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Abstract The advanced synthesis of a worm gear in real production should involve
not only its geometrical and strength analysis according to the assigned perfor-
mance characteristics. It must also provide compensation of inevitable manufacture
errors, power and temperature deformations by localization of the bearing contact at
the assigned area of the tooth flank. This paper considers the methods of solving
this problem for both high-loaded worm gears and gearboxes of metallurgical
equipment and precision gears of metal-cutting machine-tools.
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1 Introduction

For all types of worm gear, including double-enveloping and spiroid ones, the gear
ratio exceeds the ratio of the pitch diameters of the worm and gearwheel by a
multiple factor. It allows for replacing a multi-stage gearbox with one
compact-sized gear. That is why these gears are commonly applied in advanced
mechanisms, in particular, in gearboxes for general engineering, screw-down
mechanisms, roller conveyor drives for rolling mills, in kinematic chains of various
machine-tools including those for gear-machining, etc.

S. Lagutin (&) � E. Gudov
“Electrostal Plant of Heavy Machines” OJSC,
Moscow Region, Electrostal, Russia
e-mail: lagutin@eztm.ru

E. Gudov
e-mail: gudove@inbox.ru

A. Sandler
“SELECTION” OJSC, Moscow, Russia
e-mail: sandli@aha.ru

© Springer International Publishing Switzerland 2018
V. Goldfarb et al. (eds.), Advanced Gear Engineering,
Mechanisms and Machine Science 51, DOI 10.1007/978-3-319-60399-5_7

139



However, compact sizes provided by a mismatch of pitch surfaces of the worm
and gearwheels with the gear axoids intrinsically causes a high sliding speed at
contact and, therefore, significant friction losses, accelerated wear, necessity of
applying antifriction materials, and low load-carrying capacity and efficiency, as
compared to other types of gear. These drawbacks are especially vital at the initial
stage of gearbox operation when inevitable manufacture and assembly errors, as
well as power and temperature deformations, are shifting the bearing contact to one
of the tooth edges during operation, thus increasing the contact stresses and dete-
riorating the formation of the lubrication layer.

These circumstances should be considered at the stage of design and compen-
sated for in production. That is why the gearing should be designed as that
approximated through the deliberate introduction of the parabolic function of errors
of rotation angle for the driven element during meshing of one tooth pair. In
practice, such a function is implemented by introducing longitudinal and profile
modification of one or both conjugated surfaces, that is, their deliberate deviations
from theoretically mutually enveloping ones.

The theoretical fundamentals of the local synthesis of general type worm gears
are stated in [1–4]. Issues of computer-aided simulation of the localized contact of
cylindrical worm gears are considered in [8, 14]. Different manufacturing methods
of providing the localized contact, accounting for the functional purpose of the gear,
are described in [5, 10–12, 15]. Long-term experience in the design and production
of heavy-loaded worm gears at the Electrostal plant of heavy engineering (Moscow
region) and of precision worm gears at Russian machine-tool building plants is
summarized in the monograph [13].

The present paper proposes the English version of the most urgent chapters of
this monograph.

2 The Functional Purpose of Worm Gears
and an Integrated Approach to Their Design

Worm gears are divided into two types, according to their functional purpose: index
worm gears and power wormgears.

Index worm gears are used in the kinematic chains of various machine tools. In
gear-machining equipment that operates by the generating method, as well as in
advanced machining centers with rotary tables, they are intended to transmit con-
tinuous rotation. These gears are manufactured for precision, as a rule, within
degrees of accuracy of the 3rd–5th, according to the Russian Standard GOST
3675-81. Parameters of the kinematic accuracy for such gears have to be calculated
according to the required accuracy rating of the machine-tool, or the allowable error
of angular rotation of the working table. The smoothness and norms of contact are
consequently assigned for the worm, the wheel and the gear as a whole. The same
accuracy is required for gears of single rotation that are used in division
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mechanisms of machine-tools for profile gear grinding, the sharpening of the front
surfaces of hobs, etc. The rotary tables for coordinate boring and milling
machine-tools are made with index worm gears of 6th–7th degrees of accuracy. In
all cases, a unified set of validation that determines the quality of worm gears is the
area of bearing contact with its regulation of the tooth height and width.

Power worm gears are intended for transmitting the torque and power of the
drive to actuators. They are manufactured, as a rule, with the accuracy provided by
the available manufacturing equipment, and the quality of their production is also
controlled according to norms of contact. The main parameters of design are the
overall dimensions of the space assigned for the gearbox, load-carrying capacity
(torque at the output shaft), and efficiency. It should be considered in design that
under other equal conditions, the gears of the 6th–7th degrees of accuracy surpass
the gears of the 10th degree by 1.5 times, according to their load-carrying capacity.
Smoothness of operation, reducing the wear and increasing the lifetime of gear
operation, is of great importance for power gears. In most loaded drives, it is
reasonable to apply globoid (double-enveloping) gears.

The essence of designer and technological synthesis of the worm gear under
real production conditions is as follows:

1. To assign the tasks to the designer and technologist within development of both
working drawings of the gear and the set of technological documentation: the
order of manufacturing processes, working drawings of hobs, tool layouts for
machining of the gear, and sharpening and relieving for producing the gener-
ating worm of the hob.

2. According to the functional purpose of the gear, it is necessary to determine the
tolerances for center distances in the assembled gear and machine-tool gearing,
and hob parameters (pitch diameter, profile and lead angles of the generating
worm).

3. For each step of generating the surfaces of threads for operating and generating
worms, it is necessary to determine such layouts for grinding wheel dressing and
mounting of its axis ultimately to provide the contact localization for active
flanks within the assigned meshing zone.

3 Accuracy Standards and Contact Localization in Worm
Gears

It is historically common for production of worm gears to make identical operating
and machine-tool settings, that is, to make the shape and position of surfaces of the
generating worm coincide with those of the operating one. And the strict conju-
gation of the operational gearing can be provided theoretically. This property is
applied for production of precision gears.
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However, inevitable manufacture and assembly errors during the initial period of
gear operation cause a shift of the bearing contact to one of the tooth edges, thus
abruptly increasing the contact stresses and deteriorating the conditions of forma-
tion of the lubrication layer. In this connection, the effective means of increasing the
quality of gears is localization of the initial contact at the assigned area of the
gearwheel tooth flank, thus eliminating the necessity for long-time running-in.

The technique of manufacture of worm gears with localized contact is based on
modification of the parameters of the generating worm, which not only implies the
difference in dimensions and parameters of the hob with respect to the operating
worm, but adjusts the machine-tool settings for cutting the worm gearwheel.

Strictly speaking, the functionality of localization should not be determined
according to the tooth profile or length, but with respect to the nominal line of the
instantaneous contact. Localization along this line does not change the instantenous
gear ratio, and it prevents the outrun of the bearing contact to tooth edges, com-
pletely or partially compensating for the negative influence of errors of the
assembly, power and heat deformations of the casing.

Localization in the direction normal to the line of instantenous contact causes
discontinuity of the instantenous gear ratio during the meshing of one tooth pair, but
it smoothens the edge impacts within tooth re-conjugation, thus allowing for
compensation of the pitch errors of gear-cutting and tooth deformation under load.

In gears with a different character of contact line, the profile and longitudinal
modifications cause unequivalent effects. In double-enveloping worm gears, the
contact lines make up the angle close to 90° with the vector of the worm’s tan-
gential velocity. That is why the profile modification mainly reduces the sensitivity
to assembly errors and the longitudinal one smoothens the discontinuity of the gear
ratio. Similar effects are present in gears with cylindrical worms of ZT type.

