Dec. 2020

Transactions of Nanjing University of Aeronautics and Astronautics

A New Manufacturing Method for Hourglass Worm Gear
Hob Based on a Semi-automatic CAD

LONG Xinjiani', LI Haitao"* , RUI Chengjie', YANG Jie',
ZHANG Xiaodi®, WEI Wenjunz

1. College of Engineering, China Agricultural University, Beijing 100083, P. R. China;
2. Key Laboratory of Optimal Design of Modern Agricultural Equipment in Beijing,
China Agricultural University, Beijing 100083, P. R. China;

3. Beijing Kuiente Technology Co., Ltd., Beijing 100043, P. R. China

(Received 27 July 2020; revised 20 October 2020; accepted 20 November 2020)

Abstract: The top relief surfaces of an hourglass worm gear hob are ground manually in the traditional manufacturing
process, which cannot ensure the width of the land surfaces of the hob. Moreover, each geometric feature of the hob
has been produced through different manufacturing techniques and machine tools, which results in low efficiency. To
solve this problem, we propose a semi-automatic computer aided design (CAD) method for hobs. The point clouds of
each feature surface of a hob are calculated by combing mathematical equations of the top relief surfaces built by the
proposed method with other existing equations of hob surfaces. According to the point clouds, the method can achieve
the automatic modeling for the hob in three-dimensional (3D) software by classifying and extracting the parameter
information of the feature-hierarchical knowledge of the hob. Based on the generated 3D model, the entire surfaces of
the hob can be manufactured on a four-axis computer numerical control (CNC) milling machine through only twice
clamping. Verification of the width of the land surface of the hob manufactured by semi-automatic CAD method on a
measuring projector proved the precision of the designed width can be ensured. The edge of the contact area on the
worm wheel in a meshing experiment is clear and distinct, which means the worm gear drive is meshed well and the
hob manufactured by the proposed method has improved machinability. The method simplifies the processing
technique, and improves the design efficiency and production accuracy.
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0 Introduction

Hourglass worm drives are extensively used in
heavy-loaded and highly-efficiency fields, especially
in manufactoring involving iron, steelmaking and

hoisting ones "

. Compared with that of cylinder
worm gear sets, the lubrication and transmission ef-
ficiency of the hourglass worm gear sets are much
better®”, and they can carry the same load with a
more compact volume because of their characteris-

tics, like multi-tooth and double-line contact"®*",
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Therefore, the hourglass worm gear sets can ensure
a long service life and a high reliability. However,
the mesh theory of the hourglass worm drives is
complicated. A precise manufacturing method and a
high efficiency manufacturing technique are required
because the performances of the drives are sensitive
to the manufacturing errors and the assembly er-
rors, and a little error can easily lead to an edge con-

taCt'H 12]

. The hourglass worm wheel is generally

hobbed by a specialized hob that is in accordance
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with the worm. But the hob is difficult to design and
manufacture because of its complex geometry fea-
tures' "',

The traditional production procedures of the
hourglass worm gear hob are as follows. First, the
original spiral surfaces of the hob are turned or

milled from a work blank'**”

. Second, the spiral
surfaces are roughly ground in an hourglass worm-
grinding machine. Third, the gashes of the hob are
milled and ground and the cutting faces of each cut-
ting tooth can be obtained®*’. Fourth, the hob
which can be called a semi-finished hob now is
quenched to enhance its rigidity'*'. Fifth, each relief
surface of the teeth is ground by a grinding wheel
manually after the heat-treatment'*'. This process
requires different machine tools with different tech-
niques, including a turning or milling machine and a
grinding one for rough generating spiral surfaces, a
milling machine for rough and fine milling gashes, a
grinding machine for fine finishing spiral surfac-
es'”, a heat-treatment equipment for quenching and
a grinding wheel for grinding manual. This leads to
a low extent of standardization and a low efficiency
in manufacturing®*”’. Moreover, the manual works
and the multiple times of clamping lead to a low pre-
cision and consequently a low cutting performance
of the hob. Thus, a new production method for
hobs 1s required.

