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THE NUMERICAL METHOD OF WORM GEAR SURFACE DEFINING

To check the accuracy of a worm or wormwheel and to carry out analysis, it is
necessary to describe their respective surfaces. The tool action surface should be the same as
the surface of the worm which is to mate with the wormwheel workpiece. This condition is not
always met, and the worm gear tooth surface is often described approximately. The paper
presents a numerical method for generating the surface of a worm gear to be machined in
multiple passes with a ball end finger-type cutter by the Lace Cut method. This method
enables the formation of worm gears of any arbitrary profile. The advances in the technology
of machining worm gears of an arbitrary profile will contribute to the development of new
designs of concave-convex worm gears. In the case of small series production or the need for
making an additional gear, this method will be the best.
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Introduction

Worm gears are used in many machines and devices. Worms are machined by the
hobbing method using rotary tool of a disc, finger, ring and cup types. The tool shapes the
worm convolution flank over the whole profile height [1, 2]. A wormwheel is machined with
a hob by either the tangential or radial method [3]. The hob action surface should be identical
to the surface of the worm (taking into account the backlash in the gears) which will mate in
the worm gear with the wormwheel being machined. This condition is not always met because
of the fact the geometry and technology of hobs are very complex. This is even the case for
the cone-derivative worm gear, where the worm is machined using a tool with a rectilinear
axial profile of the action surface. Therefore, wormwheels are often machined by the
tangential method with a single cutter, or by the radial method with a modular hob (surfaces
of the hob and worm are generally different). The worm convolution surface can be described
by general and universal equations [4]. The wormwheel tooth surface is often described in an
approximate manner. This has an important effect on the modelling accuracy and the
examination of worm and wormwheel mating. This is a particularly important problem in the
case of more geometrically complex worm gears, such as, e.g., torus-derivative worm gears in
which the gear is machined using a tool with a circular axial profile of the action surface. All
the more that concave-convex (C-C) worm gears have better operation properties compared to
cone-derivative worm gears, and are more and more often used [5]. Defining the surface
(profile) of the worm coils and wormwheel teeth is essential not only for the analysis of their
meshing, but also to determine the accuracy of their execution in their manufacture process.

Moreover, the application of the method of surface machining in multiple passes with
a ball-end finger-type mill, as is the case for machining geometrically complex forms and
surfaces by milling, to the machining of a worm and a wormwheel allows worm gears of an
arbitrary profile to be obtained [6, 7]. In that case, however, worm and wormwheel
convolution surfaces are defined as the envelopes of partial surfaces formed on each pass of
the tool. This is a technology that enables the machining of gear elements using a universal
tool, whose geometry is not associated with the surface being machined, on a universal CNC
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machine tool. The machining of a worm is relatively simple, as it involves a relative worm
and tool movement, similarly as in the classical method. The difficulty lies in the calculation
of the initial tool setup in each pass. Usually the geometry (surface equation), metrology
(measurement of the outline of teeth) and the worm wheel technology are more difficult than
in the case of worms. In the case of a wormwheel, the problem is not only to define the
wormwheel tooth surface, but also to describe the motion of the tool relative to the
wormwheel [8]. In this case the tool is a small-diameter ball-end finger mill, and it is also
very important to select the correct number of tool passes at the machined profile height from
the permissible profile lobing condition.
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Fig. 1. Worm axial profile

The article presents the definition of the wormwheel tooth surface by an analytical-
numerical method for the purposes of gear analysis and determination of the tool path for
machining wormwheel teeth on a multi-axis CNC machine tool (e.g. 3-axis milling machine
with rotary table).

Generating the worm surface

It is assumed that the wormwheel surface will be machined with a ball-end finger mill
in multiple passes. In order to determine the path of the tool relative to the wormwheel tooth
surface being machined, first this surface must be defined. It can be described as the envelope
of the helical surface of the worm that the wormwheel is to mate with. The surface of a worm
Is generated by its axial profile with a helical motion (Fig. 1):

;(u v)=[3, —v].;+[0, 0, +pv]", (1)

where: u- worm axial profile parameter; v- parameter describing the helical worm
profile motion; p- helical surface parameter; + - the sign + or — for the right-hand and left-

hand worm, respectively; - the subscripts identify the coordinate systems.

The wormwheel surface (Fig. 2) can be described by the system of equations (as the
envelope of the family surfaces):

o v 9=l @ -;%a i+l o —pz]TE @
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where: i - gear ratio; ¢ - parameter of relative worm and wormwheel motion.
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Fig. 2. Worm gear

Equation (3) is the envelope condition and can be transformed into a general form, as
below:

£=E(u, v). 4)

Equation (2), after substituting Equation (4) in it, can be generally written as a
function of two parameters:

(uov, &= (u v, &u, v)= (u, v). (5)

This is the equation of wormwheel tooth flank surfaces. This equation enables one to
define the surface as a set of points which can be used for the creation of the model of a tooth
(and a wormwheel) in the form of a solid (for example, in the CATIA software program).
The tooth model enables a machining program for a CNC machine tool to be automatically
generated in a CAM program (such as EdgeCAM). The worm and wormwheel surface are in
that case mutually enveloping. In such a case, it is not possible to modify the path of the tool
centre, so it not possible to modify the wormwheel tooth flank surface. The wormwheel and
its teeth are machined with a ball-end finger mill in multiple passes. The surface described by
the motion of the tool sphere centre can be generally written with the equation
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= +p., (6)

where: p- mill sphere radius.
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Fig. 3. Polar coordinates of the tool position centre in the wormwheel system

The normal to the wormwheel tooth surface

T= 24 2 , @)

at the points of contact with the tool passes through the centre of the mill sphere.

