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Abstract. This work is devoted to the research of circular feed devices for a
metal-cutting machine with backlash-free worm gear of increased wear resis-
tance. A spatial model of a rotary table with a gap compensation mechanism as
sliding supports in the integrated CAD KOMPAS-3D environment has been
developed. A design scheme is proposed, and the efforts required to create a
guaranteed hard contact are determined. The effectiveness of the proposed
method for compensating the gap due to the worm displacement relative to the
wheel is substantiated. The phenomena associated with a decrease in the
intensity of wear and arising in the engagement of a worm gear with limitations
on rigidity are investigated. A mathematical model of a two-parameter problem
of optimizing the wear rate using Lagrange multipliers is formed. The concept of
increasing the resource of a mechanical transmission due to the availability of
gapless contact between the worm and the wheel is analyzed. The authors
conclude that using sliding supports will reduce the time for adjusting machine
tools and make the process of manufacturing housing parts more economical.
An analytical apparatus for determining the main parameter of the worm gear by
the minimum wear criterion is created. The assumption about the rational area of
using this design of the backlash-free transmission for the rotary table at low
gear ratios and the use of quadric-thread worms is substantiated.

Keywords: Worm engagement � Workpiece-turning mechanism � 3D model �
Sliding wear � Contact stress

1 Introduction

For automated manipulation of workpieces of various sizes and shapes in multi-
operational CNC machines, rotary and stepping tables of various designs are used [1].
The widespread use of the multi-operational machine is primarily due to the high
concentration of processing at one workplace [2, 3]. In the context of a constant change
in the configuration [4] of machined parts and the use of machines of various standard
sizes, it is promising to design and manufacture a line of rotary tables equipped with
hydromechanical drives [5].

The rotary table has a significant effect on the rigidity of the structure and the
positioning error of the machine. Calculation of the balance of the relative compliance
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of the machine tool carrier system showed that the workpiece and its elastic connec-
tions with the rotary table make up 22% of its total compliance. In this case, loading by
the forces of the nodes’ weight and the forces arising in the processing zone [6].
Simultaneously, the relative compliance of the rotary table reaches 36%. The elastic
connections of the rotary table with the cross table of the machine, on which the
workpiece is mounted, are up to 10% under the same loading conditions [7].

In turn, the parameters of rigidity and positioning accuracy of the rotary table are
formed mainly by the worm gear. As it is known, increased wear and scoring of worm
gears are associated with high rubbing speeds and unfavorable sliding direction relative
to the contact line. The intensity of wear also depends on the value of contact stresses,
which makes the calculation for worm gears contact stresses the main one, and for
bending stresses is performed as a checking one.

The positioning accuracy of the table and the inconsistency of the worm wheel
movement is associated with the presence of engagement gaps caused by their wear
during operation. The misalignment of the rotations of the worm gear elements causes
inaccuracy in the positioning of the machine-forming units. Various design solutions
related to the development of a backlash-free worm gear are used in the machine tool
industry. The direction of research concerns the modernization of the production
technology of worm gear elements and the use of special devices to compensate for the
gaps in the worm gear. The problems with these two approaches to the complication of
both the manufacturing process and the design of the backlash-free worm gear are
related. The influence of such design and technological solutions on the wear resistance
and performance of the table and workpiece feed mechanisms requires additional
research.

2 Literature Review

Several works are devoted to the design and operation of gear mechanisms that
implement the table and workpiece feed movement in the process of shaping and
positioning on CNC drilling-milling-boring machines.

Work [8] is devoted to using various design options for multi-axis rotary tables
with a diameter not exceeding 100 mm. It proposes a design that compensates for the
gap in the worm gear (“Anti-Blacklash Gears” [9]). Compensation by re-adjusting
using adjusting screws to reduce the lateral clearance between the worm and the worm
wheel is carried out. The authors of [8] consider an alternative option - a spring-loaded
worm gear engagement (“Spring Loaded Gear Mesh”). This option, in particular, in the
design of a 5-axis small-sized rotary table in the layout for the vertical machining center
of the Haas OM-2 model is used.

The authors of [10] researched the contact surfaces’ geometry wheel tooth and
proposed a new design solution in the form of a single or double helix to increase the
contact length and, consequently, reduce the level of contact stresses.

It should be noted that the contact interaction of the gears and the structural
component is also influenced by the technological component associated with the
quality of the formation of the gear tooth rear surface. When processing the back
surface of the relief tooth by grinding, it is rather complicated to select the cutting
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mode. In this regard, the ideas of choosing and optimizing the grinding process pre-
sented in [11] are of interest.

