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Summary : Size and position of the contact pattern depend

The load capacity of worm gears is mainlyon many parameters, like manufacturing type,
influenced by the size and the position of the cbraccuracy, geometry of the housing, kind of bear-
tact pattern. A new method was developed thatgs and operating conditions (see Fig. 1).
allows for the determination and optimization :of The estimation of the influence of these param-
the idle and load contact patterns in the desigsters on the contact pattern, and therefore on the
stage. By this method, the contours of worm éntd;ad capacity, requires great experience.
worm wheel are simulated point by point, taki;hg Normally, the idle contact pattern is checked
into account the boundary conditions of the manafter assembly by painting some teeth of the
ufacturing process. : wheel with contact paint. After several revolu-

The idle contact pattern can be derived fr?ntions, the abrasion of the contact paint is used to
these contours by pairing them together in su¢hevaluate the idle contact pattern. Although this
way that the assembly deviations define the ppsprocedure is simple, it is time consuming.
tion of worm and wheel. The load contact patté;arnfurthermore, experience is needed if the contact
can be determined from the idle contact patterpattern has to be adjusted. Other disadvantages of
by adding the deflections of the teeth and g}eahis method are that the load contact pattern and
bodies and the elastic deformations of the bé;éalbcal specific overloads cannot be detected. To
ings and the housing. i avoid this old-fashioned procedure, an analytical

This procedure can also be used for autométedethod was developed that allows for the deter-
optimization of the contact pattern, so optiml%mmination of the idle and load contact patterns in
machine settings can be found without a tiialhe design stage.
manufacturing. Comparisons of these theoretical These investigations were carried out at the
contact patterns with real contact patterns ofgé;aa(sear Research Centre (FZG) at the Technical
in practice showed a good correlation. i University of Munich, Germany, and were sup-

Introduction : ported by the Gear Research Organization (FVA)

The load capacity of worm gear drives :isof Frankfurt, Germany, through research project
mainly influenced by the size and the positioni 0p52 (Ref. 3).
the contact pattern. The actual load capacity fpal— Idle Contact Pattern
culations according to DIN 3996 (Ref. 1) or IS}O By this new method, the contours of the worm
CD 14521 (Ref. 2) assume contact patterns thahd the wheel are calculated point by point by tak-
are well positioned and cover nearly the whblsmg into account the boundary conditions and
flank of the wheel. deviations of the manufacturing process.

The points of the worm in the axial sections
and the wheel in the corresponding sections are
described by simulating the final manufacturing
process (grinding wheel or hob). Then, these two
contours are brought into contact in a way so the
center distance and the assembly deviations define
the position of each contour. If this is done for
several mesh positions, the idle contact pattern is
then the summation of the smallest distances

Figure 1—Influence parameters on the contaqt between the contours of worm and wheel at each
pattern of worm gears. i mesh position.
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Calculation of the contour of the wormiThe :

transverse section and a convex profile in l;h
axial section. The flank contours that are gu
include a straight profile in the axial section ah(
a straight profile in the normal section (Ref. 4;1)
The grinding disk, for example, can be characte
ized by the diametet,, the pressure angte and :
the profile (see Figure 2). '
The contour of the grinding disk can be eltherFlgure 2—Derivation of the worm contour by sim-
described by analytical equations (Ref. 5) ; oPlat'ng the grinding process.
approximated by a series of discrete points. HIE
the approximation by discrete points is used. |
The discrete points of the worm contour can b
achieved from the points of the grinding disk l;by !
simulating the manufacturing process in a wayis
the grinding disk has to be rotated around the wér
axis in several steps and simultaneously has tc;b
moved in the direction of the worm axis to achiewv¢
the lead. An example is shown in Figure 3. : Figure 3—Contour of a worm with a straight pro-
The advantage of this procedure over the ahaiue in the axial section and with two teeth (individ-
lytical method is that the real geometry—whi¢ht@! Points only shown for one plane).

