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Abstract  

In this paper, the design of the machine rotary table with a kinematic worm gearing is research. A three-

dimensional model of the rotary table assembly structure and the stress-strain state of the worm by the finite 

element method are researched. Optimization of the worm gearing design with a helicoidally worm as a 

multivariate problem of optimizing the total minimum length of contact lines in a worm engagement is 

presented. A feature of this article is the search for such a combination of worm gear input parameters that 

optimize the characteristics of contact lines by the criterion of minimum contact stresses. As a limiting factor 

for the criterion of contact length, the coefficient of oscillation within a certain average value obtained 

experimentally is taken. The nature of the extremal function of the contact length depending on the values of 

the variable’s derivative reflecting the influence of the number of worm threads and gear ratio is investigated. 

The effect of the shifting coefficient with the optimal search for the maximum contact length within the 

standard values of the worm diameter coefficient is shown. An algorithm and an analytical form for the 

development of a more advanced worm gearing with increased efficiency are proposed. 
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1. INTRODUCTION  

 

 In the modern machine-tool industry, the 

proportion of multifunctional metal-cutting 

machine tool complexes realizing the production of 

various designs with complex form-forming 

movements is increasing. Increasingly, additional 

modular equipment expanding technological 

capabilities is being used – various types of tool 

storages, overhead rotary tables, and spindle heads 

with integrated precise positioning units. A variety 

of periodic rotation devices with subsequent 

fixation of the location of the forming units are 

widely used in modern CNC machines and machine 

complexes [1, 2]. 

 The quality of products depends on the accuracy 

of the main forming movements [3]. In a wide 

range of drilling, milling and boring machines, 

fairly standardized designs of rotary tables are used. 

The efficiency of their use is limited by the 

magnitude and direction of the applied load in the 

cutting zone, as well as the layout in the kinematic 

structure of the machine, including the direction of 

the rotation axis and location relative to the main 

drive and spindle heads of the milling machine. In 

turn, the quality of manufactured parts processing 

depends on the rotation speed of the table and the 

accuracy of fixation in the working position. 

 The magnitude and direction of the force 

determine the rigidity of the rotary table structural 

elements that perceive them. The layout of the table 

as part of the equipment, as well as the necessary 

speed of its rotation and fixation, significantly the 

type of drive is determined. The accuracy of the 

table fixed position determines, first, the design of 

the locking mechanism. Rotary tables can have the 

following types of drive: mechanical 

(electromechanical), hydraulic and combined. In 

machine tools, the most common is an 

electromechanical worm gear drive. 

 Used machine dividing worm gears of 6-7 

degrees of accuracy can be performed with both 

adjustable and unregulated center distance. 

Moreover, in both cases, the most objective 

indicator of the quality in the transmission is the 

total tooth bearing with normalization along with 

the height and length of the teeth. Moreover, an 

increase in the size of the tooth bearing leads to an 

increase in the load capacity and operating life of 

the transmission. In turn, the tooth bearing is 

associated with the parameter of the contact lines 

length in the worm engagement. 

 Design and modernization of the structure of 

the rotary tables with drive worm gears in various 

computer-aided design systems are carried out [4]. 

Given the specifics of the products under 

consideration, the availability of regulatory design 

documentation is promising the use of 

CAD/CAM/CAE KOMPAS-3D [5-7]. 
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2. LITERATURE REVIEW 

 

 Various designs of rotary tables are considered 

in [8–11]. In [8] an analysis of many design options 

for the implementation of five-axis rotary tables 

with dimensions not exceeding 100 mm was made. 

It is noted that the construction in which the 

clearance in the worm gear is compensated (“Anti-

Backlash Gears” [9]) is promising. Adjusting 

screws as a pre-adjustment mechanism to 

compensate for the lateral clearance between the 

worm and the worm wheel are used. Another 

interesting option is to use a spring-loaded worm 

gear (“Spring Loaded Gear Mesh”) [10]. This 

version with a pre-loaded spring is introduced in the 

pilot design of a 5-coordinate small-sized rotary 

table for the Haas vertical machining center of the 

OM-2 model. 

 In [11], a new drive in the structure of a rotary 

table is proposed. An unconventional transmission 

based on a roller-cam mechanism including a 

globoid cam with a unique profile and a special 

roller mechanism is proposed. Moreover, the 

creation of backlashless engagement with preload at 

the assembly level of the structure under 

consideration is carried out. In contrast to the 

design discussed above [8], such roller-cam 

mechanisms can serve as a drive device in rotary 

tables of various dimensions from 100 to 1500 mm. 