The operation of the proposed variant of the gearbox [12] is associated with wear
processes [13] and the probability of breakdowns. For analyzing these operational
phenomena and prevent possible breakdowns, it is rational to use the method of thermal
imaging observation with the Termovision Processing software [14].

In work [15], the problems of CNC machines diagnostics and measurement
accuracy using laser interferometric measuring systems are considered. The assessment
of various types of errors associated with the main shaping movements is given.
A large share of errors associated with the repeatability of dimensions during the
operation of machines is shown. The wear degree of the machine tools drive mecha-
nisms is considered one of the error generators [16].

For the dynamic characteristics and their relationship with the wear of the con-
tacting surfaces, the approach proposed in [17] is interesting. The result of wear is
uneven engagement (with impacts). For reducing the vibration level during separate
and parallel boring and turning tools on a particular processing stand, a mechanism for
introducing additional axial vibrations in the feed direction is proposed. In this variant,
the possibility of decreasing (with axial vibrations of specific parameters) by 3–4 times
the vibrations of the shaping units of the machine is shown experimentally. The
consequence of this increases in the resource of the worm gear and the rotary table as a
whole.

Questions of geometry, kinematics, and thermal phenomena of worm gears with a
cylindrical worm in works [18] The study of contact lines, the curvature of working
surfaces, and localization of contact in works were considered [19].

However, these researches related to worm gears with regulated lateral and radial
engagement clearances [20]. This article presents the results of a backlash-free worm
gear research of increased wear resistance as applied to metal-cutting machines, where
synchronization of the worm rotation and the wheel is required, including when
reversing.

As [21, 22] stated, one of the leading research goals of mechanical transmissions is
developing a three-dimensional working model for studying the geometry for evalu-
ating the ratios of many tooth geometric parameters and visual identification. A method
for creating a gearwheel using the composition of the designer’s toolkit should include
and worm gearing three-dimensional model in the corresponding integrated CAD
systems [23]. The performance of the worm gear also depends on the heat dissipation
and the removal of wear products from the working area using liquid lubricants. In this
regard, an interesting approach is presented in the work [24].

An analysis of the above works showed the directions to improve the performance
criteria of the drive mechanisms for the rotary tables of metal cutting machines are
associated with creating non-clearance engagement worm transmissions and improving
their designs. A large reserve in improvement by searching for the optimal ratio of
transmission parameters to maximize the effective operation of machine tools equip-
ment can be achieved.

Based on the analysis of the problem under consideration, to increase the efficiency
of machine tools with rotary tables, we formulate the following research goal:
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To develop a procedure for finding the optimal design of a worm gear with
increased wear resistance for a rotary table of a machine tool by determining the
optimal ratio of the engagement parameters of this gear.

For achieving this goal, the following tasks have been proposed:

1. To develop three-dimensional models of the rotary table with the non-clearance
engagement of the machine in CAD KOMPAS-3D.

2. Investigate the influence of the input parameters of the worm gear and determine
their optimal ratio in terms of the criterion of maximum wear resistance.

3 Research Methodology

Let us consider designing a specialized multioperational CNC machine of the second
standard size, milling-drilling-boring type based on the MC200PF4 model. The
machine for processing complex housing parts by various cutting methods is intended:
milling, drilling, countersinking, and reaming.

The rotary controlled table in the form of an independent unit mounted on the
machine table in two positions with horizontal and vertical axes, depending on the
surface location is made.

In CAD KOMPAS [7], the 3D model of a rotary table, consisting of more than 300
parts, is built (Fig. 1). When building the model, a specialized application “Shafts and
mechanical transmissions-3D” embedded into the system was used [7]. The computer-
aided design system with applications allows implementation of collective end-to-end
3D-design of products for various purposes [25]. With its help, the whole range of
necessary work is carried out from the initial three-dimensional preparation of the idea
of a new design of the rotary table and detailed modeling of the final product to the
automatic creation of documentation and drawings.

Zeroing of the side clearances in the worm gearing is possible by displacing the
worm in a direction parallel to the axis of the worm wheel, Fig. 2a; b.

Fig. 1. A three-dimensional model of a rotary table with a faceplate: a – general view without
housing; b – the cross-section.
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For realizing this attempt, in the rotary table, on the housing of which there is a
faceplate with a worm wheel fixed on it (the teeth of which engagement with the worm
threads), the possibility of a downward shift in sliding supports is realized (Fig. 2b).

