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ANALYSIS OF THE WORMWHEEL TOOTHING ACCURACY

Tadeusz Nieszporek, Rafal Golebski, Lubomir Soos

Original scientific paper
The article presents a mathematical model for the determination of the tooth surface of the wormwheel machined by either the tangential or the radial
method. Wormwheel machining with a special hob and a modular hob is considered. Different methods of solving the task are presented. This includes
also a numerical method that requires the envelope condition to be solved. The described discussion is general in nature. The tool action surface, built
based on the worm mating with the wormwheel in the worm gear, may have an arbitrary profile. In the technological gear, made up by the tool and the
wormwheel, the rotary motion of the wormwheel was exchanged for its rectilinear motion. The tool positioning errors in the machining process were
taken into account.
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Analiza to¢nosti ozubljenja puznog kola

Izvorni znanstveni ¢lanak
U radu se predstavlja matematic¢ki model za odredivanje povrSine zubi puznog kola obradenog bilo tangencijalnom bilo radijalnom metodom. Razmotrena
je obrada puznog kola specijalnim puznim glodalom i modularnim puznim glodalom. Predstavljene su razli¢ite metode rjeSavanja zadatka ukljucujuéi i
numeri¢ku metodu koja zahtijeva rjeSenje stanja ovojnice. Opisana rasprava je opCenite prirode. Radna povrsina alata, izradena na osnovu puza spojenog s
puznim kolom u puzni zup¢anik, moze biti proizvoljnog profila. U tehnoloskom zupcaniku, sastavljenog od alata i puznog kola, rotacijsko gibanje puznog

kola je zamijenjeno pravocrtnim gibanjem. U obzir su uzete greske pozicioniranja alata u postupku obrade.

Kljucne rijeci: metoda ovojnice; puzno kolo; puzni zupcanik

1  Introduction

Worm gears find wide application [1, 2], chiefly in
reduction gears and gear-motors [3]. In heavy industry
(such as metallurgy or mining), large-size worm gears
designed for carrying large loads are often used, whose
manufacturing costs are very high and whose accuracy,
durability and reliability should meet appropriate
operational conditions. The surface of the wormwheel
toothing is machined by either tangential or radial method
in the hobbing process [4, 5, 6], the tool (its action
surface) and the wormwheel being machined from the
technological worm gear in the machining process [7].
The inaccuracy of tools, the machining errors and the
assembly errors will cause accelerated intensive wear of
the gear wormwheel toothing — Fig. 1 [8, 9, 10].

Figure 1 An example of wormwheel wear

The action surface of the wormwheel machining tool
needs to be determined based on the surface of the design
worm, which will form a worm gear with the wormwheel

being machined [7, 11]. So, cutting wormwheels requires
the use of special hobs [6] and, generally, is carried out on
special machine tools [12]. In the case of unit production
of large-module gears, this is difficult to accomplish due
to the costs of special wormwheel cutting hobs, which in
practice are often substituted with modular hobs [13]. The
literature has given much coverage to the formation of the
helical surfaces of worms [4,14], while there are few
studies concerning the generation of wormwheel toothing,
especially using modular hobs, or the tooth contact
analysis (TCA) [15, 16, 17], especially by numerical
methods [18, 19]. TCA is the primary criterion for
assessing the quality of a worm gear drive [20, 21].
Therefore, this paper has presented a universal numerical
method of generating wormwheel toothing by the
envelope method for determining the wormwheel
machining accuracy.