centre distance

pressure angle

contour of different types of worm flanks can l?e "’J“"._ A
described by simulating the final manufacturing | P | ; k
process, which is usually done by grinding or c{i profile of | deviation of
ting. In accord with DIN 3975, the worm’s flank grinding dlek | lexd angle
contours that are ground include a concave pr 3 1 E_l<3_l
file in the axial section, an involute profile in th}e ! :

deviation of | deviation of

|

=]

deviates from the ideal geometry—can be take
into account. These deviations are grinding Witlih
modified center distance, modified pressure ang
or modified lead. Furthermore, modifications Iik'e
crowning can be added to this model. :
Calculation of the contour of the wormi
wheel.The basic idea for calculating the conto'p
of worm wheel flanks is the same as shown ;fo
the worm. Here the final manufacturing process i
usually done by cutting. The hob can be char'a
terized by the diametet,, the pressure angtg, :
and the profile. |
The hob’s contour can also be approxmatie

D

T —

hob (radial)

— direction

worm wheel
casting

by a series of discrete points. The discrete po‘n s
of the wheel contour can be achieved by simuia|
ing the manufacturing process as shown in Figbne

4. Here the hob has to be rotated around the wlhe el

axis in several steps and simultaneously moved |n
the feed direction. An example for such a whée
tooth contour is shown in Figure 5. :

Because the contour of the wheel is not basdd
on empirical equations, the influences of modi_&i-
cations on the hob, like increased hob diamere
center distance modification and lead modlfloa-

tion, can be taken into account. .

=

hob {tangential)
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Simulation of the assembly of the worm gea#. Figure 4—Derivation of the worm wheel contour by described in this paper.

During the assembly of worm and wheel in thesimulating the cutting process (radial or tangential).
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Figure 5—Contour of one tooth of a worm wheél
(individual points only shown in one plane).
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Figure 6—Deviations from the ideal mounting
position of worm and wheel in the housing.

Figure 7—Pairing of the contours of the teeth
worm and wheel (individual points not shown).
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Figure 8—Example for an idle contact pattern.

housing, deviations from their ideal position can
occur. These deviations, of course, also have an
influence on the size and the position of the con-
tact pattern. The most important deviations are
(see Fig. 6):

» wheel offsetAb,

« deviation of the center distanfe,

« shaft angle errahZ, and

* plane erroAN.

If the contour from the discrete points of the
worm and wheel teeth are known, the assembly
process can then be simulated by sliding the worm
and wheel together, taking into account the afore-
mentioned boundary conditions.

Now the distances between the different points
of worm and wheel can be calculated. Usually for
one pair of points there is a minimum distangg
(see Figure 7). From all distanclg, Ay, has to
be substracted. Distances, which fall into a speci-
fied small range, can now be viewed as contact
points for this position of worm and wheel. These
contact points form one contact line. This proce-
dure has to be repeated for a series of positions of
worm and wheel. The individual contact lines then
form the idle contact pattern. An example is
shown in Figure 8.

Load Contact Pattern and Specific Load

The idle contact pattern is not identical to the
load contact pattern. Under load, the contact pat-
tern is further influenced by the worm deflection,
the tooth deflection, deflection of the gear bodies
and the elastic deformations of the bearings and
the housing. For the determination of the load
contact pattern and the specific load, the method
of influence numbers is used. In this model, all
influences that do not depend on the load are
described by a rigid body, while all load-depend-
ent influences are described by a spring system
(see Fig. 9). The application of a tooth load to this
model leads to deformations at the different stiff-
nesses and therefore to different specific loads at
the specific points along the flank. The load con-
tact pattern is the summation of all points where
the load is > 0.