In worm gears with ruled (the term “ruled worm” was introduced long ago
and it is widely used in scientific literature—a comment, not to be included into
the text), in particular, Archimedes worms, the contact lines are stretched along the
tooth and the longitudinal modification of the tooth flank compensates for the errors
of relative position of worm and gearwheel axes. The influence of pitch and profile
errors is reduced through modification of the tooth flanks in the direction perpen-
dicular to the contact lines, that is, through profile localization.

3.1 Basics of Profile Localization Analysis

The profile localization of contact in gears with cylindrical ruled (or close to them)
worms is provided by deliberate deviation of the upper and lower parts of the tooth
profile “into” the tooth solid, that is, by creation of the reduced concavity for the
profile of a hob-generating surface with respect to the worm thread profile.
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The pointed profiles do not coincide organically, since they are generated in
different production operations: for the operating worm, it is the grinding of the
thread flank; for the generating worm, it is the sharpening of the front surface and
relieving of the flanks of the hob.

The task of designers is to choose the most efficient basic thread profile for the
operating and generating worms and to regulate the value of the reduced concavity
of the pointed profiles, as applied to a specific degree of gear accuracy. The
technologist has to develop the methods for implementation of the desired
localization.

Smoothness of operation for a worm gear depends on a combination of errors of
the axial pitch of the worm threads fPxr and of the tangential pitch of the wheel teeth
fPtr.

Negative values of fPxr and positive values of fPtr reduce the actual tooth pitch,
that is, the distance along the line of action between the points of contact of the
driving pair of teeth and the subsequent pair. Entry into the mesh will be accom-
panied here by a “rigid” impact of the thread addendum and tooth dedendum. The
reverse combination of pitch errors causes a “soft” impact at re-conjugation, that is,
the contact of the upper edge of the worm thread with the tooth dedendum outside
the conventional line of action. This phenomenon is less risky, but it should be
eliminated.

Taking into account the axial angle a of the thread profile, the total influence of
errors fPxr and fPtr on deviation of the base pitch is determined by the square-law
summation of their allowable values with high probability

fP ¼ f 2Pt þ f 2Px
� �0:5

cos a. ð1Þ

The expression (1) determines the maximally sufficient value (the arrow) fmax of
the reduced concavity f of axial profiles of the generating and operating worms. At
the same time, since the value f affects the cyclic error of the tooth mesh frequency
fzz0r in a gear, under the most unfavorable combinations of errors (fPtr + fPxr), it
should be related to the tolerance fzz0 for the cyclic error according to the inequality

ð fPtrj j þ fPxrj jÞcos a�f � fzz0: ð2Þ

Hence, by identifying the pitch errors with the tolerances, let us determine the
minimum required value of fmin when producing gears with the localized contact:

fmin ¼ ð fPtj j þ fPxj jÞcos a�fzz0: ð3Þ

In worm gears with localized contact, the parameter of operation smoothness fhsr
(the distance between the active flank of the worm thread and the coaxial generating
surface of the hob applied to finish the machining of gearwheel teeth) becomes
irrelevant, since it is replaced by the value f of the profile localization.

The authors found the relation between values of fmax and fmin determined by
expressions (1) and (3) with tolerances fPt, fPx, fzz0, fhs for different degrees of
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accuracy, according to the Russian standard GOST 3675-81. It is stated that the
required value of the reduced concavity f should correspond to the range

fhs � f � 2:0fhs: ð4Þ

The reduced concavity of the hob-generating surface with respect to the worm
thread profile is formed due to the concavity of the front surface of teeth obtained
during sharpening (Fig. 1) and the concavity of the profile of the relieved tooth
flanks of the hob with respect to the profile of the ground worm thread (Fig. 2).

Fig. 2 Profiles of relieved surfaces of the hob teeth in the case of localized contact

Fig. 1 Profile of the generating helical front surface of the hob teeth
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Figure 1 presents the front surface profile of the hob with the following
parameters:

m is the axial (or normal) module of the hob;
rF is the radius of the pitch cylinder of the generating worm;
ra is the radius of the outer cylinder of the active profile of the hob tooth;
hm = 2 m is the height of the active profile of the hob tooth;
fvi max is the maximum deviation of the generatrix from the radial straight line;
hE = 2hm/3 is the distance from the boundary of the active segment of the profile to
the point of maximum concavity of the generating line of the front surface.

Figure 2a shows the profile of the relieved surface for which the helix angle kr is
greater than the helix angle k for the thread of the generating surface (the right flank
of the tooth of the right-hand hob). In this case, the distance from the internal
cylinder of the active flank of the thread to the maximum value of the concavity is
hE = 2hm/3. In Fig. 2b, the helix angle kr of the shank is less than the angle k (the
left flank of the tooth of the right-hand hob), in this case, hEL � 0.5774hm.

The concavity of the profile of flanks for the hob teeth is provided by adjusting
the set-up parameters for the radial-axial relief [11]. In this case, different adjusting
methods are used for two flanks of the tooth, which is why coordinates of maxi-
mums for the concavity of profiles of the front and relieved surfaces do not coincide
and are separated by distance: �0.67 m for one flank of the tooth and �0.49 m for
the other flank.

The influence of both components on the value of the reduced concavity of the
profile of the generating surface for the hob should be considered when producing
worm gears with the 3rd–5th degrees of accuracy.

The influence of the deviation fvi of the generating line for the front surface of
teeth on the axial profile of the generating surface will be related here with the radial
relief angle kb = |kr – k| by the expression

f fvið Þ ¼ fvi tan kb ð5Þ

For the flank of the hob teeth where the angle kr > k, the optimal value is kb �
5°, and for the opposite flank, it is kb � 7°.

For worm gears of the 6th and lower quality degrees of accuracy, the required
value of the profile localization is provided only as a result of relieving the hob
teeth, since the increase in the allowable value of the concavity of the profile of the
generating surface leads to an essential decrease in the influence of the concavity of
the generating surface for the front flank of the tooth.

Analysis and implementation of manufacturing parameters of certain processes
(grinding of worm threads, sharpening and relieving of the hob teeth, including the
techniques for analysis of set-up parameters for worm-grinding, sharpening and
relieving machines) are stated in detail in [13].
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3.2 Alternative of Profile Modification

The profile localization of the contact in a worm gear requires the science-intense
analysis of machine-tool settings and grinding wheel profiling at grinding opera-
tions for helical and relieved surfaces of the worm and the hob. In this relation, the
authors have developed and tested an alternative method for providing the
smoothness of worm gear operation based on a combination of tolerances for
manufacture of the worm and the hob.

Parameters of smoothness include the parameter of identity fhs, pitch errors fpx of
the worm threads and fpt of the gearwheel teeth, and allowable deviations of the
profile ff1 of the worm thread and ff2 of the gearwheel tooth. The mutual relation of
these parameters should be considered when designing both worms and hobs. In
particular, it is necessary to consider the influence of the difference in angles of the
worm and hob profiles on the combination of base pitches.

In [9], it was shown that in order to provide smoothness of gear operation, the
base pitch of the driving element should be greater than that of the driven one. As
applied to worm gears, this means that the base pitch of the worm pb should be
greater than the base pitch of the gearwheel, that is, the gearwheel should be cut by
the hob with the pitch pb0 < pb.