2 The technological gear

The basis for the classification of worm gears is
generally the worm helical surface (machining by turning)
[22] or the axial profile of the wormwheel machining tool
action surface (machining by milling and grinding) [23].
In practice, cone-derivative helical surfaces [24, 25]
shaped with a disc-, finger-, cup- or ring-type rotary tool
are predominating. This is envelope machining [4, 26],
and the axial profile of the tool action surface is
rectilinear [4, 5], though, in a general case, it can be
arbitrary. If we consider the relative tool and worm helical
motion, then the family of tool action surfaces in the
worm's coordinate system can be notated with the
following equation:

xw g v)=p v 0 £p] (1
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where: u — tool profile parameter; ¢ — rotary tool action

surface parameter; v — relative helical motion parameter

(tool action surface family parameter); x — vector of tool
0

positioning in the worm's system.
Whereas, the helical surface parameter is

p =Z (2)

where: 4 — worm helical surface pitch.
In order to describe the worm surface, the envelope
condition [5, 24] needs to be added to Eq. (1).

O0x O0x 0x
1_1_1
=_1_1_1_, 3
A Ou 0@ Ov )
So, the worm convolution surface will be described
by the system of equations (while keeping in mind that
the characteristic feature of the envelope condition is in

this case the fact that it does not include the parameter of
relative tool and worm helical motion).

X=x w, o v) “)
filu, 9)=0 (5)

The worm surface is a starting surface for
determining the action surface of the special wormwheel
toothing machining hob. The worm surface can be known
beforehand, for example from measurements. In that case,
the action surface of the tool (hob) is described by the
following equation:

3Ic(u, v)=[3, —v]x+[0, 0, ipv]T (6)

where: u — hob action surface axial profile parameter; v —

hob action surface (the axial profile helical motion

parameter in the worm's coordinate system); x — worm
Zz

axial profile.

Similarly, the action surface of the modular
wormwheel cutting hob can be either calculated or
obtained from measurements.This means that the worm
helical surface (tool action surface) for wormwheel
toothing surface generation is described by the system of
Egs. (4) and (5) or Eq. (6). In the machining process, after
the hob has been cut in to the full depth by the tangential
or radial method, the tool (its action surface) and the
wormwheel being machined will form a worm—
wormwheel technological gear — Fig. 2. If the action
surface of the tool (hob) is identical to the surface of the
worm that is to mate the wormwheel being machined,
then the technological gear will correspond to the design
worm gear. The worm—wormwheel gear, in which rotary
motion around the axes of both gear elements occurs, can
be substituted with an equivalent gear, where worm axis-
wise motion occurs with no rotation.

Figure 2 A tool (worm)-wormwheel technological gear on a machine
tool

So, in order to determine the wormwheel toothing
surface as the envelope of tool action surfaces, transition
should be made from the worm (tool) system to the
wormwheel system (Fig. 2), which can be notated with
the equation below

y=xlw v )=

[3, n]x+ (7

=B il ~(r+ay)] ! '
+[a+Aa, - Az, —pcf]

where: & — relative tool and wormwheel turning motion
parameter; y — angle between the tool and wormwheel
rotation axes; p — tool helical action surface parameter; a
— tool and wormwheel axis distance for machining by the
tangential method; Aa — axis distance error with the
tangential method or the quantity allowing for the tool
cutting into the machined wormwheel with machining by
the radial method; Ay, Az — tool positioning errors; i —
worm gear transmission ratio.

Whereas, the transmission ratio is equal to, respectively:

i=ZL (3)
Zy

where: z;, z, — number of worm and wormwheel teeth.

The tool action surface, corresponding to the worm
surface, can be generally described by the system of Egs.
(4) and (5). If, from the envelope condition (5) (in which
the relative helical motion parameter V occurs), the
parameter ¢ can be determined, then the equation of the
worm surface (tool action surface) will assume a general
form.

x=xfu o), v)=xlu, ) ©)

The family of tool action surfaces in the wormwheel's
system is written with Eq. (7). In order to determine the
wormwheel tooth surface, the envelope condition should
be added to this equation. The general form of this
envelope condition is, in the case under consideration, the
following:

0x0x0x

__2_2_2_4 10
/> u ov o (19)
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The first factor in this equation is calculated from Eq.
(7), while considering Eq. (9). The next component of
product (10) is determined from Eq. (7). The last
component of condition (10) is determined from Eq. (6).
Considering the fact that, in the triple product of three
vectors, the common matrix of rotation acting upon each
of the vectors can be omitted, then envelope condition
(10) can be reduced, respectively, to the following form

fo»=abc=0 (11)
Where
Oox Ox ox
__a, 1% 0T (12ab)
Ou O¢ Ou ov

L -G+an)l'iBllL -(+ay)

c=[3 af ([3 n])lc+[a+Aa, —Az, —p&Fj-F (12¢)
+o, 0o, -pf

However, as Eqs. (12) imply, condition (10) is a
linear function of the parameter &, which can therefore be
determined from this equation in the form of an explicit
function

£-= d{[3, TE]T8> (13)
db, T -Gan)iBl -(+arllo. o pf

where the following designation is taken

d=axb (14)

e=[l, —(+ay)]'iB]1L -(r+ay)]
([3, T‘r])1c+[a+Aa, ~ Az, o]Tj+ (15)

+. o -pf

The parameter Aa defines the variable distance of the
tool and wormwheel axes and, with the radial method,
reflects the tool "cutting in" to the material being
machined. In practice, this motion is continuous, but for
the same wormwheel tooth, it assumes discrete values
every single rotation.

So, for every single wormwheel rotation, that is for
successive in-feed values, the wormwheel tooth surface
needs to be determined and finally, by respectively
juxtaposing (comparing) thus obtained surfaces with one
another, the tooth surface formed by the radial method
should be determined. In other words, if subsequent tool
indentations are omitted and only the case of tool and
machined wormwheel turning for the full indentation
depth (Aa = 0) is considered, then the wormwheel tooth
surface formed by the tangential method will be obtained.
As a result, the described algorithm enables the
determination of the tooth surface of the wormwheel
machined by either the tangential or the radial method.

It is accepted to determine the wormwheel tooth
profile in the frontal section from condition below:

f3=)2c3—s=0 (16)

3

where x~ is the third component of the vector (12), while
2

the parameter s defines the position of the cutting plane
relative to the frontal symmetry plane (situated in the
mid-width of the rim and perpendicular to the axis).

3 Shaping the wormwheel with a special hob

It is assumed that the tool action surface is consistent
with the specified worm surface. So, this is the case of
wormwheel machining with a special hob designed for
wormwheel machining (or with a single cutter).

The computation algorithm is explained in Fig. 3.
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Figure 3 The flowchart of the wormwheel tooth surface determination
algorithm

For a given value Aa of tool offset (indentation) from
the wormwheel in a given cutting plane defined by the
parameter s, for successive values of a parameter, for
example, u, the values of the parameters ¢ are determined
respectively from Eq. (5). From Eq. (16), the values of the
parameter v are determined by the successive
approximations method, whereas, in each approximation,
the value of the parameter £ is determined from Eq. (13).

Ultimately, for each computation cycle, the values of the
parameters (u, ¢, v, ) are determined, which, after being
substituted in Eq. (7), will define the successive points of
the wormwheel tooth profile.

Whereas, the value of cutting plane position changes
and the computation cycle is repeated to yield, as a result,
the wormwheel tooth surface in a discrete form of a set of
points for a specific "indentation" of the tool into the
wormwheel being machined.

After changing the Aa, the computation cycle is
repeated for the same cutting planes. After that, the
obtained profiles should be compared in these planes,
while leaving the points on the work material side. After
considering the successive tool in-feeds until reaching the
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full cutting depth (Aa = 0), and repeating the whole
computation cycle, the wormwheel toothing surface is
obtained.

The region of the worm and the wormwheel should be
limited by their respective (outer and inner) diameters and
the wormwheel rim width, and, with the radial method,
the tool offset beyond the machined wormwheel region at
the initial moment should be taken into account.

4 Normalizing the profile points and the modification of
the wormwheel toothing surface determination
algorithm

As follows from the above discussion, in individual
cutting planes after successive tool passes (for varying
cutting depths), the two curves given in a discrete form of
sets of points should be each time compared with one
another. Normalizing the points of the curve involves
their approximation with the set of points lying on the
abscissa grid lines introduced in the cutting plane
(successive curves are substituted with the sets of points
with the same abscissae, but different ordinates).

