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Abstract

In the light of a mathematical model of the ZK-type dual-lead worm gear set proposed in the authors’ recent work, this study adopts tooth
contact analysis to compute the kinematic errors, instantaneous contact teeth (ICT) and average contact ratios (ACR). An elastic
deformation of 3 um is allowed while calculating ICT and ACR. In addition, increasing the ICT from three to four or from four to five
reduces the root stress of the gear set due to its multiple contact teeth. Although a worm gear driven with a small pressure angle can increase
the ICT, a worm gear with a small pressure angle incurs a more serious undercutting phenomena. Undercutting can also be averted by
applying a positive-shifted modification of the hob cutter during the worm gear generation. Moreover, the boundary of conjugate and non-
conjugate surface regions appears on the worm gear tooth surface when the worm gear has a low pressure angle. The non-conjugate region
also influences the transmission efficiency, operational life time and noise of the worm gear drive. Furthermore, worm gear generation with
a negative-shifted modification can decrease the unfavorable non-conjugate region. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

For gear manufacturing, a hob cutter with standard axial
module and widely commercialized teeth number is gen-
erally chosen to reduce the manufacturing cost. To fulfill the
specified center distance and gear ratio, gear tooth surface is
cut by shifting the hob cutter from standard pitch radius. The
generated profiles-shifted gear has a modified addendum,
contact ratio, gear root stress and tooth thickness. In addi-
tion, undercutting and addendum radius limit the amount of
shifted-modification between hob cutter and generated gear.

Four forms of double developing worm gear drives [1] are
typically used: (1) Hindley worms; (2) helical gears and their
enveloping worms; (3) Lorentz worms; and (4) plane
toothed wheels and their enveloping worms. The contact
ratio and loading capacity of double enveloping worm gear
drives exceed those of the single enveloping worm gear
drives. Therefore, the double enveloping worm gear drive,
which belongs to high-contact-ratio gear drives, is applied to
the transmission mechanisms of heavy-load machines. How-
ever, the manufacturing cost and undercutting phenomena
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are two major limitations of the double enveloping worm
which prevent industrial application.

Five single enveloping worm gear drives: ZA, ZN, ZI, ZK
and Flender types are conventionally used. The character-
istics of single enveloping worm gear drives have received
extensive attention [2—7]. According to these investigations,
the tooth addendum, pressure angle, tooth size and center
distance variations can influence the contact ratio of the gear
set. In addition, a worm gear drive with a large axial module
and small pressure angle may increase its instantaneous
contact teeth (ICT) and average contact ratio (ACR). There-
fore, a single enveloping worm gear drive with a small
pressure angle may replace the double enveloping worm
gear drive in heavy-load machine applications. Undercutting
occurs when the worm gear set has a large axial module or a
lower pressure angle. Litvin [8] mathematically analyzed the
undercutting conditions. The undercutting line on the gen-
erated worm gear surface can be averted by using non-
orthogonal worm gears with cylindrical worms. Meshing
conditions are quite favorable in terms of lubricant supply
conditions. When the gear tooth has two parameter-family
surfaces, two equations of meshing are available for the gear
set. Although proposing the undercutting conditions with
two parameters, Litvin et al. [9] did not analyze how to avert
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the undercutting under a small pressure angle and/or a large
module. Kuang and Yang [10] applied a semi-empirical
equation to evaluate the fillet stress concentration for
gears cut by a profile-shifted cutter. Gear tooth surfaces
cut by a positive-shifted cutter can improve the undercutting
phenomena.