For load-free conditions and ideal geometries,
the pads (spring system) and the wedges (rigid
body) are in contact over the whole length (see
Fig. 9a). This is the theoretical contact line. For
real geometries with no load, there is a contact
only in one point (see Fig. 9b). In this position, the
pad is still undeformed. These are the boundary
conditions of the idle contact pattern. Under load,
the pads will be deformed (see Fig. 9¢). The total
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deformation can be described by a system of ed||L
tions. For the determination of the discrete defo
mations at each contact point and the determin
tion of the single loads at these points, the follaw
ing equations have to be solved:

Summation of the single loads:

F,,= 2F,=E°*F @)
with: F, = total load,F; = single load in a sprin
element,E = unit vector and- = vector with all !
single loads.

a) geomatric idaeal
conditions

b) Feall conditions,
no load

c) real conditions,
with load

ideal conditions; b) real conditions, no load; c) real conditions, with load.

Components of a single deformation:

0% = Oyes— 9, 2

with: 3* = single deformatlon in one spring element
Oges™ total deformation of the pad, adgd= dlstanceI
between spring element and pad with no load.
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System of load-deformation equations: :

&=q-F ()i
with: &* = vector with single deformations and= |
matrix with all elastic components.

These equations lead to Equation 4:
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Figure 9—Model of the mesh between worm and worm wheel: a) geometric

Figure 10—Mechanical models for determination of the matrix with elastic

components.
the torque. The determination of the matyiwith ;
all elastic components is made by calculating ig|l
influences separately according to Equation 5:
q=gSW+ g2+ RW+ gRZ + gL + & (5) i
where the single matrices with elastic componélnts Xp
are (see Fig. 10): '
gSW  for the influence of worm shaft deflectlon 1
g4  for the influence of the deflection of a : .X.,
thread of the worm, l ’
gRW  for the influence of the wheel shaft deflectlon
q~?  for the influence of the deflection of atooth Figure 11—Slice model for the influence of the deformation of a tooth of a
of the wheel, I wheel; thickness a = constant.
g¥  for the influence of the deformation of the specific load F/b
bearings, and : [ 302 N/mm 2 F/b > 227 Nfmm [[[] 227 N/mm 2 F/b > 151 N/mm
g®H  for the influence of the deformation of tHe [ 15! N/mm 2 F/b > 76 N/mm [[] 76 N/mm 2 F/b> 0 N/mm
housing. | [] #/b = 0 N/mm
The determination of the different matrices cla : P
be done by using the method of influence nu:rr \ \ /

bers. This is shown as an example for the defq

mation of a tooth of the wheel (see Fig. 11). :
To determine the influence numbers for t;h

tooth deformation, the theory of thin slices is use

. . . |
For each contact point, one slice is usegc

||||||||||||."J||||||'|-|T"|’|

I||||!l.|.5:::|||||||_||_|_|_|||||__|_|_u||||||||| W f' i

G

NS

Depending on the tooth shape and the point WH;e

the load acts, the deviation of the tooth can be cdFigure 12—Example of a load contact pattern
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B 1+ F = 44% =SB F = 70%
| U=-041 ~ U=-0.18
H=0.6 H=0.62
rI:O' nzlol
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Figure 13—Series of contact patterns depending on the traverse angle of the

> ¢
72 e N
N %
Bmax
2Dz

center of © |
gravity __
inlet

Uu<o

outlet
u>0

e e —

n, “center of
-~ gravity
-~y

Figure 14—Specification of contact pattern according to size and position.
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modulus,G = shear modulud, = mass moment
of inertia atx, A = cross section at, andAg =
shear area at

This equation can be solved in the direction of
the deformatiorw,, which can be viewed as one
point in the matrixgRZ

The result of this procedure is a load contact
pattern as shown in Figure 12. Contrary to the
idle contact pattern, where the different levels
characterize the minimum distances between
worm and wheel, the different levels of the load
contact pattern characterize the specific loads
along the contact lines.