Sources of the error fpbr of the base pitch of the worm are the error fpxr of its axial
pitch px and deviation of the angle Δa1 of the thread profile.

fpbr ¼ fpxrcos a1 � pm sin a1Da1: ð6Þ

With a worm as the driving element of the gear, the increase in the base pitch is
inadmissible, that is, the condition fpbr � 0 should be fulfilled. It follows from (6)
that the following condition should be fulfilled for this purpose:

Da1 � fpxr=ðpm tan a1Þ: ð7Þ

That is, in order to compensate for the negative value of the error of the base
pitch fpxr of the worm, it is necessary to assign the tolerance da1 for the pressure
angle of its thread only as a negative deviation and to determine it through the
expression

da1 � � fpx=ðpm tan a1Þ: ð8Þ

The sign of equality in expression (8) determines the upper value of the tolerance
damax

1 = -fpx/(pm tan a1) for the pressure angle of the worm thread.
The lower value of the tolerance damin1 is determined by the tolerance range for

the worm thread profile ff1 provided by standards. Hence:
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damin
1 ¼ �fpx=ðpm tan a1Þ � ff1cos a1=2m: ð9Þ

Positive values of errors fptr of the tangential pitch of the gearwheel and fpxr0 of
the axial pitch of the hob increase the base pitch of the gearwheel. It is also
increased while decreasing the pressure angle of the generating worm during
re-sharpening of the hob. The influence of these factors should be compensated for
by decreasing the base pitch of the hob through assigning positive deviations (both
the upper and the lower) for the angle a0 of the profile of relieved flanks of teeth.

When designing a hob, the upper value of this tolerance damax
0 should be

calculated according to the formula

damax
0 ¼ fpx þ fpt

� �
=ðpm tan a1Þþ ff2cos a1= 3mð Þ; ð10Þ

where fpx is the positive part of the tolerance for the pitch error of the generating
worm taken to be equal to the pitch tolerance of the worm, and fpt is the positive
part of the tolerance for the tangential pitch of the gearwheel.

Formula (10) implies that the 1/3 part of the tolerance ff2 for the gearwheel tooth
profile should be related to the error appearing due to faceting.

The first component of expression (10) determines the minimum value of the
angle a0 necessary to provide the smoothness of meshing. It corresponds to the
deviation of the pressure angle for a completely re-sharpened hob.

damin
0c ¼ fpx þ fpt

� �
=ðpm tan a1Þ: ð11Þ

The second component of expression (10) determines the sum of the tolerances
for manufacture and for variation of the angle a0 during re-sharpening.

It is reasonable to distribute the value ff2 cos a1/3m between the pointed toler-
ances for manufacture and re-sharpening in equal portions. Then, when manu-
facturing a new hob, the upper limit of the tolerance for the angle a0 should be:

damax
0 ¼ fpx þ fpt

� �
=ðpm tan a1Þþ ff2cos a1=6m: ð12Þ

The allowable number for re-sharpening is calculated through the remaining
value of the tolerance da0i = ff2 cos a1/6m. Thus, when designing the worms and
hobs, the necessary clearance Zz in the meshing during the instance of teeth
re-conjugation is stated to provide the smoothness of gear operation—causing the
base pitch for the driving element to exceed the base pitch of the driven one:

Zz ¼ 2fpx þ fpt
� �

cos a1: ð13Þ

If the pressure angle of the generating surface is assigned for the applied hob
tolerances for deviations of the pressure angle of the worm thread, it should be
analyzed according to (8) and (9), and after that, the profile of the helical surface of
the worm thread should be corrected.
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Therefore, in addition to the requirements stated in the Russian standard GOST
3675-81, it is necessary to regulate the following parameters of the worm and the
hob:

– Upper and lower allowable deviations of the pressure angle of the operating
worm, which should be negative deviations with respect to the nominal value;

– Upper and lower allowable deviations of the pressure angle of lateral flanks of
teeth during manufacturing and re-sharpening of the hob, with both deviations
being positive with respect to the nominal value.

3.3 Analysis of Parameters and Technique of Longitudinal
Localization

The theoretical lines of instantenous contact in a completely conjugated worm gear
with a cylindrical, in particular, Archimedes worm are stretched along the gear-
wheel tooth and over its whole width. In real gears, the total bearing contact should
be concentrated in the middle part of the tooth, so that the assembly errors will not
shift the contact to the boundaries (edges) of the gear rim. Modification of the
gearwheel tooth flank along the tooth length (called longitudinal localization) is
aimed at compensation for these errors.

The most common methods for longitudinal localization of the contact for worm
gears of the 6th–12th degrees of accuracy is the application of hobs having an
increased diameter [5, 12–15]. And it is important to assign such a diameter of the
hob and manufacturing tolerances that allow for compensating the manufacturing
errors of gearbox parts and for obtaining the gear with a specific degree of accuracy
and the required quality parameters.

Fig. 3 The combined scheme of the operating and machine-tool meshing for the centre of the
bearing contact arranged on the middle plane of the gear
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3.3.1 Machine-Tool Meshing for Application of Hobs
with the Increased Diameters

Figure 3 shows the combined scheme of meshing of the orthogonal worm gear and
the machining of gearwheel teeth by a hob with an increased diameter. The
diameter d0 of the pitch cylinder of the hob is greater than the diameter d1 of the
pitch cylinder of the worm, however, these cylinders make contact with each other
at the pitch point F. Let us consider the version of the arrangement of the nominal
centre of the bearing contact (the point К) on the middle plane of the gear.

The left side of this figure shows the section of the gear by a plane perpendicular
to the worm axis and passing through the gearwheel axis. The section A–A is drawn
tangentially to the pitch cylinder of the worm (and the hob) through the straight line
parallel to the gearwheel axis at the distance equal to the radius r2 = 0.5mx z2 of the
pitch cylinder of the gearwheel.

This straight line is the axis of meshing that possesses a number of properties
[4]:

(1) In the case of linear, as well as localized, contact, all contact normal lines of the
gear intersect this axis;

(2) In a completely conjugated gear, this axis definitely lies on the surface of the
meshing, which is a set of lines of instantenous contact;

(3) In a gear with longitudinally localized contact, the points of instantenous
contact of active flanks generate the line of meshing in a fixed space, the line
intersecting the pointed axis by necessity.

Due to these properties, when synthesizing a gear with longitudinal localization,
it is necessary to choose the centre К of the bearing contact exactly on this axis:
either on the middle plane of the gear by aligning it with the point F, or by shifting
it with respect to F towards the worm leaving the meshing.

To synthesize such a gear, it is necessary and sufficient to rotate the axis of the
hob so that its generating surface could contact the active flank of the worm exactly
at this point, that is, normal lines to two surfaces should coincide at the point К.

The normal line to any helical surface is skewed with its axis at a distance equal
to the radius rb of the base cylinder of the equivalent involute worm:

rb ¼ 0:5mx1z1=ðtan2ax1 þ tan2c1Þ0:5 ð14Þ

That is why the straight line passing through the point К tangential to the circle
with the radius rb represents a projection of the common normal line at the design
point. Simultaneously, this tangent line shows the direction of displacement of the
centre of the bearing contact along the tooth flank at worm rotation.

