thathe points move to a differe-sized
track in said direction. Thdistance that botP1 and P2
cover is referred to ds ,, in Fig. 6.This distance is the

same aghe displacement of the worm wheel in tt-
direction. The distanck,, howevr, is the distance of the
point thatcovers the greater distance. In. 6 this is P1.
With the knowledge of the two rout L, ,, the distance
Ly/, and the length of the axthe axis intersection of the
plane can be determinedo determine the track of the
axis in the y-directiomn additional factc is required: the
track Lg . To determine this rancpoint PS is placed at
the center of the war wheel at the origin. The distal
the point PS has completed under ience of all devia-
tions in the ydirection is referred - asLg. This distance
alsodescribes the displacement of the worm wheel ir
axial direction.By doing so, all of the parameters can
determinedand the tolerance analysis arey character-
istics can be set.
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8. TOLERANCE CHAIN ANALYSIS OF THE
WORM GEAR

In the following section, th@rocedureintroduced in
Chapter 6 will be carried out for eaplane described in
Fig. 6.

8.1.Tolerance chain analysis of the worm wheel in th

x-y plane for the detection ofa and L4,

For possibly occurring deviatioris the x-y plane of
the points P1, P2, and P®e following deviation:
shown in Fig. 6 are relevant:

1. Deviation (case — bearing-SR):

Reference lowercassze and starting point of the ay-
sis is the case. This mustsfirbe used towards the da-
tion of the positioning of the hole to the symmedxis
and the manufacturing tolerance of the for mounting
of the shaft. The deviation of the fitaspart of the any-
sis. Furthermorethe ball bearing is pressed withe
case Finally, the tolerance of the outer diameter o
bearing must be used towards the tolerance ani

2. Deviation (bearing-SR - worshaft)

The deviation 2 includes the radial clearance dre
manufacturing inaccuracy of the inner ring of bear-
ing. In addition, the type of the joint, the fitty and the
manufacturing inaccuracy of the shaf the worm wheel
are relevant for computation.

3. Deviation (worm shaft — bearir§R):

P2

The radial play of the second bearingelevant for this
deviation. Manufacturingolerance of the inner ring a1
the tolerance of the fit of the bearing [ are important
for this variation.

4. Deviation (bearing-SR recording storage):
The second bearing is pressed by a fit into thesic
This cover serveas a receptacle of the worm wheel
is then screwed to the casethis recording of the can
is not in the positionntende« by the technical drawing,
this manufacturing inaccuracy must be used toward:
tolerance chain. Furthermore, this recorcand the outer
ring of the bearing arsubjectto a manufacturing inaccu-
racy.

5. Deviation [ocation bearin — location cover):
First, the bore for receiving the bearing must beckec
for its position and manufacturing variations. Btdker-
ance dimensian must be used towards the analysis
addition, the deviation of the outer bearing risgall as
the fit between the receptacle of the ling and the bear-
ing itself needo be taken into accou

6. Deviation (locatiortover— case):
The inclusion of the covas based oia fit. Additionally,
deviations resultindrom manufacturing inaccuracies
the cover and thease must be counted towards thel-
ysis.

Using these deviatian the tolerance chain showr
shown in Fig.7 was constructe

o e

n | 1
O e | e O
. { .

P1
Location bearing

Location cover

.g 5. Deviation . 6. Deviation 9
2
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>
[v4 o
wr g @ “(E
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& g S E
O ] El=
m = Fz
>
&
a
.°"' 2. Deviation 1. Deviation
Worm shaft Bearing-SR Case

Fig. 7. Tolerance chia analysis of the SR in the-y plane for the detection afandL /,

1. Daviation

Bearing-SR

Case

Fig. 8. Tolerance chain analysis of the SR in t-y plane for detection dfs.
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The calculation of the resulting deviation of toler-
ance chain of the worm whe#l the >y plane can be
carried out with the aid of the worstst method.

In the application of the worstase method the ii-
vidual maximum deviations have to be added in ord¢
determine the resulting total deviation. Thus, bttk
maximum values for the resulting displacement &
worm gear in the x-directioni,,,, and the maximur
axis intersectiong,, 4., can be determint. In addition, a
value fora;;; was determined on the basis of the s-
ured deviations of the worm wheel in th-y plane.
Since the displacement of the worm gear in th-
direction in this plane has no effect on the confst-
tern, it needs to be ceidered separate. This means that
the displacement of the worm wheel in tt-direction,
the displacement of point PS in the axial directioas tc
be determined.

1. Deviation (case — bearing-SR):

The manufacturing inaccuracy of the case bore e-
ceiving the bearing is included ithe first deviation
Since the displacement of the shafthe axial directior
is to be determined herejstnot the position of the hc.

2. Deviation (bearing-SR - case):

Here, the deviation of the axial play thecamp, as well
as the manufacturingpaccuracy of th wave in the y-
direction, is importantin addition, th: manufacturing
inaccuracy of the bearing width mus#¢ included in th

analysis.

In this example the worst-casgethoc was used. Ac-
cordingly, the resulting displacemeuitthe worm whet
was calculated in the y-direction.