It is assumed that the paths (curves) of the tool sphere centre in the wormwheel system
will lie on cylindrical surfaces with an axis coinciding with the axis of the worm mating with
the wormwheel (Fig. 3). The surface described by the motion of the tool sphere centre has
been written in the form a set of points that project onto the grid of cylindrical coordinates,
which is the axial plane of the wormwheel and is perpendicular to the worm axis. In order to
pass on from the parametric coordinate grid, uv, to the coordinate grid, re, the method of
approximating a surface with a set of planes has been used [4]. Through the nodal points of
the grid re, ordinates are passed up to the intersection with the planes spread over the surface
points (Fig. 4) determined for the points of the grid uv.

The surface points lying on the lines with a fixed radius (Fig. 5, Fig. 6):

r =const, (8)
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enable the programming of the tool movement in the wormwheel machining process. The
modification of these lines enables the longitudinal modification of wormwheel teeth.

Fig. 4. Approximation of a surface with a set of planes
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Fig. 5. Curve -representing the path of the finger mill sphere centre in the machine
wormwheel’s system (a right-hand worm) at the tooth top

The modification of the wormwheel tooth surface at the profile height can be achieved
through the modification of the worm axial profile or through the modification of the lines

€ =const. 9)
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It means that the worm, which was the basis for determining the wormwheel tooth
surface, can be different from the worm that this wormwheel will form the gear with. This
difference results also from the need for allowing for clearances in the gear worm between the
worm and the wormwheel.

The longitudinal modification of the wormwheel tooth surface allows the trace of
worm and wormwheel tooth abutment to be located. In that case, the analysis of the wheels of
the worm gear needs to be made [9,10]. Transmissions with the abutment trace location are
insensitive to assembly errors. The analysis also allows the determination of transmission
errors.

Currently, modern CNC machine tools offer the capability to machine geometrically
complex surfaces using incorporated functions for the interpolation of any curves [11]. For
example, the spline interpolation automatically creates a curve that smoothly traces specified
points, and thus enables a high-speed and high-accuracy machining for free shapes along a
smoothly curved tool path. The fine spline function works with spline interpolation and
automatically corrects the shape of a spline curve, as required, to make the path of the curve
smoother. The NURBS interpolation function provides interpolation by performing NURBS-
defined CNC internal computations on the command issued from the CAD/CAM system in
the NURBS format. With this optional function, a very smooth interpolation path can be
obtained since the interpolation process is performed directly without dividing a NURBS-
formatted free-form curve into minute line segments.

Conclusion

The application of the method of worm and wormwheel machining with a ball-end
finger-type mill in multiple passes enables the formation of worm gears of any arbitrary
profile. However, due to the need for multiple accurate setting up of the tool, this method can
only be accomplished on CNC machine tools. The profile of the tool is independent of the
profile being machined, and these types of cutters are general-purpose commercial tools.
Small-diameter finger cutters are manufactured also as fully carbide tools, and thus they can
be used for machining hard-machinable materials (such as titanium, or nickel alloys) which
are increasingly widely applied in the aircraft and the power industries, or for machining
toughened materials (eliminating grinding). The advances in the technology of machining
worm gears of an arbitrary profile will contribute to the development of new designs of
concave-convex worm gears. Especially in the case of machining wormwheels on a universal
CNC machine tool, instead of machining on a special gear hobbing machine, the cost-
effectiveness of this machining may be high. In the case of machining a wormwheel with a
hob there is a continuous division, whereas in the case in question an intermittent division
occurs. In view of the large number (around several dozen) of wormwheel teeth, the
machining of a wormwheel with a finger cutter could be less efficient than the machining with
a hob (in the case of a worm with merely a few threads this issue will not be so important at
all). However, in the case of small-series production, large-sized gears, or the need for making
an additional gear, this method will be the best.

The surface and axial profile of worm coils are defined by the analytical method.
Defining the worm axial profile is important owing to the ease of measuring this profile and
the ease of setting the mill in the worm axial profile. For defining the wormwheel surface, an
algorithm for the approximation of a surface with a set of planes was used. The accuracy of
approximation depends on the density of the coordinate grid, whose nodal points project onto
the surface points. A circular coordinate grid was taken for defining the tool paths during
machining of wormwheel tooth surfaces lying on concentric cylindrical surfaces. The cutter
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diameter and the number of passes for convolution profile machining are selected based on
the assumed profile angularity condition and the condition of machining the profile over its
whole height.
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Fig. 6. An—&ampvl_e of curves representing the path of the finger mill sphe-re centre in
the machine wormwheel’s system (a right-hand worm) for left and right side of the tooth

Using the technology of machining worm and wormwheel surfaces with a ball-end
finger-type mill in multiple passes enables the longitudinal and transverse modification of the
teeth, which was not possible with the use of hobs. Tooth modification should be preceded by
the synthesis and analysis of the worm gear meshing. As a result, there is a possibility of
cutting approximate gears, theoretically with a point tooth contact, which has been so far the
feature characteristic of bevel gears.