The ZK-type dual-lead worm can be generated by a disk-
type grinding wheel. However, the generated worm surfaces
may have surface deviations, attributed primarily to manu-
facturing, heat treatment and cutter-tool profile errors.
Nevertheless, sensitivity analysis can be performed to obtain
the corrective machine-tool settings and optimal cutter
profile modifications. Therefore, regrinding the worm on
the basis of sensitivity analysis results, enables the mini-
mizing of the surface deviations of a worm gear drive.
Owing to the two different axial modules of a dual-lead
worm, the worm thickness is varied for each worm tooth; the
backlash is decreased along the worm’s axial direction also.
To increase the contact ratio, a worm gear drive with a low
pressure angle is chosen to increase the ICT. Further, dual-
lead worm gear drives with low pressure angles are used for
machines to operate without or to minimize backlash and
can absorb impact forces. When a low pressure angle is
adopted for worm gear drives, a boundary line of conjugate
and non-conjugate regions may exist on the worm gear
surface. However, the shifted amount of the cutters also
influences the boundary line of conjugate and non-conjugate
regions.

The worm gear tooth surfaces may have conjugate and
non-conjugate regions. Further, gear teeth undercutting may
also occur. Interestingly, the friction for gear tooth surfaces
varies during the meshing process. The favorable working
region of the worm gear drive is its conjugate regions
without undercutting. In addition, a worm gear drive with
multiple contacts can increase the ICT, subsequently redu-
cing the contact stress of the gear tooth surfaces. In practice,
the ICT and ACR of a worm gear drive can be increased by
selecting a low pressure angle, a large module, a large
addendum and a shifted-cut gear tooth profile. In the light
of above developments, this study investigates not only the
undercutting phenomena and the boundary line of conjugate
and non-conjugate regions, but also how hob cutter shifted
modification influences the worm gear drive.

2. Boundary line of conjugate and non-conjugate
regions

This work uses the mathematical model of the ZK-type
dual-lead worm gear drive proposed in the authors’ recent
work [11,12]. Fig. 1 illustrates the coordinates relation
between the generated worm gear and dual-lead worm-type
hob cutter. Parameter A, represents the amount of hob cutter
shifted modification, which equals the coefficient of worm
gear modification which multiplies the nominal axial mod-
ule. A positive sign of A, represents a positive-shifted cut of
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Fig. 1. Coordinate systems between a dual-lead worm-type hob cutter and
the generated worm gear.

the worm gear and produces a worm gear with a lower
undercutting line. In addition, the amount of shifted-mod-
ification influences the boundary line of the conjugate and
non-conjugate regions.

A boundary line of the conjugate and non-conjugate
regions always exists on the worm gear tooth surfaces. In
addition, the equation of meshing between the generated
worm gear and the hob cutter has no solution in the non-
conjugate region. Therefore, an undercutting line may occur
on the conjugate region of a worm gear tooth surface when a
low pressure angle and/or a large axial module are adopted.
Interestingly, the gear drive conjugate and non-conjugate
distribution areas influence the transmission efficiency and
load capacity. To improve the transmission conditions, the
non-conjugate region on worm gear surfaces must be mini-
mized to avert the undesired meshing.

The equation of meshing of the hob cutter left-side surface
and worm gear right-side surface is given as follows [11]:

—L,

sin(¢p; — ¢ +9) = ——, (1
' VM N

where

By = (usinoy, — b;) sin 3 + u cos o, cos f; sin 0,

Cii = ucos o, cos 0 + (rgr + 1 + Az),

Dy = ucos o, sin f§; sin 0 — (usin o, — by) cos fi; — Ay,
E, = sino, cos f§; sin 6 — cos o, sin f3),

Fy = sin o, cos 0,

G, = sin f sin o, sin 6 + cos f; cos o,
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Hy = Fwer 1 F'wl + Ay,
Ly = {[F1:(Du — Pip) — CuGy.|siny + Hi,Ej: cos y tmyy,

M, ={[—E\(Dn — P1p) + BuGy|siny + H Fy, cos y}my,

N] = (C]]Elr — B”Flr)(l — my1 COS 7) + I’I’lle]r sinyGlr
+ Asmy siny[—Ej;sin(¢; — @) + Fircos(¢; — ¢)],
M,