In the picture on the right side of Fig. 3, the axis of the worm O1–O1 is arranged
horizontally, and the axis of the hob O0–O0 is rotated with respect to it at an angle
Dc. The shaded area is the section of the worm thread by the plane A–A tangential
to the pitch cylinder of the worm. This section is in contact with the section of the
thread of the hob-generating surface by the same plane at the design point К.
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The straight line КC0 represents the common normal line to longitudinal profiles
of threads. This line makes up the angle c1 (equal to the pitch lead angle of the
worm) with the worm axis O1–O1 and the angle c0 (equal to the pitch lead angle of
the hob-generating surface) with the projection of the hob axis. Points C1 and C0

represent the centers of curvature of the considered sections of the worm and the
hob, and the distances C1К = R1 and C0К = R0 are the radii of curvature of the
pointed sections. Values R1, R0 are determined by the expressions

R1 ¼ 0:5d1=ðtan ax1cos3c1Þ;R0 ¼ 0:5d0=ðtan ax0cos3c0Þ ð15Þ

where ax1, ax0 are axial pressure angles of the worm thread and the generating
surface of the hob, respectively.

In order to arrange the design point К on the pitch cylinder of the worm at the
middle plane of the gear, the hob axis should be rotated towards increasing the tooth
helix angle at an angle Dc equal to

Dc ¼ c1�c0: ð16Þ

When the worm is rotating in the direction shown by the arrow x, the active part
is that side of the profile which passes through the point К; and the “Enter” and
“Exit” points of the worm out of the meshing are shown on the right side of Fig. 3.

The arrow of the convexity (curvature) d1 of the surface of the worm thread
along the gearwheel tooth in the considered section is determined to be

d1 ¼ b22=ð8R1cos2c1Þ : ð17Þ

As for the generating surface of the hob having an increased diameter due to the
increase of the curvature radius of the thread by the value DR = R0 − R1, the arrow
of the convexity in the same section will be decreased by the value

Dd ¼ �b22DR=ð8R2
1cos

2c1Þ; ð18Þ

where the minus sign shows that deviations of Dd and DR have opposite signs.

3.3.2 Compensation for the Influence of Errors of Assembly
and Machine-Tool Meshing

Standards for the accuracy of the worm gears with non-adjustable arrangement of
axes, including the Russian standard GOST 3675-81, assign the allowable values
for the following errors: deviations of the center distance far in the gear (worm –

worm gearwheel) and facr at machining (hob - gearwheel); deviations of the cross
angle fPr in the gear and fPcr at machining; shifts of the middle plane of the
gearwheel fxr in the gear and fxcr at machining.
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The technique for calculating the increase in the pitch diameter of the hob with
respect to the operating worm necessary to compensate each of the pointed pairs of
errors is given below; and limitations imposed on this parameter by the assigned
value of the bearing contact along the gearwheel width are considered.

The error of the gear center distance depends on the accuracy of producing
the bores for the worm and gearwheel shaft supports in the casing of the gearbox.
The error of the machine-tool center distance is determined by the accuracy of the
gear-milling machine-tool, by the manufacture accuracy of the master worm with
the thickness of its thread, considering the assigned backlash in the gear, and by
tolerances for the center distance adjusted according to the master worm.

That is why, at equal pitch diameters d1 of the operating worm and d0 of the
generating worm, the actual values of center distances in the gear aw1 and in
machine-tool meshing aw0 differ from each other. Let us determine the influence of
this difference on the formation of contact along the helical surface of the thread.

As is known, one of the properties for the helical surface is the increase of its
curvature and helix angle with decrease of the current radius. Therefore, the
decrease in aw0 with respect to aw1 is the most risky at formation of the bearing
contact. In this case, the generating worm forms a more concave tooth surface than
the surface enveloped by the thread of the operating worm with the axis shifted
from the gearwheel axis at a greater distance. The initial contact of active flanks is
valid for that face end of the gearwheel where the worm thread enters the meshing.

To make the curvature of the helical surface of the generating worm less than the
curvature of the thread of the operating worm under the most unfavorable com-
bination of errors, it is necessary to increase the pitch diameter d0 of the hob and to
provide the nominal of the center distance aw0 equal to

aw0 ¼ aw1 þ 0:5 d0�d1ð Þ: ð19Þ

For a gear of the assigned degree of accuracy, the maximum value of the error of
the center distance does not exceed the sum of absolute magnitudes of allowable
values of components:

fa þ fa c ¼ 1:75fa: ð20Þ

Having assigned the value (aw0 − aw1) = 1.75fa, we obtain the required incre-
ment Dd0a of the diameter d0 of the hob with respect to the diameter d1 of the worm:

Dd0a ¼ d0�d1ð Þ ¼ 3:5fa: ð21Þ

The error fPr of the cross angle of the gear occurs when manufacturing the
gearbox casing due to deviation from the perpendicularity of the axes of the bores
for the worm and gearwheel supports (or the assigned value of the angle between
them). According to the Russian standard GOST 3675-81, the symmetrical toler-
ance for this deviation is assigned by the linear value fP at the width b2 of the
gearwheel rim. The error fPcr of the cross angle at machining occurs at the
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gear-milling machine-tool, first, due to mounting errors of the hob axis, and second,
due to non-perpendicularity of the axis of the mounting bore of the gearwheel and
its mounting face end. The standard assigns the symmetrical (±) tolerance for
deviation of the cross angle at machining fPc = 0.75fP for these two components.

The gearbox casing, the gearwheel and the hob are produced by machine-tools
with differently-directed errors. It is impossible to control the mutual compensation
of these errors. Values of fP stated by the Russian standard do not provide the
contact concentration at the middle of the gearwheel tooth. For the 6th–12th
degrees of accuracy, the absolute values fP vary from 9 to 160 lm, essentially
exceeding the thickness (� 5 lm) of the paint layer fixing the location and length
of the bearing contact at the inspection and measuring machine.

That is why, practically speaking, the only means of compensation of the total
error of the cross angle for stable localization of the contact is the longitudinal
modification of the gearwheel teeth through application of hobs having the
increased diameter of the generating surface. In order to prevent the shift of the
bearing contact to the face edges of the teeth, the arrow of concavity for the surface
of the generating worm along the tooth length should be decreased by the value Dd.

By equating Dd to the absolute value of the tolerance fP
���

���, and accounting for

(18), let us determine the value of the necessary increase in the diameter d0 of the
hob with respect to the diameter d1 of the worm:

Dd0
P ¼ d0 � d1ð Þ ¼ 4fPd21=ðb22tan ax1cos c1Þ: ð22Þ

The value fP in formula (22) surpasses the influence of angular errors of
mounting the gearwheel and the hob axis over gear-cutting operations.

The shift fxr of the middle plane of the worm gearwheel in the gear is limited
by the symmetrical tolerance ±fx and it is formed by design dimension chains of the
worm gearbox. The shift fxcr of the middle plane of the gearwheel at machining is
limited by the tolerance ±fxc = 0.75fx and it is determined by a manufacturing
dimension chain for the setting of the gear-milling machine-tool. Methods for the
valid control of these parameters at manufacturing have not yet been developed.

In this connection, values of tolerances ±fx and corresponding values of ±fxc
given in the Russian standard GOST 3675-81 are applied as allowable errors of the
master link in calculation of the pointed dimension chains.

The shift of the middle plane is controlled according to the dimension of the total
bearing contact given in the same standard.

In the practice of single or low-batch production, the quality of this parameter is
achieved through application of compensators in the layout of the gearwheel shaft
assembly. Compensators are bushings or rings, their length being machined by
measurements. One of compensators “helps” the gearwheel approach the position at
which the required bearing contact along the tooth length is formed. The second
compensator closes the axial play of the trust bearing of the gearwheel shaft.
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For series production of large gears having the 6th–12th degrees of accuracy, for
compensation of errors fxr and fxcr, it is also reasonable to implement the increase in
the diameter of the hob with respect to the worm diameter on the value Dd0x:

Dd0x ¼ 2fxd1= Kbb2ð Þ; ð23Þ

where Kb is the design factor of the relative length of the bearing contact.
Since tolerances for errors fxr and fxcr are symmetrical, the value fx in (23) should

be taken to be equal to the absolute value of the tolerance fxj j. Values of the factor
Kb, according to the Russian standard GOST 3675-81 for different degrees of
accuracy, are given in Table 1. When calculating the value Dd0x, the greatest value
of Kb shown in the table should be used.

