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Abstract

In the article the variety and importance of the shape of worm profile in worm gearboxes are highlighted. Highlights the
benefits of using concave worm profiles. The common methods of shaping the worm coil are presented paying attention on
the limitations on the freedom of their shaping. The mathematical description of the profile of worm coil shaped by disc-type
tool is demonstrated. It draws attention to the great popularity of tools with an easy-to-prepare outline (linear, circular). It
presents sample worm profiles for variable tool geometry. Strong effect of the worm and tool parameters on the obtained
profile is presented. It highlights the problem of uneven machining allowance in subsequent worm coil shaping operations
using different tools. It draws attention to modern possibilities that improve of worm coil machining process.
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Streszczenie

Artykul zwraca uwage na r6znorodno$¢ i znaczeniu ksztaltu zarysu zwoju w przektadniach slimakowych. Podkresla korzysci
wynikajace ze stosowania wklestych zarysow zwoju slimaka. Omawia powszechne metody ksztaltowania zwojow Slimaka
zwracajac uwage na ograniczenia w swobodzie ich ksztaltowania. Przedstawia matematyczny opis zarysu zwoju slimak
ksztattowanego narzedziem krazkowym. Zwraca uwage na duza popularnos¢ narzedzi z zarysem tatwym do przygotowania
(liniowy, kotowy). Prezentuje przyktadowe zarysy zwoju slimaka dla zmiennej geometrii narz¢dzia. Pokazuje duza zaleznos¢
uzyskiwanego zarysu od parametrow Slimaka i narze¢dzia. Podkresla problem nierdwnomiernosci naddatku obrobkowego
w kolejnych operacjach ksztattowania uzwojenia z wykorzystaniem odmiennych narzedzi. Zwraca uwage na wspotczesne

mozliwosci usprawniajace proces obrobki uzwojenia.

Stowa kluczowe: zarys slimaka, narzgdzie krazkowe, obrébka zwoju slimaka

1. Introduction

The profile of each type of screw surface is the
substantial factor that influences on the operating
parameters. Taking into account the worms one may
find many varieties of profiles that are defined directly
or by the tool profile usage. The definitions of
individual worm profiles are specified in the standard
(ISO/TR 10828:2015). The most popular from the
group of profiles defined directly is the profile

rectilinear in the axial section (Archimedes). In this
group of profiles there are also profiles that are
rectilinear in the normal section, circular-arc profiles
or involute. In the case of profiles defined by the tool
profile, the obtained profile of worm coil is variable
and additionally depends on the other parameters such
as the type of tool, its size and setting. Wide variety of
profile shapes resulted in the individual approach to
shaping of each profile. Then such requirements lead
to the longer processing times and higher costs. The

This is an Open Access article distributed under the terms of the Creative Commons Attribution License CC BY 4.0

(https://creativecommons.org/licenses/by/4.0/)



30

L. Skoczylas

profile shape of screw surface of coil influences the
performance characteristics of the worm gearbox. The
concave profiles of worms allow to obtain grater load
capacity and efficiency of the worm gearbox (Gyenge
at al. 2014). Gears with a concave worm profile are
characterized by about 10% higher efficiency. This is
confirmed by the catalog data of the gear
manufacturers (Cavex 2025, Kacperek 2025). This is
also confirmed by the research presented in the study
(Skoczylas et al. 2017).

For the worm coil machining turning tools, cutters
and grinding wheels are used. Usually, the machining
is realized with application of tools with the rectilinear
profile. This is result of their ease of shaping. It is quite
common that the coarse machining is realized with the
usage of the tool with the rectilinear profile deviating
from the final shape. The target shape is obtained with
the shaping tool or other type of tool at the stage of the
finishing process. As a consequence the irregularity of
surplus left for the finishing is obtained and it leads to
the greater wear of the finishing tool (Kacalak et al.
2015). In the case of turning tool the adequate setting
of the tool allows to obtain different shapes of coil
profile. In the article (Skoczylas 2010) various worm
profiles were presented came from the setting of the
turning toolwith the rectilinear blade. After the
peripheral machining with the rotary tools with the
rectilinear profile (conical) usually the convex profile
of worm coil is achieved. Only in case of the mandrel
tools and because of their adequate setting the concave
profile of worm coil is possible to shape. The example
of such result is presented in the article (Skoczylas at
al. 2016). Certain capabilities of free shaping the
profile of worm coil allows the point method of
machining. The authors of articles (Boral at al. 2022,
Boral at al. 2018, Golebski at al. 2021) presented the
technique of shaping the winding with the ball mill
with step by step method. Similar effect may be
obtained with application the CAD/CAM environ-
ment. The example of such machining is presented by
authors of article (Kawasaki at al. 2023) that was
applied to the worm gearbox of big dimensions.
However, this requires the development of a CAD
model with the known profile and machining
technology in CAM system. A similar processing
method was presented by the authors (Kawasaki at al.
2019) only for a different worm profile. Quite common
machining of worms is the processing with the disc-
type tool because of its efficiency. It refers to the tools
such as the mill or grinding wheel. With this method
the cone-like worms ZK1 are shaped. The suitable
setting of the disc-type grinding wheel allows to shape
the involute worm ZI too. In each case the
mathematical description of the shaping is the complex
problem. Authors of article (Kral at al. 2013) present