Finally, after considering the successive wormwheel
rotations (tool "passes" and "indentations"), until
achieving the full cutting depth (Aa = 0), the wormwheel
tooth surface will be obtained in a discrete form of a set of
points.

This method of determining the wormwheel tooth
profile allows the simplification of the algorithm for the
solution of the task set. So, if we take into account the
cutting plane (16), then for a fixed value of the relative
tool (worm) and wormwheel position parameter &, Eq. (7)
will describe the worm profile in the wormwheel system
(in this particular cutting plane). The helical surface can
also be described with the helical motion of an arbitrary
curve lying on this surface, so it is possible to take into
consideration also the characteristics (the curve of worm
machining tool and worm surface contact when shaping
the worm helical surface).

With a fixed value of the relative worm machining
tool and worm helical motion parameter v, Eq. (4) and (5)
are the equations of the characteristics. As Eq. (5) does
not include the parameter v, then, for successive values of
a parameter, for example u, the values of the parameter ¢

can be determined from this equation, and, in turn, from
Eq. (4), the characteristics sought for. Thus, at a fixed
value of the parameter & for successive values of the
parameter u, after determining the value of the parameter
@ from Eq. (5), it is possible to determine the values of the
parameter v from Eq. (16), and finally, the worm (hob)
profile in a given cutting plane in the wormwheel system
can be determined from Eq. (7). By iterating the whole
computation process for successive values of the
parameter £, successive curves can be obtained, which,
after normalizing and comparing, enable us to determine
the tooth flank profile in a given section for a given value
of Aa. Further, the computation cycle is similar as before.
In this method of solving the wormwheel tooth flank
surface determination problem, there is no need for
defining the envelope condition (10) (which is a
significant simplification) and the computation algorithm
is slightly different.

5 Shaping the wormwheel with a modular hob

In this case, the radial wormwheel machining method
is employed. So, the relationship (7) describing the
transition from the hob coordinate system to the
wormwheel coordinate system still holds.

However, as the hob diameter usually does not
correspond to the diameter of the worm (the module and
the pitch must agree) which will mate the wormwheel
being machined, the hob thread lead angle on the pitch
diameter will be different from the worm thread lead
angle [12]. So, the angle Ay will not be interpreted as an
error, but rather as a necessary correction to the hob
positioning (provided that the angle y corresponds, as
before, to the angle of the axes of the hob—wormwheel
design gear elements). The most important is, however,
the fact that the hob blade cutting edge profiles are
different from the worm profile (and the profiles of the
left-hand and right-had hob blade cutting edges are
different, too).

In the case of special hobs, the correct blade profile is
obtained by leaving small bevels ("margins" of 0,03 +
0,05 mm) on the blades as a result of grinding the hob
with the turning motion disabled (forming the helical hob
action surface). It is assumed that the profiles of the hob
cutting edges are known (from measurements or
calculations). This enables us to determine the axial
profile of the hob action surface, or, in general, the hob
action surface, in the discrete form of a set of points.

It is assumed that the axial profile x (the coordinate
system of the hob is adopted in a similar way as for the
worm) of the modular hob action surface is given (just as
other geometrical parameters needed for computation
are). The modular hob action surface can therefore be
described by the relationship:

3152[3, —v]x+[0, 0, +pv] (17)

where: v — hob action surface parameter.

For the determination of the wormwheel tooth
surface, the algorithm described above can be used after a
slight modification.

6 Computation results

The wormwheel machining worm (the axial and
normal profiles and, as a result, the surface) of the design
type (tool action surface) is computed in the program,
while allowing for the worm technology. The wormwheel
profiles in successive sections — Fig. 4a make up the
wormwheel tooth surface — Fig. 4b.