VM} + N7

According to Eq. (1), if the parameters satisfy: (a)
M% + le > L% then the corresponding worm gear surface
is a conjugate region (i.e. the numerical solution of
sin(¢p; — @ + 9) is between —1 and 1); (b) M7 + N7 < L?
the corresponding worm gear surface is a non-conjugate
region (i.e. the numerical solution of sin(¢; — ¢ + 9) is
either less than —1 or larger than 1); and (c) M% +N? = L%
represents the boundary curve of conjugate and non-con-
jugate regions (i.e. the numerical solution of sin(¢; — ¢ + 0)
is equal to —1 or 1).

sind =

Example 1. Some design parameters of the chosen dual-
lead worm gear set and hob cutter are listed in Table 1. The
shifted-modification equals the nominal axial module (i.e.
3 mm) by multiplying by the coefficient of modification.
The boundary between the conjugate and non-conjugate
regions of the worm gear surface is calculated by applying
the equation M% +N? = L% at the section Z = (. Table 2
presents the coordinates of the boundary points of the con-
jugate and non-conjugate regions on the worm gear right-
side surface with hob cutter shifted modifications. The
boundary point coordinates of a non-shifted cut (i.e.
shifted-modification = 0.0) are X = —106.203mm, Y =
2.607mm, Z=0mm and R=106.235 mm. Simulation re-
sults indicate that the X-coordinates and R (i.e. v X? + Y?)

Table 1
Parameters of dual-lead worm gear set and hob cutter

Parameters of dual-lead worm
Axial module Left-side tooth surface, 2.9395 mm
Right-side tooth surface, 3.0034 mm
Nominal axial module 3 mm

Pressure angle Left-side tooth surface, 11°15’
Right-side tooth surface, 11°18'
Left-side tooth surface, 54.356 mm
Right-side tooth surface, 49.755 mm

Nominal pitch diameter 50 mm

Pitch diameter

Tip diameter 58.3 mm
Root diameter 40.0 mm
Number of threads 1
Grinding wheel diameter 120.0 mm

Parameters of dual-lead oversize hob cutter
Increased oversize diameter 2.0 mm
Compensation angle 7'16.5"

Parameters of dual-lead worm gear
Number of teeth 72
Outside diameter 224.3 mm

Table 2
Coordinates of boundary points of conjugate and non-conjugate regions on
the worm gear surface with shifted-modifications of hob cutter (mm)

Shifted-modification X Y z R?

-3.0 —106.064 2.001 —0.002 106.083

—2.4 —106.075 2.120 —0.001 106.097

—1.8 —106.097 2.240 0.002 106.121

—1.2 —106.133 2.361 0.006 106.159

—-0.6 —106.130 2.481 —0.000 106.159
0.0 —106.203 2.607 —0.000 106.235
0.6 —106.309 2.737 —0.000 106.344
1.2 —106.455 2.874 —0.000 106.494
1.8 —106.651 3.020 —0.000 106.694
2.4 —106.906 3.181 —0.001 106.954
3.0 —107.232 3.360 —0.001 107.285

R=vVX?+7Y2

of the boundary points increase under a large positive-
shifted modification. This finding suggests that the conju-
gate region decreases when a large positive-shifted mod-
ification is selected.

3. Undercutting

For a regular gear surface, each point on the gear surface
has a tangent plane. Regular surfaces are designed for gear
drives to operate smoothly during gear meshing. A surface
point at which the tangent plane does not exist is called a
singular point of the surface. A singular point occurring on
the gear surface may incur weakness in the gear surface’s
strength and a mismatch in gear meshing. In related work,
Fong and Tsay [13] applied the characteristics of the surface
unit normal to calculate the undercutting of spiral bevel
gears. Assuming that the position vector of a surface is
denoted as R and its surface parameters are u and 0, then the
tangent plane is composed of two vectors: JR/Ou and OR/
00. The surface normal N can be obtained from

_omom
T Ou b’

A singular point appears as long as at least one of the partial
derivatives in Eq. (2) equal to zero. Based on the tangent
plane or tangent (partial derivative) existence concept, a
singular point on the worm gear’s surface can be defined and
calculated.