When applying the hob with the increased diameter, it is necessary to provide
the equality of base pitches (or basic modules mb1 = mb0) of threads of the oper-
ating and generating worms by correction of the worm thread parameters. For
Archimedes gears, the equality of axial modules mx1 = mx0 should be provided at
the same time. In this case, the values of axial pressure angles and pitch lead angles
of threads are related by the equation

tan2ax1 þ tan2c1 ¼ tan2ax0 þ tan2c0: ð24Þ

Methods for correction of the worm (or hob) axial profile providing this equality
are stated in greater detail in Sect. 4.

When choosing the hob diameter, it is necessary to consider the value of the
backlash Zb between active surfaces at the boundary of the bearing contact. This
backlash should not exceed the thickness of the paint layer fixing the bearing
contact at the control and measuring machine. By assigning the boundary of the
bearing contact at the distance (Kbb2/2) from the middle plane of the gearwheel, let
us determine the value Zb at the worm pitch cylinder, accounting for the hob
parameters:

Zb ¼ 0:25 Kbb2ð Þ2½ðsin ax1cos3c1Þ=d1�ðsin ax0cos3c0Þ=d0�: ð25Þ

Having assigned the ultimate value of the clearance Zb � 5 mcm, let us
determine, from (25), the maximum allowable increase Dd0m in the pitch diameter
of the hob d0 with respect to the worm diameter d1:

Dd0m ¼ d0�d1 ¼ 4Zbd21=ðK2
bb

2
2sin ax1cos

3c1Þ; ð26Þ

where the least value of the factor Kb (shown in Table 1) should be taken.

Table 1 Design factors Kb of the length of the bearing contact

Degree of accuracy 6, 7 8, 9 10 11, 12

Factor Kb 0.54–0.6 0.43–0.5 0.34–0.4 0.2–0.3
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Analysis of the design values of the necessary increase Dd0a, Dd0P, Dd0x in the
pitch diameter d0 of the hob depending on the required degree of accuracy (6th–
12th) of gear production [12] showed the following:

1. The increase Dd0 in the pitch diameter of the hob relative to the operating worm
should be considered according to the condition of obtaining the minimum
necessary dimension of the length of the bearing contact for the maximum
backlash at its boundary (no more than 0.005 mm).

2. For gears of the 9th–10th degrees of accuracy, the allowable values of [fa] and
[fac] should be stiffened, as compared to the Russian standard GOST 3675-81,
proportionally to the allowable value of the increase Dd0m in the hob diameter:

fa½ � ¼ Dd0m=3:5: ð27Þ

3. For gears of the 9th–12th degrees of accuracy assembled without compensators,
the tolerances fx for the shift of the middle plane should be stiffened in manu-
facturing dimension chains according to the condition

½fx� ¼ Dd0mKbb2= 2d1ð Þ: ð28Þ

3.3.3 Features of Contact Localization in Precision Gears

Precision worm gears are mainly applied in kinematic chains of gear-machining
machine-tools. The accuracy of such gears should be two degrees higher than the
accuracy of the machined parts and it should correspond to the 3rd–5th degrees of
accuracy. The edge contact is inadmissible, so both longitudinal and profile
localizations are necessary.

The finishing machining of the precision gear is implemented by master
machine-tools that do not allow for varying the angle of the hob axis setting. That is
why the pitch diameter of the finishing hob should be equal to the pitch diameter of
the operating worm. Under such conditions, the contact localization along the tooth
length is made by an additional machining of some segments of tooth flanks about
10–15% of the face width from both of its sides. This eliminates the possibility of
edge contact near the gearwheel face ends.

Moreover, in order to provide longitudinal localization, the nominal of the
machine-tool center distance at gear machining is taken to be equal to aw0 = aw
+ fac, and when manufacturing the gear casing, only the negative tolerance fa is
assigned for the center distance aw of bores for the worm and gearwheel supports.

The profile localization of the bearing contact is provided in a similar fashion, as
was described in Sect. 3.1.
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4 The Principle of Priority of Gear-Cutting Tools
in the Individual Production of Power Gears

The need to manufacture single samples of worm gears, including those for spare
parts for the existing equipment, initiated the requirement for designers to widen the
range of machined products without widening the range of available tools.

When there is no hob with parameters identical to the parameters of the design
drawing, in order to obtain the conjugated gear, it is necessary to follow the
principle of priority of the gear-cutting tool. This principle implies the selection of a
hob that has a close (greater in priority) diameter and the correction of parameters of
the operating worm. The correction of the worm module and/or the pressure angle
should provide the equality of base pitches at the design point. The calculation of
the hob-setting parameters should provide the longitudinal localization.

Experience shows that proper selection of the hob from the available range and
obtainment of the localized contact in a gear is a task that is solvable in practice.
First of all, such a hob should be selected from the list of available ones that has the
base pitch pb0 maximally close to the base pitch pb1 of the worm. Here, one can
consider both hobs with the Archimedes generating surface intended for
Archimedes wormgears and hobs according to the Russian standard GOST 9324-80
“Finishing single-thread hobs for cylindrical gears with the involute profile”.

4.1 Selection of Hob Parameters

The initial information needed for the analysis is the assigned parameters of the
gear. As for the gears with the Archimedes worms most common in practice, these
parameters are: the axial module mx1, the number of threads z1, the pitch diameter
of the worm d1 and the pressure angle ax1 at the axial section of the worm.

The base pitch of the Archimedes worm is determined by the expression

pb1 ¼ pmx1cos c1 cos an1; ð29Þ

where an1 = atan (tan ax1 cos c1) is the pressure angle of the worm at the normal
section, and c1 = atan (mx1z1/d1) is the pitch lead angle of the thread.

The main parameters of the hob are: the number of threads z0 and the pitch
diameter d0; the module mx0 and the pressure angle ax0 at the axial section for
Archimedes hobs; the module m n0 and the pressure angle an0 at the normal section
for involute hobs, the pitch helix angle c0:

c0 ¼ atan mx0z0=d0ð Þ ¼ asin mn0z0=d0ð Þ: ð30Þ

For both types of hobs, the parameters of the axial and normal sections are
mutually related by the known expressions
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mn0 ¼ mx0cos c0; tan an0 ¼ tan ax0 cos c0: ð31Þ