Dong et al. put forward a new design for pro-
ducing the flank relief surfaces of the hob based on a
turning method, in which the flank relief surfaces
were turned on a four-axis computer numerical con-
trol (CNC) worm turning machine **’. 3D models
of some key surfaces of a hob including the flank
land surfaces and the flank relief surfaces were estab-
lished. Moreover, a method on direct-forming of the
hob on the four-axis CNC milling machine was pre-
liminary discussed. However, the hob produced by
this method still cannot be applied in practice be-
cause of the lack of models for some key surfaces of
the hob. Liu et al. put forward a flank relief grinding
method of a planar double-enveloping worm gear
hob by using a four-axis CNC hourglass worm grind-
ing machine'®*"". In this method, the flank relief sur-

faces could be ground automatically with a designed

land width and an exact relief angle. However, simi-
lar to Dong et al.” s method and other existing stud-
ies, this method neither provided a model for the
top relief surface nor produced a completed physical
model of the worm gear hob.

This paper proposes a semi-automatic comput-
er aided design (SA-CAD) method for manufactur-
ing an hourglass worm gear hob. This method can
automatically classify and extract the parameter in-
formation of the feature-hierarchical knowledge of
the hob according to the point clouds of each feature
surface, and thus automatically models the hob in
3D software. The point clouds were calculated by
the given hob mathematical model. The model is es-
tablished by combing a presented mathematical
equation of the top relief surfaces with other existing
equations of hob surfaces. Based on computer aided
manufacturing (CAM) technology with the generat-
ed 3D model, a milling program for hob milling can
be generated. Thus the entire surfaces of the hob
can be manufactured on a four-axis CNC milling ma-
chine through only twice clamping. The width of the
land surfaces can be measured for precision valida-
tion. An hourglass worm wheel is hobbed by the
hob. Furthermore, a meshing experiment for con-
tact area observation was conducted by installing the
worm wheel and the corresponding worm in a gear-

box.

1 Features of an Hourglass Worm
Gear Hob

The spiral surfaces, the top and root torus of
the hob are identical to the parts of the correspond-
ing worm, as shown in Figs.1(a) and (b). For the
sake of draining chips, a series of gashes are cut by
the cutting faces and the flank faces. In order to hob
the worm wheel, a land surface with a certain width
that is identical to the spiral surface and top torus
must be kept. So the relief surface on every tooth of
the hob can prevent interference when hobbing the
worm wheel.

The land surface of the teeth can keep the cut-
ting edge of the teeth be used persistently in hob-
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bing. The more accurate the width of the land sur-
faces of the hob, the smoother the hobbing process.
A proper width can lessen the vibration of the cut-
ting process and provide a burnishing effect. Fig. 1
(¢) shows one of the teeth of the hob. For simplici-
ty, only the right side of the tooth (when viewing

from the cutting face side) is discussed. After grind-

Top torus surface

Flank face Root torus

(a) Hourglass worm gear hob

Left and right spiral surface
Cutting face

P
(b) Spiral surfaces with a tooth of hob

ing the flank relief surface and the top relief surface,
the spiral surface and the top torus are remained as
flank land surface and top land surface, respective-
ly, with a designed width. However, when the
grinding depends on manual work, the width cannot

be ensured.

Top relief surface Top land edge
Flank relief surface Top land surface

lank land surface

Cutting edge
Flank land edge

Flank face

Cutting face

(c) Atooth

Fig.1 Schematic of an hourglass worm gear hob with straight gashes

2 The Proposed Semi-automatic
CAD Method

This section introduces the proposed semi-auto-
matic CAD method for the hourglass worm gear
hob. This method deploys the feature hierarchical
knowledge classification of the hourglass worm gear
hob, the mathematical model of each feature of the
hob, the information extraction and automatic 3D
modeling algorithm based on the feature-hierarchical
knowledge of the hob and the machining process on
a four-axis CNC milling machine that only contains
two clamping times. Fig.2 shows the flowchart of
the proposed semi-automatic CAD method.

For the purpose of simplifying the whole manu-
facturing process and improving the accuracy of the
features, the first step is to classify the features of
the hourglass worm gear hob based on the machin-
ing methods and mechanical principles into surfaces
based on the structure of the hob. As the surfaces of
the hob structure are classified, the mathematical
models with key parameters of each surface can be
established according to the mechanical principles of
the hob machining. In addition, the mathematical
model of the top relief surface is built for the first
time. The second step is to extract the point data

from the mathematical model layer by layer based

on the feature-hierarchical knowledge of the hob. In
our approach, by using the API functions, an auto-
mated modeling algorithm is developed based on the
feature-hierarchical knowledge of the hob and point-
to-curve-to-surface reverse engineering method.
The algorithm can extract the data points from the
mathematical model of the hob and automatically de-
ploy the CAD modeling command to model every
surface of the hob layer by layer. A milling program
is wrote based on the completed 3D model, and the
hob is produced on a four-axis milling machine with