the description in relation to worms of type ZI. For the
same group of worm authors of (Tsai at al. 2023)
demonstrate the description of machining according to
the method used for the cylindrical gears. Primarily
they underlined the efficiency of this method. The
mathematical description and analysis of worm
profiles shaped by cone tool is presented in (Fang at al.
1996). With the usage of the matrix calculus and
numerical methods it possible to model the machining
of worm coil with the disc-type tool of any profile.
This approach allows for the analysis of the profile
shapes of the worm coil formed with different tools. It
can solve the problem of unevenness of the allowance
left for subsequent stages of coils formation. It also
allows for the assessment of the influence of tool wear
on the accuracy of the worm coil shape.

2. Mathematical description of worm profile
shaped with a disc-type tool

Kinematics of shaping the screw surface of the
worm with application of the disc-type tool is pre-
sented in Fig. 1.

Fig. 1. Kinematic system of shaping the worm with the disc-type
tool, where: an— distance between worm axis and tool, yw,
wn — rotation angles of tool system, @2 — rotation angle of worm

The tool axis is in a distance from the worm axis
of magnitude ayand also there are defined two angles
v and oy between the tool and the worm axes. The
winding is shaped as a result of the relative rotational
and progressive motions of the tool and the worm.
Shape of screw surface is described by the known tool
surface and it is precisely by the contact line of the tool
and the worm. Considering the kinematics of shaping
in this case, the equation of group of surfaces
interaction of the tool in the worm system is described
by the formula (1):
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Assuming that the torsion angle yn is equal to
angle of the screw line y, the equation (1) in the
function of the tool surface coordinates is presented
below (2):

x, = xy(cos @, cos @y, +sin @, sin ysin @, )+ yy sin g, cos y +
+zy(cos @, sin @y, —sin @, sin y cos wy )+ ay cosp,
V) =Xy (— sin @, cos @, + cos @, sin ysin w,, )+ Yy COSQ, COSY +
+z(~sin g, sin @y —cosg, siny coswy, )—ay sin g,

z, =xy(—cosysinmy )+ yy siny +z cos y cos —pz—sz

Due to the linear contact of the tool and shaped
worm except the geometrical description of the tool
surface is also the problem with the contact line.
During shaping the worm the contact line fulfil the
basic condition of interlocking (3):

nt,+nyt,+nt =0

where: ny, n,, n. — components of the vector in normal
direction to the surface; #, f,, . — components of the
tangent vector.

The scalar product of vectors normal and tangent
to the surface (3) is the auxiliary equation in
calculation of the coordinates of the contact line. It
necessary for calculations of coordinates of the screw
surface.

The tangent vector may be determined from the
kinematics of the worm shaping. It comes from the
relative motion of the tool system xpyazyand the worm
systemx;)>z> The equation describing the systems
interdependence of the tool and the worm is described
below (4):
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The differentiation equation (4) with respect to
g@sparameter and presenting the coordinates from the
worm system by the coordinates in tool system, the
components of tangent vector are obtained (5):
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With proper transformation the final description
components of the tangent vector is obtained and
presented below (6):

t, ==Yy COSWy COSY+2zysiny+aysinw,siny— 52
' T

sinw,, cosy

t, =Xy COSMy COS Y +2y COSySin @y +ay cosy + 5;

sin y

t, ==Xy siny—y, sinw, cosy —a, cos@y siny+§—;cosa)N cosy

The components of the tangent vector depend on
the coordinates of tool surface. Basing on the equation
of the tool surface the components of the normal vector
are also calculated. There are the determinants of
individual differentiators of the surface coordinates
with respect to its parameters.