The mathematical model of the worm gear set is a
complex model represented in implicit form. Therefore,
singular points of the worm gear surface are calculated
by applying the numerical method. To compute the singular
points on the worm gear surface, the calculated procedure
can be simplified as a two-dimensional problem. The worm
gear surface is cut into many cross-sections perpendicular to
the axis of the worm gear rotation (i.e. the Z-direction).
Then, the singular point on each worm gear’s cross-section
curve can be investigated by confirming the singularity of

2



32 B.-W. Bair, C.-B. Tsay/Journal of Materials Processing Technology 112 (2001) 29-36

Table 3
Coordinates of undercutting points on the worm gear surface (at cross-
section Z = O mm) with various shifted-modifications of hob cutter (mm)

Shifted modification X Y z R?

-3.0 —106.014 1.998 0.000 106.033

—2.4 —106.009 2.116 0.000 106.030

—-1.8 —106.004 2.235 0.000 106.028

—-1.2 —106.000 2.353 0.000 106.026

—0.6 —105.997 2.471 0.000 106.025
0.0 —105.993 2.590 0.000 106.025
0.6 —105.990 2.708 0.000 106.025
1.2 —105.988 2.827 0.000 106.025
1.8 —105.985 2.946 0.000 106.026
2.4 —105.983 3.064 0.000 106.027
3.0 —105.981 3.183 0.000 106.029

R=VX>+7Y2.

each cross-section curve. If the tangent vector to the curve
equals zero, then a singular point obviously exists. Each
cross-section along the Z-direction is assigned a correspond-
ing value to the Z-component of the worm gear mathema-
tical model. The singular point on this corresponding cross-
section curve is also calculated. The undercutting line can be
obtained as the total singular points of each Z cross-section.

Example 2. The same worm gear set as that of Example 1 is
adopted herein for undercutting analysis. By applying the
above calculation procedures, the undercutting points of
right-side surface of a worm gear with shifted modification
of the hob cutter in section Z = 0 mm are shown in Table 3.
The coordinates of the undercutting point under non-shifted
modification at the cross-section Z =0mm are X =
—105.993 mm, Y = 2.590mm, and R = 106.025 mm, re-
spectively. Applying a positive-shifted modification implies
a decrease of the undercutting on X-coordinate. This find
implies that X-coordinates of the undercutting points
decrease under a large positive-shifted modification, and
the conjugate region of the worm gear increases.

4. Contact teeth, kinematic errors and contact ratios

Fig. 2 depicts the coordinate system relationship between
the worm and the worm gear. Owing to the tangency of two
contacting gear tooth surfaces, the position vectors and unit
normals of the worm and worm gear tooth surfaces, repre-
sented in coordinate system Sg, should be the same at the
point of contact. Therefore, the following equations must be
observed [14,15]:

R =R{Y, 3)

n" =n®. “4)

Eq. (3) indicates that the position vectors of worm surface

REW) and worm gear surfaces Rgg) have a common contact

point. Three independent equations are to be utilized. Eq. (4)

Fig. 2. Coordinate systems between a dual-lead worm-type worm gear.

indicates that the worm and worm gear tooth surfaces have
a common surface unit normal at their common contact
point. Eq. (4) possesses two independent equations since
In;"| = |nfg)| = 1. In addition, two equations of meshing,
i.e. the grinding wheel which generates the worm and the
hob cutter which generates the worm gear, are two additional
independent equations. Therefore, there are seven equations
with eight parameters. Hence, the contact analysis computa-
tional procedure is based on the solution of a system
of seven independent equations with eight unknowns:
u,0',¢',¢1,0,0,$, and ¢,, where 0’ and ¢’ denote the
surface parameters of the grinding wheel for worm surface
generation, and ¢ and ¢, represent the surface parameters of
the hob cutter for worm gear generation. Based on the
equations of meshing, parameter u# can be expressed as an
explicit function of 0: ¢ and ¢, are also related. The worm
gear rotation angle ¢, depends on the worm rotation angle
¢} during the gear set meshing process. In addition, para-
meter ¢, is the hob cutter surface parameter. Since the worm
is always a driving gear, the worm rotation angle ¢ is
considered a given value. Therefore, seven unknown para-
meters u, 0,0, ¢,¢', ¢, and ¢, are solved with the seven
equations. These seven equations are non-linear equations
and can be solved by applying the Newton—Raphson numer-
ical algorithm. The kinematic error of the gear set can be
calculated by using the following equation [14,15]:

