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In this work, the calculation of Maag gear shaper cutter
parameters is performed for spur gears with helical teeth in
three variants — straight-tooth tool with machine offset, helical-
tooth tool without machine offset and helical-tooth tool with
machine offset. It is therefore a prerequisite that the
manufactured involute gearing has helical teeth for each
variant. The created CAD program is universal and can be used
for construction in other combinations as well. The tool
clamping angles on the tool holder, the cutting geometry of the
cutter and the characteristic of the gearing are introduced into
the calculation. The output of the work will be then calculated
individual parameters of the Maag shaping cutter in the tooling
system, necessary for its construction. The calculation are
performed in program T-Flex CAD and the summary output is
graphical 2D/3D representation of the rack-shaped cutter in its
base, normal and side planes, always in a different design
based on the change of the tool input data and gearing
characteristic. The analysis of the tool’s involute profile was
solved by vector calculus and matrices and by rotating the tool
in the chosen coordinate systems. The specific calculation of

the tool parameters will be solved using goniometric functions.
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1 INTRODUCTION

Spur gears with straight and helical teeth are produced by
shaping, using the hobbing method [Manufacturing 2020],
[Marek 2015], [Micietova 2009]. The tool here is the rack-
shaped cutter. The profile on its cutting edge for each tooth is
determined from the basic profile of the rack using the pair
wheel-rack [Zahnraeder 2020]. Tool tooth profile angles, tooth
pitch and height depend on the gear characteristics. However,
the cutting efficiency and accuracy of gear production depend
much more on clamping the tool into the sliding ram holder
and on re-sharpening the tool on its top face [Mrkvica 2009].

Rack cutters belong to the tools that can be used for the
production of all kinds of spur gears, normal and herringbone,
corrected and uncorrected, with straight or inclined teeth, for a
given module with any number of teeth, but only for external
gearing [Dimensionieren 2019]. If we compare the rack-type
tools to other tools used for gearing, they are the simplest as to
their production and their sharpening [Gear 2020]. They are
one of the most accurate tooth cutting tools as to the wheel
profile accuracy and the quality of the machined surface of the
tooth flank [Kosir 2012], [Safar 2011], [Cep 2014]. The
disadvantage of this method is the lower productivity of the
machine [Mrkvica 2011].

The analysis of the rack-shaped cutter profiles, related to the
calculation of the basic parameters of the tool, is solved in the
available literature using goniometric functions that describe
the relationships among the planes and the cutting edges of the
relevant planes [Schmidt 1974]. To solve the given task, a more
suitable approach is to use vector calculus and matrices [Benes
2016], [Litecka 2016]. This will make it easier to convert the
calculation into a computer form.

The calculation is made for a tool for spur gear with helical
teeth. Into the calculation, we will include chosen angle for the
tool clamping on a forming machine, cutting geometry of the
tool, and gear characteristics. The entire calculation is done for
involute gearing and these equation sets can be also used for
other types of racks [Mrkvica 1986], [Mrkvica 1992].

2 PRACTICAL EXAMPLES OF THE DESIGN OF A RACK CUTTER

2.1 Input parameters for the calculation of the rack-shaped
cutter

Input parameters of the machined wheel:

m [mm] — module (from standard CSN 22 254), for the given
example we chose m=5,

o, [°] — angle of mesh in the normal plane, 20° is most often
chosen, (if Bo=0° then a, = a;, where a; is mesh angle in the
gear face plane), for this example we have chosen a, = 20°,

Bo [°] — angle of gear tooth inclination, for gearing with straight
teeth Bo = 0° (for helical gearing the value of By is selected), for
the given example (variant A, variant B and variant C) we have
chosen the helical gearing of the wheel, i.e. Bo=11°11".

Input parameters of the cutting tool (according to technological
conditions of machining):

a1z [?] — tool cleaarance angle in the back plane on the tooth
head of the rack-shaped cuter (12° is most often chosen), for
this example we chose aj; = 12°,

z [-] — number of teeth (according to the module from standard
CSN 22 254), for m=5 the number of teeth is z =9 [CSN 222540
1973],

ao7 [°] — the angle of the rack cutter in the ram of the shaping
machine, for this example we chose for variant A
alp7 = 11°11°, for variant B ap7 = 0° and for variant C ag7 = 3°11,
a7 [°] — working back angle of the face on the tooth head of the
rack cutter (for Maag machines a value of 6°30" is chosen), for
this example we have chosen ai7 = 6°30°,

a5 [°] — tooth face angle tooth, for this example we have
chosen a5 = 0°.