one rough-milling time and one finish-milling time,

only twice.
3 Construction of the CAD Method

3.1 Mathematical model of the hourglass worm

gear hob

3.1.1 Coordinate systems

The coordinate systems in Fig.3(a) are all
right-handed Cartesian coordinate systems. Fig. 3
(a) illustrates the positional relationship between
the hob and the grinding machine in the hob manu-
facturing process. Subscript “h” represents the hob.
Origin O, 1s the centre of the hob, stationary coordi-

nate system o,, (O Zons jons ko) 1S connected with
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Fig.2 Flowchart of the proposed manufacturing method

the hob. The hob analysed in this paper is right-
handed and is rotated around the axis k,, with a rota-
tion angle ¢, when generated. Thus, the moving co-
ordinate system o, (Oy; @, ji, &) is fixed with the
hob and %, =#,,. The rotation angle ¢,—0 and o}, co-
incides with o, at the start of motion. Subscript “d”
represents the grinding machine. Origin O, is the
centre of the grinding machine and is also the centre
of the base circle (It is the centre of the worm wheel
when O, is the centre of the worm). Stationary coor-
dinate system 6,4 (Ou; iogs Jjoa» koa) 1S connected
with the grinding machine. The grinding machine ro-
tates around the axis 4, with a rotation angle ¢,
when generating the hob. So the moving coordinate
system oy (Oy; iy, ju, ko) 18 fixed with the grinding
machine and &y =k.,. Axes j, and i, are parallel
with axes k,, and i,, respectively. a=|0,0,| is the

centre distance which represents the vertical dis-

tance between the hob axis £, and the grinding ma-

chine axis &,,.

(b) Flat grinding wheel

(a) Coordinate systems

Fig.3 Coordinate systems of the hob and the flat grinding

wheel

3.1.2 Mathematical model of the spiral surfaces
The spiral surface of the hourglass worm gear
hob, marked as 2, is generated by a plane called

generating plane, marked as 2, The generating
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plane can be a plane, a single cone or a double cone
when rotating around 4, at a defined transmission
ratio with the hob rotating around %, at the same
time.

Fig.3(b) shows the process that a flat grinding
wheel generating the hob. The generating plane is
tangent to the main circle of the worm gear with ra-
dius r,. § represents the angle between the rotation
axis of the grinding machine and the generating
plane. As the parameters of the generating plane, v
and u are perpendicular to each other and u is paral-
lel to axis #;. The vector equation of this generating
plane in ¢, can be written as

(r)a=[—u,r,— vsinf,vcosp |" (1)

The generated spiral surface 3, can be replaced
by the generating plane 2, using coordinate transfor-
mation from coordinate system oy to 6,4, and then
from coordinate system o, to o,, and finally from
coordinate system a,, to g,. Point Q in Fig.3 repre-
sents the contact point between 3, and X,. If (r,),
stands for the position vector equation of 3, in the
moving coordinate system o,. The results can be
written as
(Th)h:R[kln_ §0h:|'

{R [ Top, T — @h] R [koda - %J(rd)d + aioh} (2)

where

cosg,  sing, O
R[k,— ¢,]= | —sing, cosp, 0 (3)
0 0 1
1 0 0
Rligym—¢J=]0 0 —1 (4)
01 0
cosg, —sing, 0

R[ ky,— @i]=|sing, cosgp, O (5)
0 0 1
According to the gearing theory and the gener-
ating theory, the spiral surface 3, in o, can be formu-
lated as
(ru)n :[ Ty ( ud,UdWDd) ] h :[ xh’yh,zh]'r 6)
D=, (us,va,9s)=0
where the first line of Eq.(6) means that the vector
of the arbitrary point at the spiral surface 3, in coor-
dinate system a,; the second line of Eq.(6) is the

conjugate condition function. A value of u, can be

calculated from the second line of Eq. (6) when a
pair of parameters ¢, and v, of 2, are given; then a
point with coordinate (&, v, z,) on the spiral sur-
face 3, can be found with the first line of Eq. (6)
with the value of u,. An instantaneous contact line
can be derived when a value of ¢, and a series val-
ues of v, are given. The spiral surface 3, can be cal-
culated as the value of ¢, changes gradually.
3.1.3 Mathematical model of the cutting face
and the flank face
The cutting face and the land surface play im-

portant roles during a hobbing process as they are
impacted by the wheel blank directly. For simplici-
ty, straight gash is selected in this paper. The cut-
ting faces of straight gashes are a series of surfaces
passing through the hob rotation axis 4,,, which is
highlighted in red in Fig.4(a). One of these surfaces
must go through a point called measuring point of
the tooth thickness rg;, which can be solved by the