The shift by the number of clearances in engagement and fixation in this position by
springs and clamping screws is carried out. In this case, the engagement of the threads
of the worm with the teeth of the worm wheel will be backlash-free for any amount of
wear of the threads and teeth, as well as during reverse. In this case, both sides of the
worm thread will simultaneously contact the surfaces of two adjacent teeth of the worm
wheel.

For determining the forces acting on the worm, the situation is considered when (at
a specific direction of the circumferential force on the worm Ft1, N), it will tend to
return to an unbiased position. The forces of the springs Fs (N) from the equilibrium
condition of the system of forces are calculated and shown in Fig. 2b.

By the condition of the balance of forces: 2Fs þG ¼ Ft1:

Fs � Ft1 � Gð Þ=2;

where G – the weight of the worm shaft assembly, kg.
After transformations, we get the minimum value of the spring force Fs (N) re-

quired to create a backlash-free engagement:

Fs � T2 �
tg cþu

0� �
d2

� G
2

ð1Þ

where d2 ¼ m � z2 is the pitch diameter of the worm wheel, m; c ¼ arctg z1=qð Þ –
pitch angle of the worm threads, degrees;
u

0
– the reduced angle of friction in engagement, deg.

q – the coefficient of the worm diameter;
T2 – torque on the wheel shaft, N m.

It should be noted that when deriving relation (1), an approximate version of
calculating the efficiency of a worm pair was used: g � tgc=tgðcþu

0 Þ:

Fig. 2. Antibacklash worm gearing: a – 3D model; b – design scheme.
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4 Result

The existing standards defining the parameters of the worm gearing for cylindrical
worms ZA, Z1, ZN are invariant concerning operating conditions: load mode, and
required resource. It means that the choice of the main parameters of the worm gear
(WG) is carried out according to uniform recommendations [20].

At the same time, the difference in the service life – long-term or short-term, like
the loading T2 (N�m) T2 ¼ const or T2 ¼ var in the requirements for dimensions, and
thermal conditions, with the same parameter sets, will lead to different results according
to the performance criteria of the worm gear.

Optimization of the worm gear design with a cylindrical worm according to the
criterion of wear resistance J is a multivariate task. As the variables to be optimized:
the main parameters of the engagement: the number of worms turns z1; the number of
worm wheel teeth z2, and worm diameter factor q (the quotient of reference diameter to
the axial module) are considered.

In this article, the criterion is quantitatively assessed not by its absolute value but in
a comparative aspect − with various combinations of parameters ½z1; z2; q�. For this
reason, a calculation method is adopted here [18], where the wear rate J (N/s) has a
linear dependence on the specific load along the contact line of the working surfaces
and the speed of their sliding:

J ¼ K � pn � VS ð2Þ

where K ¼ const − coefficient of materials wear;
pn − specific load distributed along the contact line, N/mm;
VS − the rubbing speed of the worm thread, m/s.

Expanded expressions for the parameters on the right side of Eq. (2):

pn ¼ Fn=lR;

where lR � 1; 3 � d1=coscW − minimum total length of contact lines, mm;
Fn ¼ ð2 � T2=d2Þ=ðcosan � coscW Þ − normal force in the engagement of the worm
threads with the teeth of the worm wheel, N.
VS ¼ x1 � d1=ð2 � coscW Þ − rubbing speed of the worm threads, m/s.

We introduce new variables: y ¼ q=z2 and s ¼ q=z1, which will allow the three-
parameter function J ¼ Jðz1; z2; qÞ to be replaced by a two-parameter one J ¼ Jðy; sÞ.

After substituting these ratios into Eq. (2) after accounting for aw ¼ f z2; q; T2ð Þ, we
obtain a calculation formula for the wear rate J; which will be a two-parameter
objective function of optimization by the wear resistance criterion:
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Jðy; sÞ ¼ C � ð1þ yÞ �
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2

p
=s; ð3Þ

here C ¼ KH
2:6�cosan �

T2�x1
aW

¼ const; since we are considering worm gears of the same
dimensions ðaW ¼ constÞ; load level ðT2 ¼ constÞ and initial kinematics ðx1 ¼ constÞ:

Thus, the task is reduced to the fulfillment of the condition: Jðy; sÞ ¼ min:
To minimize a function of two variables Jðy; sÞ, we will use the Lagrange multiplier

method to optimize two-parameter functions. The equation of connection g ¼ g y; sð Þ ¼
0 between the optimization parameters y and s based on the following relationships are
obtained:

s ¼ q=z1 ¼ ðq=z1Þ � ðz2=z2Þ ¼ ðq=z2Þ � ðz2=z1Þ ¼ y � u: ð4Þ

Whence it follows that:

gðy; sÞ ¼ s� y � u ¼ 0: ð5Þ

Lagrange function L ¼ Lðs; yÞ: L ¼ Jþ k � g;
after substitution in it L and g from formulas (3) and (4), takes the form:

L ¼ C � ð1þ yÞ �
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2

p
=sþ k � ðs� y � uÞ; ð6Þ

here k − the unknown constant of the Lagrange function.
According to the Lagrange method, we compose a system of three equations:

@L=ds ¼ @J=dsþ k � @g=ds ¼ 0;
@L=dy ¼ @J=dyþ k � @g=dy ¼ 0;
@L=dk ¼ g y; sð Þ ¼ 0:

ð7Þ

In expanded form, system (6) will be written as follows:

C � 1þ yð Þ � 2 � s� s2 � 1ð Þ= s2 � ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2

p� �þ k ¼ 0;
C � ffiffiffiffiffiffiffiffiffiffiffiffi

1þ s2
p

=s� k � u ¼ 0;
s� y � u ¼ 0:

ð8Þ

As a result of solving the system of Eqs. (7), the optimal value of one of the varied
parameters was obtained:

y ¼ yðuÞ ¼ �1=ð2� uÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=ð2� uÞ2 þ 1=½u � ð2� uÞ�

q
; ð9Þ

(the second root for y having a minus sign in front of the root is discarded since, for any
gear ratios, it gives deliberately unacceptable values concerning power worm gears).

Another variable parameter − s is obtained using the constraint Eq. (4)
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s ¼ sðuÞ ¼ u � y ¼ u � f�1=ð2� uÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=ð2� uÞ2 þ 1=½u � ð2� uÞ�

q
g: ð10Þ

The objective function JðsÞ graph and graphical dependence of the variable parameter y
on the gear ratio u: y ¼ y uð Þ – formula (9) is shown in Fig. 3. The function s ¼ s uð Þ is
easy to construct from the obtained values y using the constraint equation s ¼ u � y or
directly from the formula (10).

For the convenience of calculating values y at different gear ratios, the graph
y ¼ yðuÞ (Fig. 3) is approximated by a power law: yðuÞ � 1:05 � u�0:69; wherein
approximation error less than 1%. The numerical values of the parameters according to
the criterion of working capacity are systematized in Table 1.

5 Conclusion

Thus, the modernized design of the rotary table of metal-cutting machine tools of the
boring-milling-boring type using a backlash-free worm gear is proposed. A schematic
diagram of a worm gear with a gap compensation mechanism when operating in the
form of spring-loaded sliding bearings has been developed.

Fig. 3. Objective function: Curve notation.1: u ¼ 8; 2: u ¼ 20; 3: u ¼ 40; 4: u ¼ 63.

Table 1. Choice of parameters y; s; q.

u z1 y s q

8 4 0.25 2 8
10 4 0.18 1.8 7.1
12.5 4 0.13 1.66 6.3
16 4 0.1 1.55 6.3
20 2 0.07 1.46 No
25 2 0.06 1.4 Standard
31.5 2 0.04 1.34 q
40 1 0.03 1.29 No
50 1 0.03 1.25 Standard
63 1 0.02 1.22 q
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A three-dimensional model of the assembly rotary table structure of the machine
was built using the specialized application “Shafts and mechanical transmissions-3D”
in CAD KOMPAS-3D. The efforts required to create a guaranteed hard contact have
been determined.

The problem is formulated, and a mathematical model for optimizing the design of
the worm gear elements by the criterion of wear resistance is built. The efficiency of
representing this problem as a two-parameter task is shown by introducing derivatives
of variables and solving it using Lagrange multipliers.

The research of the transmission's main parameters influence on the level of wear
resistance was carried out. It is shown that the optimal values of the worm diameter
coefficient at which the minimum wear rate is ensured. The condition of sufficient
rigidity of the worm shaft is considered as a limitation.

The optimal values of the worm diameter coefficient q (and hence associated with it
z1 and z2), at which the minimum intensity of wear J ¼ min is ensured, have been
determined. The minimum is reached for small gear ratios u � 8:::10, which corre-
sponds to worms (z1 ¼ 4).

The development of research in optimizing the worm gearing wear rate assumed in
the direction of creating such a backlash-free worm engagement, in which the gap
compensation will be carried out by compressing the springs and using sliding bearings
of a new design.
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