The program allows the elimination of a possible case
of wormwheel tooth relief (in any section, the tooth tip
width can be read out — Fig. 4a). In the case under
consideration, it was sufficient to reduce the number of
wormwheel teeth by 1 for wormwheel tooth relief to have
occurred — Fig. 5.

The reduction of the number of wormwheel teeth has
a very strong effect on the tooth tip relief. At the same
time it is possible to define how to change the geometrical
wormwheel rim parameters so as to avoid the tooth tip
relief, while retaining the existing number of teeth.
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Figure 4 a) The wormwheel tooth profile in the cutting plane s =0
(values given — module, 3; multiplicity, 2; pitch diameter, 31; number of
wormwheel teeth, 31; distance of the worm and wormwheel axes, 63);
b) tooth view
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Figure S Wormwheel tooth tip relief: a) in the cross-section (cutting
plane position — § =7 mm; z, = 1, z,=30 — other data as in Fig. 9); b)
tooth view

Similarly, the correction of the profile by setting back
the tool during wormwheel machining has also a strong
effect on the tooth thickness and the tooth tip width — Fig.
6.
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Figure 6 The effect of the tool offset on the tooth thickness (x —
correction factor; the data as in Fig. 4)

If machining errors are taken into account, then the
axis distance error results not only in a change in
wormwheel tooth thickness, but also a change wormwheel
profile — Fig. 7. It can be concluded, therefore, that the

wear of the wormwheel machining tool (backed-off hob)
compensated for by pushing it appropriately closer to the
axis of the machined wormwheel, may result in a change
of the wormwheel profile (the hob wear allowance of (0,1
+ 0,05)m, should not be exceeded). In turn, the error of
wormwheel axial positioning on the cutter arbor during
machining is tantamount to moving the wormwheel rim
toothing relative to the wormwheel axial plane — Fig. 8§,
which is tantamount to tooth tilting (and also the teeth
will be lower). These errors, as can be seen in the
example given, are relatively large and essentially
impossible for being compensated for through the
appropriate assembly of the gear.
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Figure 7 The effect of the technological worm and wormwheel axes
distance error on the wormwheel profile in the frontal section at the mid-
width of the rim (the data as in Fig. 9; indentation=var)

On the other hand, the angle error in the technological
gear causes changes in tooth thickness of profile over the
rim width (in the operational gear, it can lead to a
wormwheel toothing truncation — Fig. 9. Therefore, the
allowable errors between axes in the gear box are very
small (<0,5°), and the permissible error angle of the
technological gear should be of the same order of
magnitude.

x1 [mm]

35 25 1.5 0.5 -0.5 -1.5 -25 -3.5

x2 [mm]
Figure 8 The effect of the error of wormwheel cutter arbor axial
positioning on the wormwheel rim mid-width frontal section profile (the
data as in Fig. 4; Deltaz=var)

It is also necessary to point out that if the change in
the number of teeth significantly influences the tooth tip
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width, then setting the machine tool (indexing head) to
too small a number of teeth will also lead to a truncation
of the wormwheel toothing (in the case at hand, it is
sufficient to take z, = 24).
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Figure 9 The effect of the error of tool and wormwheel milling machine
positioning angle on the truncation of the wormwheel tooth flank (the
data as in Fig. 4; The position of the cutting plane s (pp) 0; 6; —6 mm;

angle Ay (dg) =0; 1; -1 °)

The analytical and numerical method of generating
the wormwheel toothing surface, in contrast to the
analytical method, enables the determination of the
undercutting or the transition curve (delineated by the tool
blade tip) of the tooth profile — Fig. 10. This is due to the
fact that in the case of undercutting at the points on the
turn edge (the edge of the flank and transition surface
intersection) the normal to the surface is not defined
unequivocally and the meshing condition has no solution.
In the analytical method, the envelope condition may
have no solution (this is also the case with the bad first
approximation of the root), while in the numerical
method, a larger number of profile points needs generally
to be considered and the computation time elongates.