(7o) n = ror (tesi, vse, @si) 1o =[ Tsi, ysws zse ]

D, = Oy (usg, Vsg, Psp)— 0

240 = 0.5S, 7

B b’ P P d[: 9
(a—\/MHzSR:(?)-

where d; means the diameter of the reference torus.
The first and the second eqution in Eq.(7) indicate

that the measuring point rsg is on the spiral surface.

(a) Cutting face
Top land edge

Top torus
Spiral surface
Offset surface

Flank land edge
Flank land surface

(b) Cutting of land surfaces

Fig.4 Diagram of the cutting face, the flank face, the land

surface, and the land edge
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The third and the fourth eqution of Eq.(7) represent
the geometric relationship of rg; with the hob model.
Specifically, rg is on the reference torus and it is at
a distance between the middle point of the axial
tooth thickness S, to the throat plane.

According to the differential geometry, the ex-
pression of the cutting face which passes through the
measuring point can be written as

ree ( Pes, Qo) =
T

X'sr Vsr
= — ,Per - - yqcr
\/ TSR +y51< 1/ LSr +ySR

where subscript “CF” represents the cutting face;

Per (8)

per stands for the vertical distance between a point
on the cutting face to the hob axis; per=0 when the
point is on the hob axis; gcr is perpendicular to peg.

The other cutting faces can be calculated by ro-
tating Eq. (8) with the hob axis in a designed rota-
tion angle. The cutting edges highlighted in red in
Fig.4 (a) is defined as the intersection of the cutting
face between the spiral surface and the top torus. nc:
is a unit normal vector of an arbitrary point on the
cutting face. /y, 1s the width of the tooth. The cut-
ting face can turn to be the flank face by moving
along the vector n¢: by a distance /:,. Therefore,
the equation of the flank face derived from Eq.(8)
can be written as

(4N ( DrasQra ) -

» TSR — Ysr
FA - - FA - —,
\/IéR"—yéR \/ I§R+y§R
T
Din Ysr Tsr (9)

_ + ZFA ’ (IFA
AV IéR + yérz \ Iék + ySR

where subscript “FA” represents the flank face.
3.1.4 Mathematical model of the land surface
Similar to the establishment of the flank face
from the cutting face, an offset surface is built from
parallelly moving the cutting face by a distance /.,
which represents the width of the land surface and is
highlighted in red in Fig.4(b). Thus, the equation

of the offset surface can be formulated as

T CFF ( Pcrrs> Gerr )=

TSR

Vsr
7 ZE )
\ IéR + y§R \ ng + yék

Porr

Ysr oy T'sr g
E s G crr
\/I§R+y§R \/I§R+y§R

where subscript “CFF” refers to the offset surface.

Perr (10)

The top torus between the offset surface and the cut-
ting face is then defined as the top land surface; the
spiral surface between the offset surface and the cut-
ting face is defined as the flank land surface. The
land edges illustrated in red in Fig.4(b) can be de-
fined by the intersection of the cutting face with the
spiral surface and the top torus, thus the expression
of the flank land edge can be written as
rerr (Peres Gorr ) = [ Tepr Yerrs Zerr ]
(r)n=[r(us,ve, 00 I =[ 20302l (A1)
D= D (ug,v4,04)=0
and the top land edge can be formulated as
rere ( pores qorr) =[ Terr, Yorr, Zerr ]|
4 d? *(12)
(a—/akew + ylter P+ 2ber = ( 2)

where d,, is the diameter of the top torus.

3.1.5 Mathematical model of the relief surfaces
As a spatial curved surface, the flank relief sur-
face situated between the flank land edge and the
flank face is generated by a type of configuration
rules. Dong et al.'”' proposed a generating method
where the flank relief surface is generated by a con-
stantly changing transmission ratio modified from
the worm meshing ratio during the tool tip turning.
The equation of the flank land edge is evaluat-
ed by a given thickness of the flank land surface and
a given position of the cutting face. If E (xy, v, 25)
means an arbitrary point on the flank land edge, y:
means the lead angle of the spiral surface at point E.
Based on the given angle of the flank relief surface,
the lead angle yy of arbitrary point E on the flank
land edge can be calculated, and the generating ratio
ik of the flank relief surface can then be derived.