Variant A: Bo=11"11"

ALRRRRRRN

= workpiece:

MM SCIENCE JOURNAL 12021 | DECEMBER
5403


mailto:ivan.mrkvica@vsb.cz

= clamping the tool in the shaping machine:

Qo7 =11°11"

= cutting tool (after the calculation):

Q25 =0°
Variant B:
Bo = 11°111, Qo7 = Oo, Q3 = 11°7°59”
Variant C:

Bo = 11011', Qo7 = 3°11', Qa3 = 7°57°49”

2.2 Calculated parameters for the design of the rack-shaped
cutter

Mesh angle in the gear face plane a;

Figure 1. The face plane of the involute gear with the profile of the
basic rack [Mrkvica 1986]

tani, tan20® 20°21720" 1
= - = = 40521 2
cosf, cosll®ll - (1)

tang; =
The angle ag is the same for all three variants.

Working back clearance angle on the tooth cutter head a27

o7 = @y — @;; = 129 — 6730 = 5930’ 2)

The angle a7 is the same for all three variants.

Angle of inclination of the tooth back to the setting of
the grinding crandle (clearance angle in the back plane) a,;

Variant A:
EANE g, = COS(Ey - — &y 7) . tan(fy — @pr) =
cos.y tan(fy — fgog)

=cos5?30  tan(11°11 — 11°117) = 0 = tpqy = 0° (3)

Variant B: @.q5 = 11°7597

Variant C: @tng, = 7757497,

Angle of rotation of the face from the ground plane as¢
Variant A:

LNy, tand? 0 9o
= ———=10 = @wgg, = 0°%
56

tana = —= =
SEa o "1
COSM,) - cosll (4)

Variant B: @zzp = 117227317,
Variant C: @z, = 8787217,
Substitution relationships
Variant A:

Uy = SNy SIMAgg, . COSEar

—COSfg7g. COSTggy. COS(@yn + @yg) = —0,959574156

Variant B: ap = —0,958933323,
Variant C: @, = —0,9358974927.

Substitution parameter b:

Variant A:

by = singg;p. SiNEag o SiNEgg ST

— SNy, COSEngg. COSHgg . SN0 7 + Byc) —
COSfggy. COSE g, SIMEag SIE - + 0]

= —0,021935649

Variant B: by = —0,0393566685,

Variant C: b, = —0,034529362

Substitution parameter c:

Variant A:

Cq = SiMfigg SiNE. = sin0%sin5°30' =0
Variant B: cp = 0,013904074,

Variant C: ¢, = 0,01356%646

Substitution parameter d:
Variant A:

dy = COS@agg. COSMgg,. COS() 7 + @yg)
+EiMTog . SINT g COSH 7
=0,993571855

Variant B: d = 0,993632454,

Variant C: d, = 0,993502975

Substitution parameter e:

Variant A:

€y = SiMGgyL. COSEsg,. COS(@ - + @ys)
+C0F Mg, S, COF T
=0,189710743

Variant B: g5 = 0,192631741,

Variant C: g, = 0,19333756

Substitution parameter f:

Variant A:

fa = sinGg;. CO0S@eg,. SN Eag . SiNE - + &)
+C0S My ST, FINME g g, SINE

—COS Xy g COSEngy. COS Xy, SN{E, - + &y c)
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(5)

(6)

(8)

(9)

(10)



=-—0,111053667
Variant B: f = —0,105240864,
Variant C: f, = —0,107350422

Angle of the tooth edge in the normal plane of the rack tool
(P,) — position of the right side azqp

Fu/N

Figure 2. View of the normal (production) plane of the rack-shaped
cutter [Mrkvica 1986]

Variant A:

boecosfy + dg. tana, — fo sinfy

Eptang, — @y cosfy + e sinfiy (11)
= @yupg = 20°177237

Variant B: @gypp = 197137257,

tantgyp, =

Variant C: g 4p, = 19°31718"

Angle of the tooth edge in the normal plane of the rack tool
(Pr)

- position of the left side aza;

Variant A:

b cosfy —dg. tana, — fu sinfy

Cptana, + @z cosfy — eg.5inf; (12)
= fga g = 209177237

Variant B: &gy = 219217407,

tantgy , =

Variant C: g4y, = 21°318"
Angle of the tooth edge in the base plane of the rack tool (P,)

- position of the right side Bp

Figure 3. Angles of edges in the ground plane Pr [Mrkvica 1986]

Variant A:

COSEyn
=, tONEgap,

tanfp, = SiN@p. QNG + P 13)
232

= fpg = 19°52°537
Variant B: fpp = 21713597,
Variant C: i, = 20°46711"

Angle of the tooth edge in the base plane of the rack tool (P;)
- position of the left side B,

Variant A:

] oS-
tﬂ”ﬁLE = Sf”ﬁl:.rﬂ”ﬁ:gc_m.rﬂ”ﬁgnc (14)
23a
_ _ 5 -
= g = —19°52'53

Variant B: fi;; = —19914"18",
Variant C: f;, = —19°20°53"
Height of the addendum in the face plane of the wheel h,,,

m
haw= — + 0,25.m = 6,34678mm
cosfy
(15)

Height of the addendum in the face plane of the wheel h,y,
is the same for all three variants.