According to the algorithms (programs) described
above, wormwheel toothing can be formed by either
tangential or radial method. The radial method enables the
illustration of tooth formation as the tool cuts into the
wormwheel being machined — Fig. 11.
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Figure 10 The wormwheel tooth profile in the cross-section at the rim
mid-width (the data — Fig. 9)

This might enable, by comparing profiles of a specific
cross-section (on the outer diameter on frontal surfaces) at
the beginning and end of the indentation process, the
elimination of the tooth tip truncation phenomenon (this
phenomenon is rather unlikely in practice).

Figure 11 Illustration of the radial wormwheel toothing cutting method
(the data — Fig. 9) — the parameter Aa defines the indentation

As regards the wormwheel machining with a modular
hob, on the other hand, it is assumed that the profile of the
tool action surface is known. It can be obtained either
from calculations or from measurements.

The axial profile of the modular hob action surface is
stored in a file (the program provides for a greater number
of profile points and offers the capability to record
necessary data). The left-hand and right-hand axial
profiles of the modular hob action surface are different,
and the profile angles are also different, which is unique
to the tools under consideration. The straight line
deviations of these profiles are different and should be
contained within specific limits, depending on the hob
accuracy class.

It is important to note that, in practice, the diameter of
the modular hob is generally different from the diameter
of the hob that will mate the wormwheel being cut. As a
consequence, at the same axial pitch, the modular hob and
worm thread lead angles are different, which needs to be
taken into account in the modular hob—wormwheel
technological gear. The wormwheel tooth surface profile
computation algorithm is, in its numerical part, similar as
in the former cases. While in the case of wormwheel
machining with the special hob the tooth profile in the
cross-section at the rim mid-width is symmetric (Fig. 4),
for machining with the modular hob it is asymmetric —
Fig. 12. The machining errors (differences between
profiles) are of the same order of magnitude as hob profile
errors, so for modular hobs of enhanced accuracy (classes
AA or AAA) they will be small (of the order of
micrometres). A similar effect on the wormwheel tooth
profile will be exhibited by the hob positioning error. A
characteristic modular hob parameter, which is taken for
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the calculation of hob thread lead angle, is the analytical
pitch diameter.

In general, this diameter is calculated allowing for
blade backing-off, and is assumed at the blade mid-length
(it considers the hob wear allowance). So, this must be
taken into account when positioning the hob.

5 V4 2\
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0 NON AU JOUO o |
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4 : :
I; : : : :
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-4 -2 0 2 -
%2 [mm]
Figure 12 The wormwheel tooth profile in the cutting plane; module, 5;
multiplicity, 1; pitch diameter, 45.277; number of wormwheel teeth, 30;
distance of the worm and wormwheel axes, 126.36; modular hob pitch
diameter, 94.5

7 Conclusion

The wormwheel surface was determined for the case
of machining by the tangential and radial method,
respectively. As tools, a (special) wormwheel machining
hob and a modular hob were considered. Corrections
allowing for the relative tool and wormwheel positioning
errors were also introduced in the toothing -cutting
process. Each of the algorithms (programs) supports
machining by either tangential or radial method (through
the tool gradual cutting in), while in the second algorithm
there is no need for solving the envelope condition.

In the first two programs, the surface of the worm is
generated while taking into account its machining
technology (depending on the type, geometric parameters
and positioning of the tool), and only so defined worm
helical surface is used for determining the surface of the
wormwheel toothing. This means that, actually, it is not
only the technological worm surface corresponding to the
helical surface of the design worm mating a given
wormwheel, but also the action surface of the special
wormwheel machining hob that is determined.

If, however, for technological reasons, the action
surface of the special hob (in the zone where the
machined wormwheel is finishing shaped) is different
from the assumed one, then the third program for
determining the tooth surface of the wormwheel
generated with the modular hob will support such tools as
well. This program assumes that the axial profile of the
tool's action surface is preset for the tool. Considering the
fact that, as a result of the measurement (on a special
measuring machine) or calculation of the cutting edge
profile of a (modular or special wormwheel) hob, the
axial profile of the hob action surface can be obtained (by
moving the cutting edge points onto the hob axial plane
by helical motion), it can be stated that, besides modular
hobs, this program supports also such cases, and for either

the radial or tangential method. The action surface of the
modular hob, which was determined while considering its
technology, was taken into account.