When point E rotates around the grinding machine
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axis at an angle ¢, with the coordinate transforma-
tion from og4to 0,4, then to o,, and finally to o, at

point E, the equation of the flank relief surface can

be formulated in coordinate system g, as

[TCH(SDZI) J h :[ I(‘,Hyy(‘,HaZCH]T -

!
R{kh, ﬂ

{R I:ioInSOh]R I:kod7¢(/i:|(r,_;)d+a‘iuh} (13)

where subscript “CH” stands for the flank relief sur-

face; (ry), the vector O,E in the coordinate system

04(Oys 4y jus ka) 5 2u , yu and 2z mean the coordi-

nate values of a point on the flank relief surface.

3.1.6 Mathematical model of the top relief sur-
faces

In previous studies in the field, little work has
been devoted to the automated method for machin-
ing the top relief surface. As the hob is designed for
a CNC milling machine, this paper proposes a ge-
ometry method instead of a grinding method like the
ones proposed by Dong™*or Liu'*" to build a mathe-
matical model of the top relief surface.

Fig.5(a) is a diagram of the building process.
Points A and B are two endpoints of the top land
edge, as well as the intersection points of the offset
surface, two flank relief surfaces and the top torus.
If the coordinates of points A and B are denoted as A
(2a>ya>24) and B(xy,vs,2s) , they can be calculat-

ed by solving system of Egs.(14), (15).

repr ( Dcrr, C[L‘FF): [ XA, Ya,%a ]T

(a— /22 + 92 )+zx(‘;) (14)

[r(‘,H((p(ll)]h :[IA,yA,ZA]T

rerr ( Dcrrs Gerr )= [ T, Vi, Zu]’r

(a—+/xi+ yi )2+zi(éw) (15)

I:r(‘H(SD(,i) J h :[ l"l:,ymzu]T

In order to gain the top relief surface, an auxil-
iary plane M, is built. M, passes along the middle
point M of points A and B and is perpendicular to

the line AB. It can be formulated as

Plane M,

Flank relief surface

\

\
S

Flank relief surface _ Cutting face

(a) Top relief surface

(b) Transformation of coordinates

Fig.5 Diagram of top relief surface and relationship be-

tween o, and op

Lo Xp

(-1'/\_11:)(-1'_ 2 )+

At ys
(ya— )y — % )+
(z,ﬁzw(z—%bo (16)

For simplicity, an arbitrary point M (&, Yu,
zy) on the plane M, is used, and the equation of
plane M, in the coordinate system o, can be rewrit-
ten as

(ra)n :[ l‘nyMvZM]T (17)

As the intersection curve of plane M, and the

top torus, curve D, can be calculated as

(rM)h :[ Im,ym,zm]T

(a*\/l"%l er%l )ZJFZ%] - (2

Point P is the intersection point of plane M,
and the top land edge AB. According to the geome-
try theory, point P is also the mid-point of AB. Tt is

formulated as
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rer ( Pcrrs (](‘,FF): [ IT’)yT’szJT

(a—~+/ap+ yi )Z—O—z}i—(dzw) (19)

(ru)n :[ l"Pyyp,ZP]T

In order to provide a certain angle to the top re-
lief surface, curve D, must rotate by a designed top
relief angle 0;, around point P into curve D, on plane
M,. In another words, 7, represents the unit tan-
gent vector of curve D, at point P, which is also the
unit director normal vector of the top land edge AB;
7, must rotate a designed top relief angle ,, around
vector tp to become vector zp,, where zp 1S the unit
tangent vector of the top land edge AB and 7, is the
unit tangent vector of curve D,. The process is
shown in Fig.5(a). 7, can be formulated as

(Tp1)w =(np)y X(7p)y (20)
where (n,), is the unit normal vector of top torus at
point P. According to geometry theory, (np), is al-
so the unit deputy normal vector of the top land

edge AB, which can be formulated as

Jr., JF, OJF,
(np)1(axl;’ay1:’ azl)) (21)
where
az\’
F,(x,y,2)=(a—/x"+y° )2+22( ZW) =0
(22)

As one of the basic trigonal elements of space

curve XE, 7p can be calculated as

(p)n =(Fap)n (23)
where (r,4;), is the equation of the top land edge AB
in ¢, which has been discussed in 3.1.4.