This technology can also be applied to treatment of other types of gears.
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YNCNEHHbBIN METO/A OMNPEAEJIEHUNA UNCEJIbHW METO/, BUSHAYEHHA
MOBEPXHOCTW YEPBAYHOI O KOJIECA MOBEPXHI YEPB’AYHOI O KOJIECA

[na NpoBeEpPKM TOYHOCTW U3rOTOBNEHNS YepBsKa Un [Ona nepeBipkM TOYHOCTI BWUrOTOBNEHHS YepB'aka
UepBAYHOrO Konmeca W aHanusa 3auenneHns, Hy>KHO abo u4epB'AYHOrO Koneca Ta aHanisy 3ayenneHHs,
onpefenMTb 3TW MoBepxHOCTW. [pon3Boasian HEOOXiAHO BMW3HAUM TV Li NOBEPXHi. TBipHA NOBEPXHS
MOBEPXHOCTb  PEXKYLUEr0o  WHCTPYMeHTa  Ans Pi>Ky4oro iHCTPYMEHTY Ans 06pPOOKM YepB’siMHOro
06paboTKM YepBAYHOrO Koneca [AO/MKHA ObiThb Koneca MOBMHHA OyTU Y3rof>KeHa 3 TMOBEPXHEHD
COrNacHoii C MOBEPXHOCTBHI YepBsika, KOTOPbIii yepB’'sKa, SKWUA BiJHOBKOE 3 LM KONECOM YepB'suHy
BOCCTaHaBMMBaeT C 3TUM KONECOM YepBAYHYH nepegaqy. Lis ymMmoBa He 3aB>K /Ay BUKOHAHA i MOBEPXHS
nepegavy. 3TO YCNOBME HE BCErAa MCMOMHEHO, W 3y6iB YepB'AYHOr0 Kosneca Ay>Ke 4acTOo ONMUCYETbCS
MOBEPXHOCTb 3yObeB YEpPBAYHOrO KOjJeca O4eHb MPM6AM3HO. Y Uil cCTaTTi NPONOHYETHCA YNCENbHWIA
yacTO OnuUCbiBaeTCA nNpubnnManTensHo. B 3Toi MeTO[ BW3HAYEHHS! YEPB'AYHOrO Kofeca HapiszaHoro
cTaTbe  nNpegnaraeTcs  YACHEHHbI  MeTOog KyNACTOK  NaNnbLbOBOK  (DPE30K  HEBENMKOro
onpejeneHns  YepBYHOrO  KOJeca  HapesaHHoro JiameTpy 3a paxyHOK 6araTopasoBoro npoxogy no
LIApOoBNAHOA  NanbLEeBOn  (hpe3oil  HeBOMbLLOro BUCOTI npodiinto 3y6ie. Lla TexHonoria [03BOSsiE
AvaveTpa 3a CYEeT MHOXKecTBa MNPOXOA4OB MO Hapi3aTy YepB’siuHy nepegavy AOBiINLHOrO Npodinto.
BbiCOTE npocnns 3y6bes. M0 3TOMY METOAY MOXKHO Lle pae MOXXMMBICTb PO3POOKM HOBUX BUAIB
HapesaTb YepBAYHYlO nepefady NPOU3BONLHOIO YepB’sAYHMX Nepegad, 0co6aMBO 3 KPYrosuM npodpinem
npocouns. JOCTOMHCTBOM SIBASIETCA BO3MO>KHOCTb 3y6iB. Lleii meTog 6Gyae oy>Ke KOPUCHUM Yy BUNagKy
paspaboTKM HOBbIX BWAOB UYEPBSIYHLIX Mepefad, HeobXigHOCTI Hapi3yBaHHs KpPYMNHOMOAYNbHUX
0COBGEHHO C KpyroebIM npodunem 3ybbeB. B cnyyae nepegay abo ApibHocepiiiHoro Bupo6HMUTBa. LS
HEOOXOAMMOCTM  Hape3aHWsi  KPYMHOMOZAY/bHbIX TEexXHOMOris BAMAarae BUKOPUCTaHHA BepcTaTiB 3
nepefay Wam MenKoCepuiAHOr0 NMPOM3BOACTBA 3TOT uny.

MeTog OyAeT OueHb MOne3HbIM. dTa TexHonorus Knto4yosi cnoBa: ueps'siyHa nepegava, uYeps’siyHe
TpebyeT cTaHkoB ¢ UIY. Koneco, kynacTa nanbliesa gpesa.

KntoueBble cfioBa: 4epBsyHas nepegava, YepBsvHOe

KONeco, LWapoBmuaHas nabliesas pesa.
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