The errors of relative tool and machined wormwheel
positioning are important in the wormwheel machining
process.

Determining the wormwheel tooth surface for
machining by the radial method enables the determination
of the wormwheel distortion (truncation) resulting from
the specificity of the method. Tooth surface truncation
occurs (not always) at the tooth tip and is significant at
large hob thread lead angles. Determining the wormwheel
tooth profile as the tool cuts in, and comparing thus
obtained profiles with one another in different cross-
sections on the wormwheel rim width may possibly allow
the observation of this phenomenon.

The reduction of the number of wormwheel teeth has
a very substantial effect on the tooth tip relief. The
developed program enables this phenomenon to be
eliminated at the worm gear design stage (the conditions
for the elimination of this phenomenon, given in the
literature, are approximate in character). The second (and
the third) algorithm enables the determination of the
transition curve and possible undercutting of the
wormwheel tooth root.

The profile of the wormwheel machined with a
modular hob in the cross-section at the wormwheel rim
mid-width is asymmetric, while when being machined
with a special hob, it is symmetric.

The accuracy and time of computation depend on the
number of tool profile points under consideration and the
number of cross-sections on the wormwheel rim width.
The developed programs are analytical and numerical in
character, and can be used in the process of the design,
identification and analysis of the worm gear.

8 References

[1] Crosher, W. P. Design and Application of the Worm Gear.
ASME Press, Michigan University, 2002.
https://doi.org/10.1115/1.801780

[2] Siebert, H. Wom Gears — Higher Energy Efficiency and
Less Strain on Resources. // Gear Technology. 5(2011), pp.
26-28.

[3] Products & Services. Enclosed & Open Gearing.
http://www.renold.com.

[4] Dudas, I. The Theory and Practice of Worm Gear Drives.
Penton Press, London, 2000.

[5] Litvin, F. L.; Fuentes, A. Gear Geometry and Applied
Theory. Cambridge University Press, 2004.
https://doi.org/10.1017/CBO9780511547126

[6] Bodzas, S.; Dudas, I. Designing of smoother hob. //
Hungarian Journal of Industrial Chemistry, Veszprem, Vol
38(2), (2010), pp. 89-94.

[7]1 Nieszporek, T. Generating of worm gears of an arbitrary
profile. Proceedings of th 11™ ASME International Power
Transmission and Gearing Conference (PTG).// IDETC
2011-48297, August 28-31, 2011, Washington, USA, p. 53-
62. https://doi.org/10.1115/detc2011-48297

[8] Octrue, M. Relationship Between Wear and Pitting
Phrnomena in Worm Gears. / Gear Technology. 5-6(1998),
pp. 30-36.

[9] Stahl, K.; Hohl, B.-R.; Hermes, J.; Monz, A. Pitting
Resistance of Worm Gears: Advanced Model for Contact
Pattern of Any Size, Position, Flank Type. // Gear
Technology. 10(2012), pp. 44-49.

Tehnicki viesnik 24, 4(2017), 993-1000

999



Analysis of the wormwheel toothing accuracy

T. Nieszporek et al.

[10] Opali¢, M.; ZeZelj, D.; Vugkovié, K. A new method for
description of the pitting process on wormwheels
propagation. // Wear. 332-333, (2015), pp 1145-1150.
https://doi.org/10.1016/j.wear.2015.01.053

[11] Litvin, F. L. Development of Gear Technology and Theory
of Gearing. NASA RP-1406, 1998.

[12] Faster Worm Gear Production at Cleveland Gear.
http://www.gleason.com.