However, under heavy loads during wear of the 

rotary mechanism elements, compensation of lateral 

gaps in the engagement zone is necessary. 

 In [12, 13], an analytical approach for static and 

dynamic analysis of a rotary system, as well as for 

ensuring its vibration reliability were proposed. 

Additionally, in [14], an analysis of the gear tooth 

gearing by the specific module for equipment was 

presented. Moreover, in [15], the implementation of 

artificially intelligent systems for the fault 

diagnostics of technical systems was realized. 

 In the reversing mechanisms of machine tools 

and machine tool complexes, the use of classical 

mechanical transmissions, such as a worm 

transmission, is difficult due to the problem of strict 

synchronization of rotations of the driving and 

driven shafts [16, 17]. This situation occurs during 

the reverse movement of the worm when the driven 

worm wheel is stationary for a certain period. 

Inconsistency of the worm wheel movement is 

associated with the presence of gaps in the 

engagement. The mismatch of the worm 

transmission elements rotations causes inaccuracy 

in the positioning of the machine rotary table. 

Analyzing the methods of clearance-free gearing 

implementation, two approaches can be 

distinguished: the first with the search for a new 

technology for the production of worm gear 

elements is connected; the second involves the use 

of special devices to compensate for gaps in worm 

engagement. The problems present in these two 

approaches to the complication of both the 

production process and the design of gapless worm 

engagement are related. 

 There are several problems associated with the 

analysis of the engagement zone [18, 19, 20], which 

are characteristic of various types of mechanical 

gears (spur, helical, bevel, worm, etc.). Large-scale 

researches of the various types of mechanical gears 

designs in developed computer-aided design 

systems and authoring specialized software are 

carried out. So, in the ABAQUS program 

environment, dual-part gearing research was 

conducted, aimed at modelling and determination 

of contact stresses on the lateral surfaces of teeth 

(tooth flank) and bending stresses at the tooth root 

[21]. The author emphasizes that the level of 

bending stresses in the tooth root on the side 

opposite to the applied load is two times lower than 

in the case of contact stresses on the flanks of the 

mating teeth, which corresponds to the gearing 

theory. Of interest are also the author’s two 

specialized subprograms [22] as part of the 

ABAQUS program. The latter allows importing a 

3D model from other CAD systems (in this case, 

from CATIA software). The proposed routines 

make it possible to evaluate the level of contact 

stresses, the pressure on the lateral surfaces of the 

tooth and the size of the tooth bearing, and 

therefore the length of the contact lines. 

 The paper [23] is devoted to the creation of 

solid models of bevel drive gearwheels in an 

Autodesk Inventor environment and the modelling 

of the main engagement parameters. The authors 

developed a new method for determining the 

contact line and the line of bevel gears engagement. 

To this purpose, the design of the gearbox by 

adding element in the form of a sphere with a small 

radius relative to the pinion was modified. During 

the research, a procedure was proposed for 

generating the contact path and the line of 

engagement with preliminary determination (on the 

complex shape of the contact surfaces) of the 

central point’s geometric parameters of the tooth 

bearing. 

 As [24] rightly claims, one of the research main 

goals of mechanical transmissions is to create a 

working 3D model for analyzing contact geometry, 

visual identification, and evaluating the ratios of 

many tooth geometric parameters. The composition 

of the designer’s toolkit should include a method 

for creating a gearwheel three-dimensional model 

in the corresponding integrated CAD systems [4, 6, 

7]. 

 An analysis of the above works showed that 

research directions to improve the performance 

criteria of the drive mechanisms for the rotary 

tables of metal cutting machines are associated with 

the creation of gapless worm transmissions and the 

improvement of their designs. A large reserve in 

improvement by searching for the optimal ratio of 

transmission parameters to maximize the effective 

operation of machine tools equipment can be 

achieved. 
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 Based on the analysis of the problem under 

consideration to achieve a more efficient 

functioning of machine tool machines with rotary 

tables, we will make the following statement of the 

problem: 

 To develop a search procedure for the optimal 

design of the worm transmission for the machine 

rotary table by determining the optimal ratio of the 

main gearing engagement parameters. 

 To achieve this goal, the following tasks are 

proposed: 

1. To develop 3D models of the machine tool’s 

rotary table using CAD KOMPAS-3D with the 

built-in application “Shafts and mechanical 

transmissions-3D”. 

2. To research the effects of the worm 

transmission’s input parameters and determine 

their optimal ratio from the standpoint of the 

performance criterion. 