8.2.Tolerance chain analysis of the worm wheel in th
y-z plane for the detection ofx and L3,
Fig. 9 shows the worm wheelamped in the -z
plane. Theaxis intersection angke and the displaceme
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of the worm gear in the directior are to be found. For
this, two points arglaced in the axis of rotation of tl
worm wheel and the displacement of the points ez
direction, caused by the manufaing and assembly
inaccuracies, are determinethe tolerance chain aly-
sis of this planeoincides witl the plane of the x-y plane.
The background is the sart@derance specificatic in the
engineering drawing of theast with respect to the en-
trance hole in the shafin the technical drawir, a simi-
lar degree of tolerance witiespect to the pition of the
bore is specified for botthe bottom of the ca, refer-
ence surface 1, anttle side surface of ttcase, reference
surface 2. In this analysishe values for the bearing
clearance, the fits and the manufacturing inacéesacf
the shaft and the case alecaequal. ‘he values for the
calculated maximum axis intersection angle andex-
imum displaement of the worm wheel in th-direction
are idetical with those of the-z plane.

8.3. Tolerance chain analysis of the worm shaft in th

x-y plane for the detection ola and Ls ¢

Below, a tolerance chain analysis of the worm s
in the x-yplane is performe (Fig. 10). The deviations
are relevantfor the displacement of the poi in said
plane:

1. Deviation (case bearin-SR):
First, the position of the hole and theoduction accura-
cy of the bore arehecked and entered into the tolera
chain. Next the manufacturing accuracy of the beai
outer ring and the tolerance of the fit must bduded in
the calculation of the first variatic

2. Deviation (bearing-SR worm shaft):
The production tolerance of the diameter of theribge
inner ring and the shaft, the radial clearance thedfit-
tings are factors that must be considered in thensk
deviation.

-
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Fig. 9. Tolerance chain analysis of the SR in t-z plane for the detection L34
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3. Deviation (worm shaft — bearir§R):

Again, the manufacturing tolerances of the ing inner
ring and the shaft as well s bearing clearance and -
fits must be considered.h& technical drawings of tt
case servesathe source of the tolerance ran

4. Deviation (bearing-SR - case):

The difference between the bearing and case results
from the manufacturing tolerance and the positibthe
hole, the manufacturing tolerance in diameter efdbter
ring of the shaft, as well as the fit between the tcm-
ponents.

The calculation of the resultirdgviation of the tolr-
ance chain analysis of the worm shaft in tl-y plane
can be performed hysing one of the metha introduced
in chapter 7:

Again, the maximum total deviation has to be u-
lated by using the worst-caseethod. The resulting s-

placement of the worm gear in th-direction L5, and
the maximum axis intersection anca,,,, were deter-
mined here.

In addition, a value fow;, was found on the basis of t
measured deviations of the worm shatithe x-y plane.

8.4. Tolerance chain analysi of the worm shaft in the
z-x plane for the detection ola and L, g

In the further course, a tolerance chain analysth@
screw shaft is performed in thez plane (Fig. 11). For
the displacement of theorm shaft in the -x plane, the
following deviations are releval

1. Deviation (case bearin-SW):
First, the manufacturing inaccuracy of the hole hhe
incorporated in the tolerance chain. Further, tla@ufic-
turing accuracy of the bearing outer 1 and the toler-
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ance of the fit must be included in the calculatidrihe
first deviation.

2. Deviation (bearing - SW worm shal):
Important arelie production tolerance of the diamete
the bearing inner ring and the shaft, the radieficnce
and the fittings are factors t® considered in the seco
deviation too.

3. Deviation (worm shaft — bearirfg#V):
Again, the manufacturing tolances of the bearing inn
ring, of the shaftthe bearing clearance and the fits rr
be considered.

4. Deviation (bearing-SW - case):
Important for this arehie difference between the bear
and the case resulfsom the manufacturing toleran
and the position of the hole, the manufacturingrinhce
in diameter of the outer ring of the shaft, as waslthe fit
between the two components.

9. SUMMARY AND CONCLUSION

In the present work, a toklemce concept has beee-
veloped, which allows #hdesign of an assembly proc
already at an early stage the product developme
process by a consideration of functiaiated toleranc..
Thus, an efficient implementation of product funos
with the required quality is guaranteed.

First, the fundamentals arde state of the ¢ of assem-
bling and the tolerances are showrhose factors that
have an impact on eeting the requirements for the ii-
zation of the product features weaanalyzed. The jua-
position of the influencing factors of the compon
tolerances and assembly process showed that ttu-
ence of the factors is largely dependent on thecstra
design of the connections between the parts optbd-
uct.

On the basis of one of theg&luencing factors the
case of the worm gear was sjitito different levels, and
it was checked whether the tolerantagen into accour
could be observed. The idtification and analysis of tF
alternatives are supported byvisualization of the tor-
ance chainThis visualization serves promote the dis-
covery of ways to reduce the tolerance ch

The elaborated procedure was applied using x-
ample of a wam gear. In this case, the derivativethe
tolerances of the customer demanddich ar to be
considered in the design, pexl to be extremely usefi
This is because treemount of tolerances to be taken i
account and thus the effort necessarthe analysis was
significantly reduced.

Moreover, thevisualization of tolerance chairun-
dertakenin the framework of the second step proves
be advantageous. Thuspme ways to shorten the tr-
ance chainsould be identified with the help of visuea-
tion. The cration of tolerance chains arthe carrying
out of the necessary calculations wasy timeconsum-
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ing. To reducethe time requiresupporting software is
likely to be helpful Since the probability that the ii-
vidual deviations of the tolance chain analysis will
always take their extreme vali is usually very low,
further transmission must be measured to be abieate
a conclusiorabout the existing values of the axis r-
section angle and the center distance. Furthernthe
values of the determinedek characteristics must be
passed to the RUB anle WZL. With the help of both
partners, the influence of this parameter can ker-
mined on the contact pattern and the need for tment
feature of the worm gear cée clarified
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