ABL(H,) = B, - %cpi )

where Z; and Z, denote the tooth numbers and ¢} and ¢
represent the rotation angles of the worm and worm gear,
respectively.
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The contact ratio of a gear set is generally defined as its
rotation angle, measured from the starting contact point to
the end contact point, and divided by the angle formed by
every two teeth [16]. The ICT for spur, helical, spiral bevel,
and hypoid gears is always one or two teeth, and can be
defined on the basis of the kinematic error curves of the gear
set. In general, when two kinematic error curves are coupled,
then the ICT is two; otherwise, the ICT is one. The contact
ratio is also calculated from the kinematic error curves.
However, the ICT of a dual-lead worm gear set can have
more than two, three or even four teeth. Therefore, the
contact ratio defined according to the kinematic error curves
is inappropriate. An alternative method is to apply the TCA
method and obtain the ICT and contact ratios. In this study,
the TCA method is initially applied to calculate the first
contact point and the kinematic errors. Then, the gear set
surface elastic deformation 3 pum is allowed to verify all the
possible instantaneous contact points for worm and worm
gear surfaces at every instant (i.e. computed point). The ICT
can be determined by the ICT numbers of the gear set. The
ACR is defined as the sum of the ICT of the selected contact
instants (i.e. computed points), divided by the total number
of selected contact instants within one driving cycle.

To simulate the gear set assembly errors, three parameters
Ag, Ay, and Ay, are considered in the meshing process,
where Ag denotes the center distance deviation of the worm
gear set, and Ay, and Ay, represent the intersected and
crossed misaligned angles of the worm gear set, respectively.
The fact that the worm and worm gear surfaces are con-
sidered in the rigid body motion (i.e. no deformation)
accounts for the initial contacts. The TCA and kinematic
errors are calculated while considering one-tooth contact.
The ICT is also calculated by applying the TCA method and
allowing 3 um of gear surface elastic deformation, confirm-
ing how many worm teeth come in to contact with the
mating worm gear at every computed point.

Example 3. The worm gear set is chosen in the same
manner as that in Example 1. Three parameters of assembly
errors are considered: Ag = —0.3mm, Ay, =0.0' and
Ay, = —3.0'. Parameter A, is the shifted modification while
the hob cutter cuts the worm gear. When the standard worm
gear (i.e. A4 = O mm) is meshing with the worm, the gear set
contact teeth (CT) and kinematic errors (KE) under above
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Fig. 3. Contact teeth and kinematic errors under assembly conditions:
A4 = 0.0mm, Ag = —0.3mm, Ay, = 0.0, Ay, = —-3.0".

assembly conditions are illustrated in Fig. 3. According to
this figure, the gear set contact initiates at the worm rotation
angle 495.18° and, at that moment (i.e. computed point), the
ICT is four teeth. Contact is completed at the worm rotation
angle of —772.49°. At that moment, the ICT is four teeth.
The maximum kinematic error of the worm gear set is 0.167
arc-second. By considering the numbers of contact teeth
within the line of action, the ACR is calculated by summing
the ICT at each computed point and dividing by the total
computed points in the effective contact path. Based on such
a TCA calculation method, the ACR is obtained as 3.611, as
shown in Table 4. The conventional method for contact ratio
calculation is the calculation by the worm rotation angle,
measured from the beginning of contact to the end (i.e.
1267.67°), divided by one revolution of the worm (i.e. 360°).
Based on the conventional calculation method, the contact
ratio is 3.521, as also indicated in this table.