The parameters describing the disc-type tool
surface are presented in fig. 2.

Fig. 2. Geometry of disc-type tool, where: by — normal width of
the tool, dv — normal diameter of the tool, ax — normal angle of
the tool profile, u — parameter of the tool surface described in
axis xn, £— rotation angle about zv measured from plane xnznv

The normal width by, normal diameter dy and
angle of tool profile an (Fig.2) are described on the
pitch diameter of the worm. The normal profile of the
tool in the axial section may have any shape. Using the
polynomial function for the profile description, the
general equation of the tool surface in parametric form
is presented below (7):

Xy =ucosé

Yy =usiné

— 2 n
Zy =dy+autau” +..+a,u
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Arbitrary tool profile enables shaping any screw
surface of the coil. Presented formulas allows to
describe the worm profile that is shaped by disc-type
tool with arbitrary profile.

3. Effect of the tool geometry on the profile
of worm coil

Very popular tool profile is the rectilinear profile.
With such profile the tool is in shape of a cone and the
formed screw surface of the worm is so cold the cone-
like surface ZK1. For visualization the shape changes
of the screw surface of the coil the calculations in the
function of selected parameters were conducted. The
obtained results were presented in the form of the axial
profile of worm coil. To compare the results some
parameters were assumed to be constant. These para-
meters are: axial modulus of worm — 5 mm, diameter
coefficient — 10, height coefficient of coil head — 1,
height coefficient of coil foot — 1,2. Other parameters
were assumed as the variable and according to them
the characteristics were made. Number of coils in the
calculations were presumed to 1, 2, 4 and 6. Nominal
profile angle of the tool were established to 20°.
Nominal tool diameter values were equal to: 100 and
200 mm. Nominal width of the tool by also effect on
the profile shape. Value of by was described as a half
of the pitch of the worm coil in normal section. The
calculation results for a single-coil and six-coil worm
are presented in Tables 1 and 2. For a better visuali-
zation of the shape of the worm coil profile, the results
are presented in Figure 3. In this case, 2- and 4-coil
worms were additionally taken into account.

Based on Tables 1 and 2 and Figure 3 may
conclude that the greatest effect on the coil profile is
from the number of worm coil. Increase in this
parameter value causes increase in the coil convexity.
It is especially visible for larger number of worm coils.
The tool diameter has similar effect on the profile.
However, it is not as large as the number of worm
coils.

Table 1. Single-coil worm profile coordinates

. dv=100 dnv=200
Point number
X z X 4
1 19,008 1,756 19,000 1,755
2 20,215 2,189 20,205 2,186
3 21,428 2,627 21,416 2,623
4 22,645 3,068 22,633 3,064
5 23,866 3,513 23,855 3,509
6 25,089 3,959 25,080 3,956
7 26,314 4,407 26,307 4,405
8 27,541 4,856 27,537 4,856
9 28,768 5,306 28,769 5,309
10 29,996 5,756 30,002 5,762

Table 2. Six-coil worm profile coordinates

dv=100 dv=200
Point number
X z X z
1 19,006 2,047 19,008 2,223
2 19,790 2,186 19,315 2,232
3 20,750 2,421 19,954 2,310
4 21,850 2,752 20,880 2,503
5 23,061 3,169 22,046 2,831
6 24,356 3,659 23,402 3,295
7 25,713 4,210 24,908 3,883
8 27,115 4,806 26,529 4,576
9 28,550 5,437 28,236 5,355
10 30,005 6,092 30,007 6,203

Fig. 3. Axial profile of the worm that was formed with disc-like
tool with rectilinear nominal profile: a) nominal tool diameter
— 100 mm, b) nominal tool diameter — 200 mm

Changes in the number of the worm coil and the
tool diameter result in different values of the worm
profile angle. The values of the axial and normal
angles of the profile for subsequent cases as was
shown in Fig. 3 are presented in Table 3. Although the
nominal angle of the tool profile ay is 20° in each
case, the normal angle of the worm profile is formed
with different values. If the assumed value of the angle
of coil profile must be obtained, the angle of tool
profileay should be corrected or the tool should be
bended (angle wy).
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Table 3. Normal and axial angle of the worm profile [°]