For the Archimedes hob, the base pitch is determined as

pb0 ¼ pmx0 cos c0 cos an0: ð32Þ

The base pitch of the hob for cutting involute cylindrical gearwheels is not
related to the hob diameter and the pitch lead angle of the thread:

pb0 ¼ pmn0 cos an0: ð33Þ

In any case, in order to provide the conjugacy of elements of the obtained gear,
the following condition should be strictly fulfilled:

pb0 ¼ pb1: ð34Þ

4.2 Worm Correction in the Application
of Archimedes Hobs

The requirement of equality for the base pitches of the Archimedes worm and the
Archimedes hob means that the following condition should be strictly fulfilled:

mx0 cos c0 cos an0 ¼ mx1 cos c1 cos an1: ð35Þ

We consider the parameters of the hob mx0, c0 and ax0 as being the assigned
ones, and the parameters of the worm mx1 and ax1 can be varied within certain
limits, keeping its pitch diameter and the helix angle c1 of the thread. The axial
profile mx1 of the worm can be kept equal to the initial one, or it should be varied
discretely based on setting possibilities of the worm grinding machine-tool. That is
why the angle of the worm profile should be considered to be the main, continu-
ously varied parameter. This angle an1 is determined from (35) at the normal
section

cos an1 ¼ mx0 cos an0 cos c0=ðmx1 cos c1Þ: ð36Þ

Then, the axial pressure angle a x1 is determined by the formula

tan ax1 ¼ tan an1= cos c1: ð37Þ

Strictly speaking, condition (37) determines the conjugacy of the active flanks of
the worm thread and the gearwheel teeth only within the differential vicinity of the
design point of contact. In order to provide the conjugacy of these surfaces along
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the entire height of the thread, the worm should be made quasi-Archimedes and its
axial profile should be outlined along the convex curve described by the expression

xðrÞ ¼
Z
rp1

tan axðrÞ@r; ð38Þ

where r is the current radius at the active thread profile, which varies within the
range from rp1 to ra1;

rp1 = aw − 0.5da2 cos(aa2 − ax1) is the radius of the lower boundary point of the
active profile; and ra1 = da1/2 is the outer radius of the worm.

The current value of the axial pressure angle ax is determined from (37) for the
current value r and the corresponding lead angles of the worm threads c1(r) =
atan (mx1z1/2r) and the hob c0(r) = atan[mx0z0/(2r − d1 + d0)].

The axial profile of the modified worm is shown in Fig. 4. Its curvature at the
current point M is determined by the expression

KðrÞ ¼ @

@r
axðrÞ½ � cos axðrÞ: ð39Þ

The required axial profile can be approximated by the arc of a circle, parabola or
ellipse, depending on the type of contour follower applied at the worm grinding
machine-tool. Its arrow of the convexity fn is determined by the following
expression with sufficient accuracy for practical purposes:

Fig. 4 The axial profile of
the thread of the modified
worm
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fn �m2
xK r1ð Þ= 2 cos2ax1

� �
; ð40Þ

where K(r1) is the curvature calculated according to (39) for the radius r = r1.
The sign > in this expression means that the bearing contact in the gear will be

localized along the height of the tooth, thus allowing for smoothening of the
negative influence of errors of the pitch and profile on the smoothness of gear
operation.

Note that the required convexity of the axial profile is, as a rule, less than that of
the organic error of grinding by the conical grinding wheel.

In the case when the axial modules of the worm mx1 and the hob mx0 are equal to
each other, the expression (36) is simplified to

cos an1 ¼ cos an0 cos c0= cos c1; ð41Þ

and the angle ax1 is directly related to the angles ax0, c1 and c0 by the formula

tan ax1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2 ax0 � tan2 c1 þ tan2 c0

p
; ð42Þ

and, revealing the value of the derivative d[ax(r)]/dr at the design point, formula
(40) can be reduced to the following:

fn �mxcos2ax1ðtan3c1 � tan3c0Þ= ðz1 sin ax1Þ: ð43Þ

If the hob pitch diameter d0 exceeds the diameter of the worm d1 by 1–2
modules, then for a single-thread gear, the axial pressure angle calculated by for-
mula (42) turns out to be less than the standard one ax1 = 20° by 0.5°–2°. In this
case, the necessary arrow fn of the profile convexity is within the tolerance ff
according to the 8th degree of accuracy and is provided by application of a conical
grinding wheel without its special dressing.

Application of hobs having increased diameters automatically provides the
longitudinal localization of contact along the face width and reduces the gear
sensitivity to manufacture and assembly errors.

In a case of production necessity, the hobs with diameter d0 less than the worm
diameter d1 can be used for cutting the gearwheel teeth. All the formulas indicated
above for correction of the worm profile remain valid here. However, in order to
avoid edge contact, the gearwheel teeth should be machined in three transitions.
This version of the machining technique is described in detail in [13].

4.3 Application of Involute Gear-Cutting Hobs

If the tool shop of the enterprise does not have Archimedes hobs with parameters
rather close to the worm, then hobs specified by the standard GOST 9324-80 and
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intended for machining the involute spur and helical gearwheels can be used for
cutting the worm gearwheel teeth. The calculation technique in this case is similar
to that stated above, differing from it in only two circumstances.

First, since for these hobs, the normal module mn0 is standardized instead of the
axis module mx0, the condition for equality of base pitches is reduced to

mn0 cos an0 ¼ mx1 cos c1 cos an1: ð44Þ

Hence, the required angle of the worm profile is determined according to for-
mula (37) and does not depend on the lead angle c0 of the hob thread, which affects
only the setting parameters of the hob axis at gear-cutting.

Second, strictly speaking, in this case, the operating worm of the gear can be the
involute one, having the radius of the base cylinder

rb1 ¼ 0:5z1mx1=ðtan2ax1 þ tan2c1Þ1=2: ð45Þ

For single-thread gears, such a version is even more convenient in production,
since it is provided by the worm grinding with the conical wheel at parallel axes of
the wheel and worm with the theoretical accuracy.

The axial profile of the involute worm is determined from the function of the
current radius r by integral (39) or directly by the equation

x rð Þ ¼ 0:5mxz1½tan h rð Þ�h rð Þ�; ð46Þ

where h(r) = acos(rb1/r) is the current pressure angle of the face involute.
Having differentiated Eq. (46), the variable pressure angle of the axial section of

the thread will be determined by the following expression:

ax rð Þ ¼ atan½tan c1 rð Þtan h rð Þ�: ð47Þ

The curvature of the axial profile can be determined by substitution of ax(r) into
expression (39). At the design point located on the pitch cylinder of the worm, this
expression is reduced, after transformations, to

K r1ð Þ ¼ tan2c1cos
3ax1=ðr1 tan ax1Þ: ð48Þ

The required arrow of the convexity of the axial profile of the thread fn is
determined by expression (41), with sufficient accuracy for practical analysis.

For single-thread gears, the normal module of the hob mn0 can be chosen to be
equal to the axial module of the worm mx1. The deviation of the worm axial profile
from the straight line is rather insignificant, and condition (44) is fulfilled through
correction of the thread profile according to the expression
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cos an1 ¼ cos an0= cos c1: ð49Þ

Example 1 Gear parameters are z1 = 1, z2 = 42, aw = 120, mx1 = 4, d1 = 72, c1 = 3°
11′. Parameters of the hob are an0 = 20°, mn0 = 4, z0 = 1, d0 = 78,6, c0 = 2°55′.

The corrected axial angle of the worm profile is ax1 = 19°47′, and the required
arrow of convexity is fn = 0.002 mm, that is, it is negligibly low. According to
expression (16), the angle Dc of the turn of the hob axis is Dc = 0°16′.

For the manufacturing of multi-thread worm gears, the hob module mn0 has to be
selected to be less than the worm axial module mx1. In this case, the profile cur-
vature described by Eq. (48) can be sufficiently significant and it has to be realized
by means of a dressing device of the worm grinding machine-tool.

Example 2 The worm has the parameters mx1 = 10, z1 = 4, d1 = 80, c1 = 26°34′, and
the base module mb1 = 8.505. The most suitable involute hob has mn0 = 9, z0 = 1, d0
= 114.5, c0 =4°30′ and mb0 = 8.457. Being corrected according to (44), the worm
pressure angle becomes ax1 = 19°47′. The maximum deviation of the profile (46)
from a straight line comes to fn = 0.68. To provide a practically sufficient accuracy,
such a profile may be replaced by a circular arc with the radius R = 76.0.