Tooth height in the face plane of the wheel hy,

m
fy = E'FS:--'_ 0,25.m+ ¢f = 12,54356mm (16)
Tooth height hy, in the face plane is the same for all three
variants, where cs— radial clearance at the heel determine it
according to design considerations, for example according
[19].
Addendum height in the tool reference plane of the rack-
shaped cutter hawu

faw 6,34678

R = = - = 6,33734mm
WY posmy; T cos6730 (17)

Addendum height in the tool reference plane of the rack-
shaped cutter hawu is the same for all three variants.

Tooth height in the tool reference plane of the rack-shaped
cutter hyy

Py _ 1254356 .
Loy = = - = 12,6247 Llmm
WY rosay s cos6730 (18)

Tooth height in the tool reference plane of the rack-shaped
cutter hyy is the same for all three variants.

Addendum height in the normal plane of the rack-shaped
cutter hawn

llTI211'

.CO5@,; -, = 6,24825mm
COS@; 7 - (19)

Addendum height in the normal plane of the rack-shaped cutter
hawn is the same for all three variants.

Rawn =

Tooth height in the normal plane of the rack-shaped cutter

th

-
hyy = ———. cos@;» = 12,34883mm
COSdy 7 (20)
Tooth height in the normal plane of the rack-shaped cutter hyn
is the same for all three variants.

Rack tool pitch in its tool reference plane tow
T.M COSE)o

2—.

4.tana, cosa;;
= 15,707565mm (21)
Variant B: t yp = 15,7163 05mm,

Cowa = JAtanagypg + tENEgy )
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Variant C: t . = 15,709892Zmm

Rack tool pitch in its normal plane ton

T.m o cosay.
bopg = 20— = (tane + tana

oNa 4.tang, cosE 7 ( pa 2azs) 22)
= 15,707865mm

Variant B: t yp = 15,7163 05mm,

Variant C: t . = 13, 70989 Zmm

3 THE RACK-SHAPED CUTTER CALCULATION IN PROGRAM
T-FLEX CAD

3.1 Creation of a program database

Input parameters have been entered into the database to
calculate output parameters — gearing module (m) ranging from
1 to 20mm, number of teeth of the tool (z), radial clearance at
the heel of the rack-shaped cutter (cf) and input dimensional
parameters for the 2D/3D drawing of the tool itself, which have
been taken from the standard CSN 22 2540 - tool lenght
lw [mm], tool width b [mm] and tool thickness hyw [mm]. The
supporting input parameter from which the other input
parameters were derived was the gearing module [CSN 222540
1973].

3.2 Creating of variable editor

The editor is divided into 4 group fields — scale offset, tool,
gearing, calculations. Both the values of the tool and gearing
input parameters from the program database and other input
parameters that were not defined in the program database
were transferred into the tool and gearing group box. For the
tool group these were the parameters as; [°], agy [°], a7 [*] and
ass [°]. For the gearing group these were the parameters a, [°],
and Bo [°] [Mrkvica 1986].

Obrébéné kolo
Modul [m] 5 W
Uhelskionu zubu [beta_0] 11.18333 |11 11 [
Zabérovy Ghel v normalové roving [alfa_n] |20 20 ¢ |0 0 N
Nastrgj - vstupni ddaje
Poet zubu [z] 9 Zadat poet zubd ruéné ]
Délka noZe [w] (mm) 140 Zadat délku noZe ruéné 1]
Siflca noZe [b1] (mm) &0 Zadat &ifku noe ruéné 0
Wika noZe [Huw] (mm) 20 Zadat viEku noZe ruéné 0
Uhel vyldonéni noge [atfa_07] 1118333 11 ° 11 " IEI "
Uhel hbetu noze [alfa_12] 12 2 =0 |0 |
Uhel &ela zubu néstroje [afa_15] 1] 0 = |0 0 "
Pracovni thel &ela nastroje [afa_17] 65 [ ® (30 o "

Figure 4. Input parameters of the group field of the machined
wheel and the group field of the tool for the production of
a straight-toothed tool with an offset in the slide of the shaping
machine (ap;=11°11°0""), with a tool cleaarance angle in
the back plane on the tooth head of the rack- shaped cutter
a1, = 12° [Jurga 2020]

The editor has been set up so that input parameters can be
pulled automatically from the program database or entered
manually. Input parameters that were not from
program database were entered manually in the variable editor
or in a more user-friendly enviroment called nastavit_externe_
premenne_modelu. As these are in all cases angular
measurements, the input parameter values are entered in the
form stupne_minuty_sekundy — see Fig. 4. The decision
to automatically convert input parameter values or to enter
them manually was conditional on entering an individual
condition for the parameters from the programme’s database.