 

3. CREATION OF THE 3D MODELS FOR 

DRILLING-MILLING-BORING 

MACHINE ROTARY TABLE 

 

 As a design object, we consider a specialized 

multi-operational machine with CNC of the 

milling-drilling-boring type second standard size 

based on the model SVM1F4. The machine can 

process vertical, horizontal, and inclined planes, 

shaped surfaces, holes, grooves by various 

technological methods: milling, drilling, 

countersinking, and reaming. 

 For the automated manipulation of workpieces 

and cutting tools of various sizes and shapes in this 

machine, additional modular tooling as part of the 

feed drive, which allows implementing a large 

number of different technological operations 

without remounting the machined parts is used. In 

the context of the production of an increasing 

number of machine tool sizes and constant changes 

in the configuration of workpieces, the design and 

manufacture of a rotary tables line equipped with 

hydromechanical drives are promising [25, 26]. 

To analyze the design operability and select the 

optimal design [27, 28] for the rotary table of the 

CNC machine tool model SVM1F4.  

Requirements for rotary tables:  

- high (up to 2 µm) accuracy of positioning of a 

rotary table when using correction systems; 

- accuracy of reversal, for providing dynamic 

compensation of errors; 

- implementation of the minimum (up to 5 µm) 

pulse displacement. 

To solve the problems of modelling modified 

machine tool structures, it is effective to use the 

integrated CAD KOMPAS-3D using the 

specialized application "Shafts and mechanical 

transmissions-3D". This system can serve as a 

platform for creating a specialized application for 

the design of workpiece turning mechanisms on 

metal cutting machines. A 3D model was created in 

KOMPAS-3D CAD system, consisting of more 

than 300 parts (Fig. 1).  

 

a)  

 

b)  

 
c)  

 

d)  

 

Fig. 1. A three-dimensional model of a rotary table with a faceplate: a – general view with the option  

of transparency; b – worm transmission; c, d – sections of the worm gear with a special bearing 
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The rotary controlled table (Fig. 1) is made in the 

form of an independent unit mounted on the 

machine corner table in two positions with a vertical 

and horizontal axis, depending on the location of the 

surface being machined. 

The table consists of a housing in which a worm 

pair is located, transmitting movement from a high-

torque engine to an actuating element – a faceplate 

(Fig. 1, a). The rotary table is controlled using a 

CNC through a circular inductosin PUI-18A. The 

rotation of the faceplate at a given angle is 

controlled by an optical sensor mounted on the 

vertical axis of the rotary table. The fastening of 

parts to the rotary table by T-grooves located on the 

faceplate is made. Changing the working speed of 

the rotary table faceplate is smoothly in the range 

from 0.1 to 3.5 min-1, accelerated movement is 6.5 

min-1. In the case of a rotary table with a horizontal 

axis, a tailstock is used to maintain the cantilever-

located part. 

The main mechanical transmission that 

determines the reliability of the feed drive is a worm 

transmission. In the environment of KOMPAS-3D, 

the design was carried out and a three-dimensional 

model of worm gear elements was created (Fig. 1). 

For this, the special application “Shafts and 

mechanical transmissions-3D” [29, 30] was used. To 

increase the accuracy of the worm wheelbase in the 

rotary table drive, it is not enough to use only one 

conical seating surface (Fig. 1, d). It is also 

necessary to provide for based on the end surface. 

To ensure the synchronization of the worm and the 

wheel, the design of the gapless worm gear is used. 

For a more complete description of the stress-

strain state of the designed worm transmission, the 

finite element method in the APM FEM module was 

used [31, 32, 33]. Using this module, the stress-

strain state of arbitrary geometric shape objects 

under arbitrary loading and fastening is calculated 

(Fig. 2). 

When simulating the parameters of contact 

interaction in the APM FEM module, an uneven 

distributed load in the worm-worm wheel contact 

zone. In this case, the distribution law is used with 

the maximum loading values at the root of the worm 

thread is specified. 

In the process of researching the worm gear in 

the APM FEM module, equipped with a finite 

element mesh generator, included in the CAE library 

[31], a finite element mesh was constructed (Fig. 

2a), with the number of finite elements 11515, and 

the number of nodes for rod elements more than 

3000. When choosing the partition characteristics of 

various worm sections (flat finite elements of 

arbitrary shape “fit” into these sections), an adaptive 

partition in the form of an uneven grid was used. 

This allows for a more accurate fit of finite elements 

into complex cross-sections. First, this refers to the 

engagement zones on the flanks of the worm tooth 

and the tooth root. 

In the APM FEM system, each finite rod element 

includes two nodes that have 6 degrees of freedom. 