The angular correction of the worm according to Eq. (44) is also applied when
manufacturing the gears with the Archimedes worm and the involute cylindrical
gearwheel that must perform a helical motion along its axis [6]. These gears are
applied, for example, in adjustment mechanisms of mill rollers of screw rolling.
They minimize the number of links and the amount of clearances in the kinematic
chain mechanism, thereby improving the accuracy of rolled products.

4.4 Design of Duplex Worm Gears

The reversible worm gears (both power and index ones) need to meet the
requirement of the backlash-free meshing, and this backlash-free character should
be maintained in regard to the wearing-out of the gearwheel teeth. In these gears,
the worm has a different axial pitch along the left flank of the thread pL than the
pitch along the right flank, and correspondingly, the axial modules mxL and mxR are
also different. This provides the thread thickness variable along the worm axis. As
the gearwheel teeth are worn out, the worm is periodically shifted in the axial
direction and a thicker segment of the thread is introduced into meshing, thus
eliminating the backlash. Such types of gear are called Duplex.

In Fig. 5, such a gear is shown at the middle section and at the section by the
plane A–A tangent to the pitch cylinder of the worm.

The difference between the right and left pitches Dpx = pL − pR is usually taken
within the range (0.1–0.2) of the average module. In previously known layouts of
such gears, the axial pressure angle at both flanks of the thread was equal to the
standard ax1 = 20°. Cutting of the gearwheel teeth was implemented either with a
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special hob with a generating surface identical to the active flank of the worm
threads, or by two cuts of a single-cutter flying blade with different tangential feeds
for each flank of the tooth. Neither method is particularly manufacturable.
Moreover, tooth profiles are produced asymmetrically, and the profile corre-
sponding to the greater module is undercut.

In order to eliminate these drawbacks, it is proposed that gearwheel teeth be cut
with an Archimedes hob that has an increased diameter as compared to the worm
diameter; and one which has a standard value of the module mx0, axial pressure
angle ax0 and their corresponding meshing module mb0. Equality of base pitches for
each of the flanks of the thread is provided by correction of axial pressure angles of
the worm according to the condition

mbL ¼ mbR ¼ mb0: ð50Þ

Let us consider the consequence of calculating the parameters of the worm and
hob-setting through a specific example with the following initial data:

Fig. 5 Duplex worm gears
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For the gear : aw ¼ 165; z1 ¼ 2; z2 ¼ 24; d1 ¼ 90;mx cp ¼ 10:0;mxL ¼ 10:4;mxR ¼ 9:86:

For the hob : mx0M ¼ 10:0; d0 ¼ 120:0; z0 ¼ 2; ax0 ¼ 20�;mb0 ¼ 9:2838; c0 ¼ 9�280:

According to this initial information, we consequently determine:
Axial pitches for the left and right profiles of the worm:

pxL ¼ pmxL ¼ 32:672mm; pxR ¼ pmxR ¼ 30:976mm:

The difference between axial pitches of the left and right profiles:

Dpx ¼ pxL�pxR ¼ 1:696 mm:

Pitch helix angles of the worm thread:

cL ¼ atan mxLz1=d1ð Þ ¼ 13�0004800; similarly cR ¼ 12�2103200:

Normal angles of the worm thread profile:

anL ¼ acos½mb0=ðmxL cos cLÞ� ¼ 23�3702400; similarly anR ¼ 15�2603600:

Axial angles of the worm thread profile:

axL ¼ atanðtan anL= cos cLÞ ¼ 24�1003200; similarly axR ¼ 15�4703000:

If the obtained values for a xL or axR go out of range (15°–25°), initial values for
mxL and mxR should be corrected, keeping, if possible, the assigned difference of
Dpx, and the calculation is repeated.

After this, we determine the radii of curvature of the section of the thread by the
plane tangent to its pitch cylinder:

RR ¼ 0:5d1=ðtan axRcos3cRÞ ¼ 170:7;RL ¼ 0:5d1= ðtan axLcos3cLÞ ¼ 108:4:

And the greater of them (the first one in our case) is compared to the radius of
curvature of the similar section of the hob thread:

R0 ¼ 0:5d0=ðtan ax0cos3c0Þ ¼ 171:8:

The condition R0 > RR means that the longitudinal localization of the bearing
contact is provided in the gear. If this condition is not fulfilled, it is necessary to
choose the hob of greater diameter and repeat the calculation. At the other flank of
the thread, the value of RL will obviously be less than R0.

The machine-tool center distance at gear-cutting is:
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a0 ¼ aw þ 0:5 d0�d1ð Þ ¼ 180mm:

The hob axis should be turned towards the increase of the tooth inclination by
the angle Dc = cR − c0 = 2°53′47′′. Then, the design contact point on the right flank
of the tooth will be located on the middle plane of the gear and the bearing contact
will be spread practically over the whole width of the gearwheel. On the left flank
of the tooth, the bearing contact is localized in the longitudinal direction and its
center is shifted by the value YKL towards the worm entering the meshing:

YKL ¼ �R0RL½sinðDcþ c0Þ� sin cL�= R0�RLð Þ ¼ 3:24 mm:

The proposed method of machining eliminates the necessity of manufacturing
the special tool for gear-machining of gears with the variable thickness of the worm
thread, and it increases the manufacturing efficiency of the gear-cutting process.

Experience showed the viability of the method for synthesis of worm gears with
the localized contact based on the priority of the gear-cutting tool.

5 Modification of Double-Enveloping Worm Gears

Globoid, or double-enveloping, worm gears have a higher load capacity than the
single-enveloping gears with a cylindrical worm. This advantage is especially
appreciable for center distances exceeding 200 mm [7, 13]. That is why
double-enveloping gears are commonly applied in power drives, in particular,
rolling mills, in spite of manufacturing difficulties.

Experience in the production of double-enveloping worm gears showed that a
number of specific manufacturing features should be stated in the technical docu-
mentation within their design. These are, in particular, parameters of the
machine-tool meshing and setting of cutters when machining the modified worm.

As is known, in the classical double-enveloping Cone worm gear, the active
flank of the worm threads is generated through rotation of the straightline generatrix
tangent to the profile circle of the gearwheel. In such a gear, the initial bearing
contact is a narrow strip located across the gearwheel tooth near its middle plane.
During the running-in, the wear of surfaces takes place both for the gearwheel tooth
and the worm thread. The run-in area is formed on the tooth flank, and gradually
spreads over a considerable part of its surface.

Wear of the worm thread is also non-uniform. The maximum wear takes place
at the input segment of the thread. The wear becomes minimal at the middle part
of the thread and increases again when approaching the thread output. Such a
running-in continues over 150–200 h, after which the geometry of the
active flanks of threads and teeth is stabilized and the velocity of wear multiply
decreases [7].

Change of the thread geometry during wearing-out is called natural modifica-
tion. It is achieved by a long-term and expensive running-in process. If the
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deviation close to its natural modification is provided at cutting of the worm thread,
the time of running-in is multiply reduced and the gear can operate under maximum
load from the very beginning.

Various methods for machine-tool modification of the double-enveloping worm
thread during its cutting are known. The most common of them is the method in
which the modification law that is closest to the assigned one is provided by a
simultaneous deviation of the center distance and the gear ratio from nominal
values to greater ones. Since both flanks of the thread in this case are modified at
one machine-tool setting, it is called the “AU double-flank correction-free method.”