According to the differential geometry, the
three vectors np, 7p and 75, can be composed to a co-
ordinate system denoted as ¢,. Fig.5(b) describes
the relationship between the coordinate system g,
and op. As the value of these two coordinate sys-
tems and point P is known, the angle 8y, between
axis 4, and vector 7, as well as the angle S, be-
tween axis j, and vector np can be calculated. Ac-
cording to coordinate transformation principle, the
equation of curve D, in coordinate system o, can be

formulated as

(rp)w =R [ 70, 0p]

{R1juBul R i Bn][(ri),+ PO 1} (24)
where (rp,), presents the equation of curve D, in co-
ordinate system g, as described in Eq.(18); R[zp,
0, the rotation transformation matrices when vec-

tor 7, rotates around vector 7, in angle 0, it can be

written as
a, a, as
Rz, 0p]= b, b, b, (25)
€, ¢y Cy
where

a,=1—(xi+ yH)(1— coslyp)
a,=x.y.(1—coslp)— z.sind)

a; =x.2.(1— cosdp)+ y.sinb,

by =y.x.(1— coslp)+ z,sinb,
b,=1—(2*+ 2%)(1— cosb,) (26)
b;=y.z.(1— coslp)— x, sind,

6, =z.x.(1— coslp)— y, sind,,

s =2.y.(1—cosl0p)+ 2. sind)p

cs=1—(xi+y2)(1— cosbp)

when the vector 7, is written in zp(x,, y,,2,).

R[j.,Bw] and R[i,, Bi] are the rotation trans-
formation matrices from coordinate system g, to o,
which is changed with the location of each tooth.

As the equation of curve D, is known, denote
D (xp, yp, zp) as an arbitrary point on the curve D,.
The top relief surface which is built by the top land
edge AB moving parallelly along curve D, to form a
curved surface (fp,p),. It is represented by

(for) =(ras)i+ PD (27)

where

ﬁ = {I[)*Ip,y“*y[,,znfZP} (28)

3.2 3D automated modelling of the hourglass

worm gear hob

3.2.1 Hob information extraction algorithms
The mathematical model of the hob is built in
MATLAB according to section 3.1. The coordi-
nates of points are evenly scattered on each surfaces
of the hob and can be calculated. An algorithm is
proposed to classify and extract the parameter infor-

mation of the hob based on the feature-hierarchical
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knowledge method. The process is shown in Fig.6.
Firstly, the surfaces are classified into two
groups according to the operability of modelling,
the regular surface (root surface, gashes tours, end
surfaces and top land surfaces) and irregular surfac-
es (top relief surfaces, flank relief surfaces, flank
land surfaces, cutting faces and flank faces). Sec-
ondly, the structure-related parameters P, (denoted
as Py, Py, -+, P,) and the centre distance a, are
extracted as values for regular surfaces forming.
Since the number of the hob teeth is updated contin-
uously depending on some customer requirements,
like the length of the hob, the algorithm has to ex-
tract this value for surfaces building subsequently.
The irregular surfaces are built based on point-to-
curve-to-surface process, so the users have to define
the precision of the hob surface modelling, and the
precision transfers into the number of points and
curves of the surface. Otherwise, the algorithm can
use the empirical rules to define them, usually pref-

erence as

dy < =1y

PP 3

where d,, means the distance between each points.

(29)

There are nine types of the irregular surfaces

and each type is defined differently. The number of

points A; and curves B, are defined into the set
A ={ A A, A, A, As, A, A, A, A} (30)
B;={B;,B,Bjs,Bu,Bjs, Bis, B, Bis, By} (31)
And then the sets are distributed to the dynam-

ic array Cy ., which can be denoted as an ID for

each surface.

Cy o[ AL B] i=j=9%m=7 (32)
where m means the number of the teeth surfaces ex-
cept the top relief surface that equals to 7.
3.2.2 3D automatic modeling algorithms for hob
As the dynamic arrays are defined, the APIs
functions based on the reverse engineering method
(points-to-curve-to-surface) are programmed to
form every surface of the hob automatically. Fig.7
presents the subsection of the automatic modelling

of a tooth surface.