The interaction of finite elements with each other is 

realized through their nodes, taking into account that 

a stiffness matrix is formed, the solution of which 

reduces to solving a system of algebraic equations. 

A joint solution to the system of equations is the 

magnitude of the stresses (Fig. 1, b) and the 

magnitude of the displacements (Fig. 1, c). The 

calculation of the rod elements taking into account 

all stress concentrators is carried out. This allows to 

more accurately determine the magnitude of the  

current stress. 

During the design process, matching faces are 

determined (for FE analysis of the assembly); FE 

mesh generation by the MT Frontal method (using 

processor multicore); calculation and viewing of 

results in the form of stress and displacement maps 

is performed. Within the framework of the APM 

FEM module, all of the above actions were carried 

out and received: 

- Mises equivalent stress fields (fourth strength 

theory), presented in Fig. 2b; 

- fields of displacements (Fig. 2, c) on the set of 

sections of the worm.  

 

 

 

 
a 

  
b c 

 
Fig. 2. Finite-element analysis of the worm: a – finite-element mesh, supports, and loading; b – stress fields; c – 

displacement fields 
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4. RESULTS AND DISCUSSION 

 

The optimization of the worm gear design with a 

helicoidally worm [29, 34, 35] is a multivariate task, 

the solutions of which in its various statements are 

given in [16, 17]. Combinations of numerical values 

of the engagement parameters: the number of worm 

threads 1 ,z  the number of worm wheel teeth 2z  and 

the worm diameter factor q  (the quotient of 

reference diameter to the axial module) which 

depend not only on the gear ratio u  but also on what 

performance criterion is set as the main one. The 

shape and length of the contact lines of the worm 

gear significantly affect the reliability of its 

operation, including indicators such as contact 

endurance and wear resistance of the wheel teeth 

working surfaces. In addition, since contact stresses 

H  are interconnected with the indicated criteria, its 

values are largely determined by the total length of 

the contact lines in engagement L . Moreover, as is 

known from the contact problem of G. Hertz, the 

value H  is inversely proportional L , which in 

the process of worm gearing varies from minL  to a 

certain maximum value maxL . The calculation H

is based on the total minimum length minL L = , 

since in this phase of engagement maxH H =  . 

Therefore, minimization H  is associated with the 

possibility of obtaining the maximum possible value 

minL  for the given transmission parameters. 

If the shape of the contact lines mainly depends 

on the type of worm (these are standard ZA, ZJ, ZN, 

ZT, as well as worms with new original profile), 

then the length of the contact lines for the same type 

the worm varies depending on a combination of 

numerical values of transmission parameters such as 

1 2, , .z z q  

The article presents the research results of the 

influence of parameters 1 2, ,z z q  on the total 

minimum length of contact lines minL  in the field 

of engagement of the worm gear with the standard 

original contour of the worm. 

The initial dependence for minL : 

min 1

2

360 cos

SL d

 
=   


                (1) 

 

where 1d m q=   – reference diameter of the 

worm; 

2

1

arcsin
0.5a

b

d m

 
 =  

−  
 – the conditional angle of 

contact; 

2 10.75 ab d   – min / 0.75avgL L
 =   – the worm 

wheel face width; 

min / 0.75avgL L
 =   – coefficient taking into 

account the fluctuation L  from minL  to a certain 

average value ;avgL  

2 2 2

2 2 2cos sin (1 ) / sin

cos

a

S

r r r m x

m

−   −   +  − 
 =

  
 – 

the overlapping coefficient in the mean end plane of 

the worm wheel, [6]; (here it is accepted 
020 =  – 

the angle of the threads on the diameter 1d ). 

After substituting the parameters, included 

inequality (1), the calculated dependence for takes 

the form: 
 

min min ( ,  ) 4 1 2.8 ,L L m q m q x =    + −        (2) 

 

here 22 / ( )Wm a z q=  +  – gearing module; x – 

worm-shifting coefficient. 

 We introduce a new variable 1/s q z=  and 

substitute it into equation (2). As a result, the two-

parameter function min min ( ,  )L L m q =  is replaced 

by the equivalent one-parameter function 

min min ( )L L s = : 

 

1

min min

1

1 2.88
( ) ,W

s z xa
L L s

z u s
 

 + − 
= = 

+
     (3) 

 

 where 2 1/u z z=  – gear ratio. 