[13] Fette. Gear Cutting Tools. Hobbing Gear Milling.
Germany, No 1624 (0405 1 dtp/gk),
http://www.megatools.ru/catalog/lmt-fette/fette-
zubonareznoy-instrument.pdf.

[14] Dudas, 1. Production of helicoids surfaces in intelligent
systems. // Annals of MTeM for 2001 & Proceedings of the
5" International MTeM Symposium, Technical University
of Cluj-Napoca, Romania, 2001, pp. 177-182.

[15] Hohn, B-R.; Steingrover, K.; Lotz, M. Determination and
Optimization of the Contact Pattern of Worm Gears. // Gear
Technology. 3-4(2003), pp. 12-17.

[16] Litvin, F. L.; Hasiao, C. L. Computerized simulation of
meshing and contact of enveloping gear tooth surfaces. //
Computer Methods in Applied Mechanical and
Engineering, Holland. 102, (1993), pp. 337-366.
https://doi.org/10.1016/0045-7825(93)90054-2

[17] Nieszporek, T. The basic principles of worm gear analysis.
/I Archiwum Technologii Budowy Maszyn i Automatyzacji
KBM PAN Oddziat w Poznaniu, vol. 18, nr 2, Poznan
(1998), pp. 143-150.

[18] Litvin, F. L.; Kin, V. Computerized Simulation of Meshing
and Bearing Contact for Single Enveloping Worm Gear
Drives. // Journal of Mechanical Design. 114, 6(1992), pp.
312-317. https://doi.org/10.1115/1.2916948

[19] Markowski, T., Sobolak, M.; Numerical method of analysis
of geometry of tool and workpiece mating area. // 3™
International Scientific Collquium CASE TECHNIQUES,
Bielfeld, 1995, pp. 481-489.

[20] Litvin, F. L.; Gonzalez-Perez, I.; Yukishima, K.; Fuentes,
A.; Hayasaka, K. Design, simulation of meshing, and
contact stresses for an improved worm gear drive. //
Mechanism and Machine Theory. 42, 8(2007), pp. 940-959.
https://doi.org/10.1016/j.mechmachtheory.2006.08.005

[21] Vilmos, V. S. Influence of tooth errors and shaft
misalignments on loaded tooth contact in cylindrical worm
gears. // Mechanism and Machine Theory. 41, 6(2006), pp.
707-724. https://doi.org/10.1016/j.mechmachtheory.2005.09.004

[22] Stadtfeld, H. J. Worm Gears. // Gear Technology, 10(2013),
pp. 51-52.

[23] Litvin, F. L. Theory of Gearing NASA Reference
Publication 1212, Technical Report 88 C-035, 1989.

[24] Litvin, F. L. Gear geometry and applied theory. Prentice
Hall, Englewood, New Jersey, 1994.

[25] Nieszporek, T.; Boral, P. The design and technology of
cone worm. // The 3" International Conference Mechanics,
Rzeszow, 2002, pp. 259-264.

[26] Litvin, F. L.; Nava, A.; Fan, Q.; Fuentes, A.: New geometry
of worm face gear drive with conical and cylindrical
worms: Generation, simulation of meshing, and stress
analysis. University of Illinois. Chicago, 2002.

Authors' addresses

Prof. Tadeusz Nieszporek, Dr hab. eng.
Czestochowa University of Technology
Institute of Mechanical Technologies
Al. Armii Krajowej 21,

42-201 Czestochowa, Poland

E-mail: tadek@jitm.pcz.pl

Rafal Golebski, Dr eng.

Czestochowa University of Technology
Institute of Mechanical Technologies
Al Armii Krajowej 21,

42-201 Czestochowa, Poland

E-mail: rafal@itm.pcz.pl

Lubomir Soos, Prof. PhD. Ing.

Slovak University of Technology in Bratislava
Mechanical Engineering Faculty

Namiestie Slobody 17

812 31 Bratislava, Slovak Republic

E-mail: lubomir.soos@stuba.sk

1000

Technical Gazette 24, 4(2017), 993-1000




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