When the worm gear is generated by hob cutters with a
negatively shifted-modification, the contact teeth and kine-
matic errors of a worm gear drive with parameters
A4 = —0.3 and —0.6 mm are displayed in Figs. 4 and 5,
respectively. Table 4 indicates that the ACR with parameter
Ay = —0.3 and —0.6 mm decrease to 3.594 and 3.589,
respectively. The maximum kinematic error is reduced to
0.011 and 0.161 arc-seconds, respectively. According to the
present results, the kinematic errors and the ACR of the
worm gear set can be reduced with a negative-shifted cut.

Table 4
Kinematic errors and contact ratios under various assembly conditions (I)
Assembly conditions Begin contact End contact ACR? Contact KE
(degree) (degree) ratio® (arc-second)
Ay =0.0mm,A¢ = —0.3mm, Ay, = 0.0/, Ay, = -3.0/ 495.18 —772.49 3.611 3.521 0.167
Ay = —03mm,Ag = —0.3mm, Ay, = 0.0', Ay, = —3.0' 521.59 —739.47 3.594 3.503 0.011
Ay = —0.6mm,Ag = —0.3mm, Ay, = 0.0', Ay, = —3.0' 548.00 —713.06 3.589 3.503 0.161
Ay = 0.3mm,Ag = —0.3mm, Ay, = 0.0/, Ay, = 3.0/ 481.98 —798.90 3.646 3.558 0.331
Ay =0.6mm,Ag = —0.3mm, Ay, = 0.0/, Ay, = —3.0/ 468.77 —831.91 3.689 3.613 0.497

% ACR are determined based on the TCA computer simulations.

® Contact ratios are determined based on the worm in total contact rotation angle divided by 360°.
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Fig. 4. Contact teeth and kinematic errors under assembly conditions:
Ay = —03mm, Ag = —0.3mm, Ay, = 0.0, Ay, = =3.0'.
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Fig. 5. Contact teeth and kinematic errors under assembly conditions:
Ay = —0.6mm, Ag = —0.3mm, Ay, = 0.0, Ay, = —3.0'.

Figs. 6 and 7 present the contact teeth and kinematic

errors of a worm gear drive with positive-shifted parameters
A4 = 0.3 and 0.6 mm, respectively. Table 4 also indicates
that the respective ACR increase to 3.646 and 3.689, and that
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Fig. 7. Contact teeth and kinematic errors under assembly conditions:
Ay = 0.6mm, Ag = —0.3mm, Ay, = 0.0/, Ay, = —3.0'.

200 400 600

the maximum kinematic errors increase to 0.331 and 0.497
arc-seconds, respectively. Simulation results indicate that
the kinematic errors and ACR are increased with a positive-
shifted cut.

Example 4. The same worm gear set as that of Example 1 is
chosen except the pressure angles of the worm and hob
cutter are changed to 9°. Fig. 8 illustrates the contact teeth
and kinematic errors of the gear set under ideal assembly
conditions. This figure indicates that the gear set contact
initiates at a worm rotation angle of 587.62° and, at that
instant, the ICT is five teeth. Contact is completed at a worm
rotation angle of —858.32° and, at that instant, the ICT is
also five teeth. According to Table 5, the maximum kine-
matic error of the worm gear set is 0.009 arc-second; and the
ACR is increased to 4.041 also. When assembly errors
occurred as Ag = —0.3mm, Ay, = 0.0" and Ay, = —3.0',
the kinematic errors and contact teeth are shown in Fig. 9.
The ACR is then decreased to 3.972 and the maximum
error is increased to 0.157 arc-second, as indicated in
Table 5. If the worm gear is generated by a hob cutter with

~ r -0.1
- -0.2

—-1000 —-800 -600 —400 -200 O

®, (Deg.)