We search for optimal values [ 1 2, ,z z q ] 

corresponding to the value min ( ) maxL s =  using a 

variable 1/s q z= , for which we examine the 

function (3) for extremum: 
 

'

1min

1

1 2.88( )
0.W

S

s z xadL s

ds z u s


  + − 

=  = 
 + 

  (4) 

 

 The result of solving equation (4) is the 

dependence: 

 

1
1

1

5.6 2
( ,  ) ,

z u x
s s z u

z

 +  −
= =            (5) 

 which gives the values of the variable s at which 

the total minimum length of the contact lines (lines 

of action) of the worm gear will be maximum, i.e. 

min ( ) max.L s =  

The plots min min ( )L L s =  for 1 1, 2, 4z =  are 

presented in Fig. 3. It can be seen from them that 

function (3) has extremum that corresponds to 

values min ( ) maxL s =  for various s. 

 However, extreme values s at which 

min ( ) max,L s =  are not acceptable for worm gears 

with standard values 6.3...24q =  [34]. So, for curve 

1 ( 1 1z = ), the point of the function min ( ) maxL s =  

falls on 1/ 50.s q z= =  It follows that: 
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1 50 1 50,q s z=  =  =  

 

which is more than two times the maximum 

24,q =  stipulated by the standard [34]. 

 The same picture takes place on curve 2, 

constructed for 1 2z =  and curve 3 - for 1 4,z = Fig. 3. 

Optimum values: 
opts s=  and for 

1,opt optq q s z= = 

which the theoretical length of the contact lines are 

given in the table: 

 
Table 1 

1z  1 2 4 

opts  50 25 12.5 

optq  50 50 50 

 

 
Fig. 3. Dependency minL  on variable 

1/ :s q z=  Curve 1: 
1 1;

50.

z

u

=


=
 Curve 2: 

1 2;

25.

z

u

=


=
 Curve 3: 

1 4;

13.

z

u

=


=
 

 

 The shifting coefficient x, which has a noticeable 

effect on the length of the contact lines min ,L  does 

not significantly change the s value, at which 

min ( ) max,L s =  Fig. 4.  

 

 
 

Fig. 4. The effect of the shifting coefficient x 

on the value min :L  curve 1 ( 1);x = − curve 2 

( 0);x =  curve 3 ( 1)x = +  

 

The function graphs min min ( )L L s =  for dual 

lead worms ( 1 2z = ) at various shifting coefficients x 

are plotted. The graphs show that for 23...27,s   

those in the area 25,opts =  the change minL  for 

each of the values of x = [ 1; 0; 1]− + is very small 

(less than 1%). On the other hand, as x increases 

from 1−  to 1,+  the total minimum length of the 

contact lines minL  decreases markedly. So, for 

1 2z =  and 9s =  (this corresponds to 

1 9 2 18,q s z=  =  =  that within the standard q ), 

when passing from curve 1 ( 1x = − ) to curve 3 (

1x = + ), Fig. 4, the value minL  decreases by almost 

30%. Thus, negative x values from min ( ) maxL s =  

an achievement point of view are preferred. 
 

5. CONCLUSION 

 

 The design of the rotary table of drilling, milling 

and boring machine tools with a modified worm 

transmission has been developed. The complex of 

3D models of the rotary table, including more than 

300 parts, is built in the environment of the 

integrated CAD KOMPAS-3D using the specialized 

application "Shafts and mechanical transmissions-

3D". The use of geometrically complex graphic 

primitive’s characteristic of worm gearing allows 

increasing the productivity of the designer by 1.3 ... 

1.5 times. The research of the stress-strain 

characteristics for the worm in the APM FEM 

module with an adaptive finite element mesh 

generator on the flank surfaces of the tooth and its 

root is realized. Fields of stresses and displacements 

were constructed to visualize the distribution of 

deformations in the contact zone of the worm and 

the worm wheel under conditions of unevenly 

distributed load, with an increase in the worm's 

thread in the root zone. The results of the study for 

the parameters 1 2, ,z z q  influence the total 

minimum length of contact lines minL  in the field 

of the worm gear engagement with the worm 

standard initial contour are presented. A 

mathematical model for the dependence of the 

minimum length minL  on the engagement 

parameters is constructed. A new variable 1/s q z=  

is introduced, and the optimal values  10 20 0, , ,z z q  

that return the optimum minL  are found. It is shown 

that to obtain standard (permissible) values 24,q   

of the worm diameter factor, it is necessary to 

change the shifting coefficient x in the range from 

1−  to 1+  and negative values are preferable from 

the standpoint of maximization min .L  As a result, 

the contact stresses H  in the engagement and the 

wear rate of the worm gearing working surfaces 

decrease. The dependency graphs ( )minL f s =  are 

constructed and it is proved that for a dual lead 

worm when passing from 1x = +  to 1x = − , the 

value minL  increases by almost 30%. 
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