3.3 Manufacturing process of the hourglass

worm gear hob

Due to the teeth ranging a round the surface of
the hob, there needs co-movements including the ro-
tary movement around the hob axis, the rectilinear
translation along the hob axis and the radial move-
ment to the hob during the milling process. There-
fore, a four- or above-four-axis universal CNC mill-

ing machine is recommended. Compared with tradi-

Mathematical models
of the hob

| Classify

Regular surfaces

Irregular surfaces

Extract
Structure related Number of Number of points 4, User
parameters P, teeth T Number of curves B, define
P={Py, Py, Py, **, P} A={A4,, Ay, Ay >0, A} or Expirical
B={B,, B, By, ", B,
Feature-hierarchical By By By 2 rules
knowledge based i
method for classification Dynamic array
and extraction Cp,[4][B]
]
{ .
Reverse engineering Curves generation |
method for 3D model ]
building Surfaces generation | .
Error in fitting Modify

Interference checking

precision matching

| Import 3D model data |

Fig.6 The proposed classification-extraction-modeling algorithm
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SR

Fig.7 Three-dimensional forming process of a tooth surface

tional manufacturing, the new method experiences
less processing and clamping.

This paper suggests the manufacturing on a
four-axis universal CNC milling machine. The three
processing steps are as follows.

(1) NC rough-milling

Data of the 3D hob model are imported into the
CNC system. The hob is clamped into the milling
machine by aligning the centre axis, the centre rota-
tion angle and the centre vertical axis of the hob.
This is the first time the hob to be clamped. Rough
milling the hob is roughly milled and only an allow-
ance is left in the cutting faces and the land surfaces
of the teeth for fine finish. In Fig. 8, the red area
stands for the remained part for fine finish after

rough milling.

Roughing allowance

Top land surface
(rough)

Fig.8 Diagram of remain part of the hob after rough milling

(2) Heat-treatment

In order to improve the solidity, strength and
toughness, a heat-treatment, including quenching
for the hob after rough milling, is conducted.

(3) NC finish-milling

The hob needs to be fine finish milling as there
will be a little surface deformation after the heat

treatment. The allowance on the cutting faces and

the land surfaces of the teeth remains as before.
This is the second time for the hob to be clamped.
The centre axis and the centre rotation axis of the
hob are located, as the rough milling process is com-

pleted.
4 Experiment

4.1 Design of the hob

This method can be applied to the production
of different types of worm gear hobs to achieve high-
er convenience and accuracy. An hourglass worm
gear hob is designed to illustrate this new method.
As mentioned in Section 1, it is the cutting edge of
the teeth actually plays the role of hobbing the worm
wheel. The relief surface of the teeth is used to
avoid interference or touching the surface of worm
wheel that have just been hobbed. Thus, in the ini-
tial design, there is no need to keep the land surface
between cutting edge and relief surface, and the ex-
isting land surface in the later design is to keep the
cutting edge of the teeth be used persistently in hob-
bing worm wheel. Therefore, the tooth of the hour-
glass worm gear hob has a characteristic of non-re-
sharpening. In the most design of small size hour-
glass worm gear hob, the width of the land surface
is recommended as 0.1 to 0.2 mm. For the purpose
of a better visual effect, the width of the land sur-
face was designed as 1.00 mm in this paper; the an-
gle of the relief surface was designed as 5°. Straight
gashes was adopted instead of spiral flutes, as the
number of spirals was only 1 and the reference lead
angle at gorge of worm was small in this design.
The parameters of the hourglass worm gear hob are
given in Table 1.

The parameters were substituted into the math-
ematical model of the hob as represented by Egs.(1)—
(24). The parameter information was extracted and
the features of every surface of the hob were built in
UG Modelling software automatically. Fig. 9 illus-
trates the building program and the 3D model of the
hob built in UG software. The hourglass worm gear

hob was designed to have six straight gashes and 31
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Table 1 Main parameters of the worm gearing

Item/unit Symbols  Value
Number of spirals 2 1
Number of teeth of worm wheel 2 45
Transverse module of worm wheel/mm m, 6.651
Reference pressure angle of
a 23.5355
worm wheel/(°)
Reference lead angle at gorge
gl atgons ye  7.1248
of worm/(°)
Number of teeth enveloping the
b 4.5
worm gear
Hand of helix right

L
tf)oth ‘(i f

(b) 3D model of the hob
Fig.9 Automatic program and 3D model of the hob in UG

(a) Algorithm process

software

teeth.
4.2 Hob manufacturing

The hob was manufactured on the model-JD-
VT700 four-axis universal CNC machine. The
speed of main shaft ranged from 4 000 rad/min to
14 000 rad/min in the rough milling process. The
finishing allowance for the cutting faces and the land
faces were remained at 0.5 mm thick. The speed of
the main shaft remained at 1 000 rad/min in the fin-
ish milling step. Fig.10 is a photo of a manufactured
hourglass worm gear hob. The land surfaces of the

teeth can be seen clearly.