Number dy=100 dn =200
of coils O a an o
1 19.97 20.062 19.982 20.074
2 19.884 20.246 19.93 20.293
4 19.575 20.956 19.74 21.13
6 19.165 22.064 19.567 22.514

To compare the cone-like profile that was shaped
with the disc-like tool of the profile rectilinear
(Archimedes), the nominal angle of tool profile ax
was corrected in such a way that the value of the axial
angle of worm profile a, was equal to 20°. Results of
calculations of the axial worm profile are presented in
Fig. 4. The diameter dy was 100 mm in each examined
case.

1,825 1,842 1,901 1,986

dN=100] | | | | 1

.
. Z__E /;713‘[;"/;__2’5 [_
I

2,166 2,113 1,897 1,497 2,184

Fig. 4. Profile shape of the cone-like worm coil that was
formed with disc-like tool with axial profile angle 20°

The last presented profile in Fig. 4 is the profile of
Archimedes. It is clear from the comparison that the
cone-like profile formed with disc-like tool usage is
the convex profile.

It is also quite easy to model a tool profile in
a shape of circle arc. Then in such a case the torus-like
worms ZT1 may be obtained. This is a way to obtain
the a concave worm profile with a tool, that is simple
to prepare. Some examples of profiles of the worm coil
with the same parameters as the analyses presented
above, but for the radius of the tool profile to be 25 and
75 mm, are shown in Fig. 5.

Comparing the various profiles one may notice
the similar character changes of the profile shape as
was observed in case of the cone-like worms. The
repeatability of the worm coil profile is also not
ensured. The exception is the large curvature of the
tool profile (Fig. 5a and 5b). This applies to the food
of the worm thread coil. In this case the tendency is
reverse.

1»

S

2,483 2,477 2,461 2,401 2,33

Fig. 5. Axial profile of the worm that was formed with disc-like
tool with circular nominal profile: a) nominal tool diameter
— 100 mm and profile radius — 25 mm, b) nominal tool diameter
—200 mm and profile radius — 25 mm, c¢) nominal tool diameter
— 100 mm and profile radius — 75 mm, d) nominal tool diameter
—200 mm and profile radius — 75 mm

An important element in mathematical calcu-
lations is the correctness of the prepared model. The
verification of calculations was carried out by
measuring the worm coil profile. The worm coil was
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made with known parameters of the worm and the tool.
The view of the measurement of the worm axial profile
is shown in the Figure 6.

Fig. 6. Measurement of the worm axial profile

For the same worm and tool parameters, the profile
calculations were performed. The calculation and
measurement results are presented in the Figure 7.
Comparison of executions in the CAD environment.
The comparison concerns a ZK 1 single-coil worm.

deviation vectors

measured profile

e

calculated profile

Fig. 7. Comparison of measured and calculated results

The conformity of the calculated and measured
shape of profiles confirms the correctness of the
developed model.

4. Conclusions

The presented case of the worm formation with the
disc-like tool usage is the most popular way of
finishing process in the manufacturing practice.
Although the mathematical description is labor-
intensive, but it is not a problem. However, a large
number of calculations according to the presented
model require the preparation of an appropriate
computer application. The presented examples showed
strong dependency of the obtained profile shape on

both parameters of the worm and the tool. Taking into
account the tool wear, one may conclude that
implementation the same regular tool profile, there is
not possible to get the repetitive profiles of worm coil.
It is necessary to implement the corrections on the
regular basis. Modern technological development
causes that there is a possibility to design the disc-like
tool with the non-rectilinear nominal profile which
assures the repeatability of the formed worms profiles.
This requires more work, but ensures proper meshing
of the worm gear.

Any worm coil profile, in addition to the
appropriate preparation of the finishing tool, also
requires an appropriate tool for roughing processing.
This concerns obtaining uniformity of the machining
allowance along the height of the profile. Based on the
presented calculations, these should be geometrically
similar tools. The use of different types of tools
requires the shaping preparation of tools blades. The
solution to the problem may be the use of CNC
machines. They allow the preparation of the worm
profile for finishing processing using universal tools.
This approach allows obtaining an even layer of
allowance for further processing. A smaller of
machining allowance serves to shorten the machining
time. It also limits uneven tool wear.
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