Figure 6 shows the schemes of the machine-tool meshing for cutting the
double-enveloping worm by the AU method and the curve line of the modification
law, with its maximum value at the input DS and extreme value DS0 at the point
u ¼ us.

When calculating modification by the AU method, the following parameters are
determined: the tooth number of the generating gearwheel z20, the increase in the

Fig. 6 Double-enveloping
worm gear modified by the
AU method
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machine-tool center distance at worm cutting Da0 = a0 − aw, the pitch diameter of
the generating gearwheel d0, and the diameter of its profile circle Dp0.

The modification law (in radians) is described depending on the angle of rotation
u of the rectilinear generatrix for the thread by the following expression:

D uð Þ ¼ asin sin ax þ 2Da0=d2ð Þ � sin ax � sin ax þu�Kuuð Þð Þ½ � þKuu� ax ð51Þ

Here, Ku = (z20 − z2)/z20 is the factor of variation of the machine-tool gear ratio.
The advanced technique for the development of modified double-enveloping

worm gears is considered in detail in [7, 13]. It comprises analysis of parameters for
worm modification, elements of designing two- or four-teeth flying cutters for
generating gearwheel teeth, and methods for evaluation of the load-carrying
capacity and efficiency of these gears.

6 Conclusions

Any real worm gears have to be designed as approximated ones in order to com-
pensate for inevitable manufacturing errors, as well as strength and heat
deformations.

For single-enveloping worm gears, especially those with an Archimedean worm,
the profile localization of the bearing contact allows for reducing the drive sensi-
tivity to pitch errors of its elements. For profile localization, the designer should
define and specify the equivalent concavity of profiles of the active and generating
worms. An alternative method is also proposed to ensure the smooth operation of
the gears through the appointment of mutually-related tolerances for pressure angles
and pitches of the worm and the hob manufacturing of worm wheel teeth.

The assembly errors are compensated for and the edge contact is eliminated in
such gears by the longitudinal localization of the bearing contact at the middle of
the tooth width. The simplest, though not the only, method of longitudinal local-
ization is to use worm hobs with increased diameter. It is shown that, in this case,
worm profile correction is needed, along with proposed methods for its calculation.

In double-enveloping worm gears, the impact of the longitudinal and profile
localization of the contact on the drive sensitivity to assembly and pitch errors is
directly opposite. The method for machine-tool modification of the
double-enveloping worm thread is considered.

In the individual production of power worm gears, it is proposed that production
be guided by the principle of the priority of a tooth-cutting tool. In particular, this
principle is used in the design of Duplex gears.

When longitudinal and/or profile contact localization is applied, it is necessary to
specify the size and location of the bearing contact in the design documentation,
taking into account the functional purpose of worm gears and the requirements for
the accuracy and load-carrying capacity of the gear drive.
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The problem of the synthesis of real worm gears with localized contact is as
inexhaustible as the problem of the synthesis of spiral bevel and hypoid gears.
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References

1. Goldfarb, V.I.: Fundamentals of the theory of computer-aided geometrical analysis and
synthesis of general type worm gears. Thesis for DSc in Engineering, Izhevsk, 415
p. (1985) (in Russian)

2. Lagutin, S.A.: Local synthesis of general type worm gearing and its applications. In: Proc. of
the 4th World Congress on Gearing and Power Transmissions, vol. 1, pp. 501–506. Paris
(1999)

3. Lagutin, S.A.: Synthesis of spatial gearings by aid of meshing space. In: Proceedings of
International Conference “Power Transmissions-03”, vol. 1, pp. 343–346. Varna, Bulgaria
(2003)

4. Lagutin, S.A.: Analogs of axes of meshing in general type worm gearing. In: Theory and
Practice of Gearing and Transmissions: In Honor of Professor Faydor L. Litvin, IX, pp. 145–
158. Springer International Publishing AG Switzerland. ISBN: 978-3-3 19-19739-5 (2016)

5. Lagutin, S.A., Verhovski, A.V., Dolotov, S.V.: Technological design of worm gears with a
localized contact. In: Proceedings of 2nd International Conference “Power Transmissions
2006”, pp. 177–182. Novi Sad, Serbia (2006)

6. Lagutin, S.A., Gudov, E.A.: Special types of worm gears for rolling mills. In: Proceedings of
the International Conference on Gears, pp. 1337–1347. Munich, Germany, VDI-Berichte
2108.2 (2010)

7. Lagutin, S., Gudov, E., Fedotov, B.: Manufacturing and load rating of modified globoid gears.
Balkan J. Mech. Transm. (BJMT) 1(2), 45–53 (2011)

8. Litvin, F.L., Fuentes, A.: Gear Geometry and Applied Theory, 2nd edn, 800p. Cambridge
University Press (2004)

9. Ostrovski, G.N., Gushchin, V.G.: Spur gears with opposite deviations of base pitches. Izv.
VUZov. Mashinostroenie 3, 54–57 (1980) (in Russian)

10. Sandler, A.I.: Technological prerequisites for tooth-to-tooth accuracy of worm gears. In:
Proceedings of International Conference “Power Transmissions-03”, vol. 2, pp. 130–131.
Varna, Bulgaria (2003)

11. Sandler, A.I., Lagutin, S.A.: Technique of profile localization of bearing contact in worm
gears. In: Proceedings of the International Conference on Gears, pp. 1233–1244. Munich,
Germany. VDI-Berichte 2108.2 (2010)

12. Sandler, A.I., Lagutin, S.A., Gudov, E.A.: Longitudinal contact localization in worm gears.
Russ. Eng. Res. 34, 480–486 (2014)

13. Sandler, A.I., Lagutin, S.A., Gudov, E.A.: Theory and practice of manufacturing of general
type worm gears. Infra-Engineering, 346 p. Moscow-Vologda (2016) (in Russian)

14. Su, D., Yang, F.: Advancement in design, modelling and simulation of worm gearing with
less sensitivity to Errors. In: Proceedings of the 10th World Congress on the TMM, vol. 6,
pp. 2287–2292. Oulu, Finland (1999)

15. Vintila, H., Miloiu, G., Visa, F., Tiseanu, C.: Numerical research regarding contact
localization at cylindrical worm gears. In: Proceedings of the 9th World Congress on the
TMM, vol. 1, pp. 442–446. Milano (1995)

166 S. Lagutin et al.


	7 Actual Issues of Design and Production of Advanced Worm Gears
	Abstract
	1 Introduction
	2 The Functional Purpose of Worm Gears and an Integrated Approach to Their Design
	3 Accuracy Standards and Contact Localization in Worm Gears
	3.1 Basics of Profile Localization Analysis
	3.2 Alternative of Profile Modification
	3.3 Analysis of Parameters and Technique of Longitudinal Localization
	3.3.1 Machine-Tool Meshing for Application of Hobs with the Increased Diameters
	3.3.2 Compensation for the Influence of Errors of Assembly and Machine-Tool Meshing
	3.3.3 Features of Contact Localization in Precision Gears


	4 The Principle of Priority of Gear-Cutting Tools in the Individual Production of Power Gears
	4.1 Selection of Hob Parameters
	4.2 Worm Correction in the Application of Archimedes Hobs
	4.3 Application of Involute Gear-Cutting Hobs
	4.4 Design of Duplex Worm Gears

	5 Modification of Double-Enveloping Worm Gears
	6 Conclusions
	Acknowledgements
	References