(b) Hob
Fig.10 The produced hourglass worm gear hob

(a) Milling process

4.3 Verification of the width of the land surface

4.3.1 Virtual measurement in software
The width of the land surface of the 3D model
of the hob was measured in UG. Fig. 11 (a) is a

width measurement result of one of the land surfac-
es, including the top land surface and two flank land
surfaces of a tooth. It is seen that the data is very
close to the designed width, which means that the
3D hob model has a precise structure corresponding
to the mathematical model. The measurement result
of the other five arbitrary teeth is shown in Table 2.

4.3.2 Measurement of the finished product
Measurement of the finished product was con-
ducted in a PJ-A3000 Series Measuring Project.
Since the hob was designed to be straight gashes, it
was placed on the objective table so that the hob ax-

is was vertical to the glass stage. Fig.11(b) shows
the placement method and measurement process.
As the structure of the hob is special, only one
tooth was measured from the top view. The mea-
surement was carried out three times and the result

is shown in Table 3.
4.4 Worm gear hobbing

The hob developed by the new method was
used to hob the worm wheel on a hobbing machine.
Compared with the conventionally-produced one,

the hob produced by the new method has advantag-

==
0.998 353 mm

(a) Measurement in software

Projection screen

L.
a,

eflected

: 7 Land surface
illuminator

} Light

Hob

) W Glass stage
Light

(b) Measurement in projector

Fig.11 Measurements of land surface’s width UG and mea-

suring projector



No. 6 LONG Xinjiani, et al. A New Manufacturing Method for Hourglass Worm Gear Hob Based on--- 925

Table 2 Width measurement of land surface of 31 teeth mm
Tooth number
Type 1 2 3 4 5 6
Top land surface 0.998 353 0.996 364 1.001 900 0.996 763 0.997 802 0.997 008
Right land surface 1.000 700 1.000 910 0.996 658 0.999 983 1.000 800 1.000 900
Left land surface 1.000 100 0.998 859 0.999 109 1.000 00 0.998 313 0.999 646

Table 3 Width measurement of land surface in the mea-

suring projector

Time 1 2 3 Average
Width/mm 1.034 1.046 1.033 1.037

es of more stable cutting and much less vibration
and noise. Fig.12(a) is a detailed view of teeth sur-
face of the worm wheel hobbed by the hob. The sur-
face roughness of the teeth of the worm wheel mea-
sured by engineers in the factory was smaller than

the conventionally-produced one.

(a) Contact area of worm wheel (b) Teeth of worm wheel )

Fig.12 Detailed view of teeth surface of worm wheel and
the contact area on the worm wheel teeth after the

meshing experiment

4.5 Contact meshing

The worm wheel hobbed by the hob was in-
stalled in the gearbox with a corresponding worm.
The surfaces of the worm and worm wheel were
covered with red lead. Parts of the red lead on the
teeth surfaces of the worm wheel were erased and
those represent the contact area when the worm pair
was meshing. Fig.12(b) shows the contact area on
the worm wheel teeth. The edge of the area is clear
and distinct, which means the worm gear drive was
meshed well and machinability of the hob manufac-

tured by the proposed method has been improved.

5 Conclusions

In order to simplify the processing technique,
reduce the design time and improve the production
accuracy, we propose a semi-automatic-CAD meth-
od for hourglass worm gear hob. The method can
achieve the automatic modeling for the hob in a 3D
software by classifying and extracting the parameter
information of the feature-hierarchical knowledge of
the hob, according to the point clouds of each fea-
ture surfaces of the hob. These point clouds are cal-
culated by combing a presented mathematical equa-
tion of the top relief surfaces with other existing
equations of hob surfaces. The hob is then manufac-
tured on a four-axis CNC milling machine using a
milling program generated by the 3D model only
through twice clamping. The method simplifies the
manufacturing technique of the hob.

In addition, the accuracy and efficiency of the
manufacturing of the hob is improved. The milling
of the land surface can ensure the design width, be-
cause the top relief surfaces are modeled by the pre-
sented mathematical equations in a 3D software.
The edge of the contact area on the worm wheel in
meshing experiment is clear and distinct, which
demonstrated the worm gear drive is meshed well
and the machinability of the hob manufactured by

the proposed method has been improved.
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