200 400 600

Fig. 6. Contact teeth and kinematic errors under assembly conditions:
Ay =0.3mm, Ag = —0.3mm, Ay, = 0.0/, Ay, = —3.0.
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Fig. 8. Contact teeth and kinematic errors under ideal assembly
conditions: A4 = 0.0mm, Ag = 0.0mm, Ay, = 0.0', Ay, = 0.0'.
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Table 5
Kinematic errors and contact ratios under various assembly conditions (II)
Assembly conditions Begin contact End contact ACR? Contact KE
(degree) (degree) ratio® (arc-second)
Ay = 0.0mm,Ag = 0.0mm, Ay, = 0.0', Ay, = 0.0/ 587.62 —858.32 4.041 4.016 0.009
Ay = 0.0mm,Ag = —0.3mm, Ay, = 0.0/, Ay, = 3.0/ 567.81 —851.72 3.972 3.943 0.157
Ay = —0.3mm,Ag = —0.3mm, Ay, = 0.0', Ay, = —3.0' 607.43 —818.70 3.995 3.961 0.009
Ay = —0.6mm,Ag = —0.3mm, Ay, = 0.0', Ay, = —3.0' 653.64 —792.29 4.055 4.016 0.592
Ay = 0.3mm,Ag = —0.3mm, Ay, = 0.0/, Ay, = —3.0/ 534.80 —878.13 3.967 3.925 0.315
Ay = 0.6mm,Ag = —0.3mm, Ay, = 0.0, Ay, = —3.0/ 508.39 —911.14 3.977 3.943 0.474
# ACR are determined based on the TCA computer simulations.
® Contact ratios are determined based on the worm in total contact rotation angle divided by 360°.
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Fig. 9. Contact teeth and kinematic errors under assembly conditions:
Ay =0.0mm, Ag = —0.3mm, Ay, = 0.0/, Ay, = —3.0'.

a negative-shifted cut Ay = —0.3 and —0.6 mm, the ACR is
then increased to 3.995 and 4.055, respectively. Table 5 and
Figs. 10 and 11 display the contact teeth and kinematic
errors. The respective maximum kinematic errors are
reduced to 0.009 arc-second and increased to 0.592 arc-
second. The maximum ICT is four teeth and five teeth,
respectively. When the worm gear is generated by hob
cutters with a positive-shifted cut A4 = 0.3 and 0.6 mm,

C.T. K.E.(Arc—sec.)

71 End Begin [ 0.05
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®; (Deg.)

200 400 600 800

Fig. 10. Contact teeth and kinematic errors under assembly conditions:
Ay = —03mm, Ag = —0.3mm, Ay, = 0.0/, Ay, = —3.0'.

Fig. 11. Contact teeth and kinematic errors under assembly conditions:
Ay = —0.6mm, Ag = —0.3mm, Ay, = 0.0, Ay, = —3.0".

then ACR is decreased to 3.967 and 3.977, respectively, as
shown in Table 5 and Figs. 12 and 13. The respective
maximum kinematic errors are increased to 0.315 and
0.474 arc-seconds. The above results confirm that a worm
gear generated by hob cutters with a negative-shifted cut can
increase the ACR, while a positive-shifted cut decreases the
ACR. Moreover, the maximum kinematic error of the gear
set may decrease with a negative-shifted cut.
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Fig. 12. Contact teeth and kinematic errors under assembly conditions:
Ay =0.3mm, Ag = —0.3mm, Ay, = 0.0/, Ay, = —3.0'.
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Fig. 13. Contact teeth and kinematic errors under assembly conditions:
Ay = 0.6mm, Ag = —0.3mm, Ay, = 0.0/, Ay, = —3.0'.

5. Conclusions

A ZK-type dual-lead worm gear drive with a small
pressure angle can increase the gear contact ratio and the
ICT. At the same time the root stress of the gear set decreases
due to its multiple contact teeth. However, a worm gear set
with a small pressure angle may induce gear set undercutting
and increase the gear’s non-conjugate region. Gear under-
cutting can be averted by applying hob cutters with a
positive-shifted cut. However, such an application increases
the non-conjugate region and decreases the working area of
the worm gear drive. If the worm gear is cut by hob cutters
with a small pressure angle and with a proper shifted
modification, the maximum root stress can decrease due
to multiple contact teeth.
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