Optimization of the Contact Pattern

The procedures described in the previous sec-
tions lead to contact patterns that correspond very
well with measured contact patterns of gears in
practice. Normally, the measured contact patterns
do not have the optimum size and position.
Therefore, an optimization must be done, for
which great experience is necessary. A contact
pattern, calculated by using the procedures
described in the previous sections, can be opti-
mized by variation of the different manufacturing
and assembly parameters. This makes sense only
if there is knowledge of how the different param-
eters influence the size and position of the con-

Ehdihct pattern. In the following, a procedure is

described stating how this selection can be done

i :
automatically.

First, the parameters—which can be varied for
achieving a better contact pattern—have to be
selected. Then, a series of calculations has to be
made by varying these parameters in several
small steps. This leads to a series of contact pat-
terns. An example of such a series is shown in
Figure 13.

From this series, the optimum contact pattern

i (and the corresponding manufacturing and
culated according the theory of Weber andissembly parameters) can be found by classify-
Banaschek (Ref. 6). The lo&ds divided into itS= ing the size and position of the contact patterns
componentsQ,, N, andM,. These lead to a noii- using the characterizing parametersJ andH:
mal loadN, a transverse loa@ and a bendinq
momentM in the section at.
To determine the deformation in the diFECtibﬂcontact pattern as a percentage of the theoretical
of the load, the deformation energy is set equ4I foossible contact area as shown in the left part of
the integral over the elastic stress energy. It ig

The parameteF is the calculated area of the

Figure 14.

The parameteld characterizes the position of
the contact pattern in the circumferential direc-

with: P = load,w, = deformation in direction of tion of the worm. For the calculation &f, the
the Ioad,xp = length of the sliceo(p = load direc-i center of gravity of the area used for the determi-
tion angle,Q = transverse load a N = normal : nation ofF, is used (see left part of Fig. 14). It
load atx, M = bending moment a¢ E = Young’s i can be determined using Equation 7:
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U=z B/Bmax (7) : 100 — 1.0
Per definition, values fot) between -1 and | ;| |- H - U H
+1 are possible. If the center of gravity is in th PR =N \\. 06
inlet areaU will have a negative valuéj = 0 if : i N L 04
the center of gravity is in the middle of the flamnk a0 F M TP
and a position in the outlet area has a posi{i\ g0 g A L 0'0
value. N . < ' '
. " i| 40— = ; — 0.2
The paramete! describes the position of the| - T \ L o4
contact pattern in the direction of the toqftr :” U | 1 ~ 0'6
height. For this, the center of gravity of that afe| T
. ! 10- —-0.8
of the contact pattern is used where the smalilg o 10 i on 30
distances were calculated in the case of the i TS

. - i Figure 15—Results of the classification of the cal-
contact pattern or the highest specific loads Wl.er%ugl’ated contact patterns (example).

calculated in the case of the load contact pattern.
(see right part of Fig. 14). The restriction on tl’l\i
small area was done because if the whole arn#a
used, contact patterns with peaks at the tip orit
root would be classified as well-adjusted cont%ic
patternsH can be determined as follows:
H=(—r i )(ro="min ifr<rg !
H=(—r i) ro—Tmad ifr=rg (8) i

Also, the parameteH can reach value$
between —1 and +1, where a positive value reprg
sents a position of the contact pattern in the dir:e
tion of the tip of the tooth and a negative valp

represents a position in the direction of the root | dstance etueen fanks
B zoum B s8um B 227um B £36pm [OJ > 3Bum

The result of this classification is shown by ;'alr
example in Figure 15. A typical position of a coh-
tact pattern is in the tooth height direction in t;h<
middle and in the circumferential direction tend-
ing slightly into the outlet area. This meale:
should be in the area of 0 abidshould be in the%
area of 0.1. In the example, this corresponds to
traverse angle = 20', which leads to a size df Figure 16—Comparison of a real contact pattern
the contact pattern (paramefrof 87%. i with the calculated contact pattern.
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