For example, the expression z_rucne==0?z_databaze:z_rucne
from the group array gearing means, that if the value z_rucne
equals 0, then value z is pulled from the program database. The
determining programmed into the group field calculations and
additional equations have been added for the graphical design
of the tool. For example int(z/2)*2, which means that
we devide the number of teeth of the tool by 2 and then
multiply by 2 to get the correct number of teeth.

3.3 Creation of the tool model
Consists of several steps:

e ejection (the area dimension of the tool has been changed to
a volume dimension with a thickness of 20mm, depending on
the gearing module or manual input f the tool thickness
value) — see Fig. 5 and Fig. 6.

o transformation of the tool back plane — based on the chosen
tool clearance angle in the back plane on the tooth head of
the rack-shaped cutter ay; = 12°, the plane of the back of the
cutter is deflected at this angle from the ejection model — see
Fig. 7.
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Figure 5. Creation of the so-called 20mm thickness ejection
according to CSN 22 2540 for a given module m=5mm, same
strategy for a tool with straight or helical teeth

Figure 6. Display of the ejection strategy already on the finished
tool with straight teeth for gear module m=5mm with number
of teeth z=9. Ejection is also shown in this view the area of the
tooth teeth, which are not counted in the area of the tool
dimension during ejection

@

TR AR XARL|

™T e

Figure 7. Deflection of the plane of the back at an angle
a1, = 12° from so-called extension model

e boolean 1 — this strategy involves forming the sides of the
teeth on the right side of the tool by pulling along the curve
(for a tool with straight teeth in the top-down direction and
for a tool with inclined teeth, pulling the curve of the side of
the tooth twice from the centre upwards and from the centre
downwards) and a distribution of the total number of teeth
of the tool for the selected module m=5 according to a line
array with the conditions of the number of
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ParnaNeparna==2?z/2:2/2+0,5=5 (the number of teeth for
the right side of the tool is 9/2+0,5 = 5) and pitch in the
ground plane tow — see Fig. 8 and Fig. 9.

&2 AXES
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Figure 8. Creating the sides of the teeth on the right side of the
tool by pulling along the curve for module m=5mm (total
number of teeth of the tool z=9), where the tooth marked in
green is the tooth common to the right and left

Figure 9. The strategy of forming the sides of a rack tool tooth
with inclined teeth by pulling the curve of the sides of the rack
tooth from the centre downwards with the rack tooth already
formed in the direction from the centre upwards

e boolean 2 — this strategy involves forming the sides of the
teeth on the left side of the tool by pulling along the curve
and dividing the total number of teeth of the tool for the
module m=5 according to a linear array with the conditions of
the number of ParnaNeparna==z?z/2:2/2+0,5=5 (the number
of teeth for the left side of the tool is therefore 9/2+0,5 = 5)
and pitch in the ground plane tow.

SO AXES

30N,

[
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Figure 10. Creating the sides of the teeth on the left side of the
tool by pulling along the curve for the module m=5mm (total
number of teeth of the tool z=9), where the tooth marked in
green is the tooth common to the right and left side

The reason for introducing the boolen 1 and boolen 2 strategy
was the find a methodology to appropriately distribute an odd
number of tool teeth, in addition to forming the sides of the
tool teeth, so that when creating a drawing it does not happen
that, for example, for the selected module m=5, which has an
odd number of teeth z=9 a tool with an even number of teeth is
displayed on the drawing.

e knocking down the edges of the tool body 1
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<%
X
@]
<
b |
&
)
4
&

Figure 11. Knocking down of edges of 1 tool body with straight
teeth

e knocking down the edges of the tool body 2

| %] ¥

@O 2wl S8 XARL

Figure 12. Knocking down of edges 2 tool body with straight
teeth

3.4 The output of the rack-shaped cutter program

Modul m] 5 v
Uhelsklonu zubu [beta_0] 11.18333 ] |n

Z&bérovy thel v normalové roving [alfa_n] |20 : ' '
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Bifka nose [b1] {mm) 60 Zadat Sifurodeuing 0|

Vydka e [Huw] fmm) 20 Zadat vjSku nofe nuEng
Uhel vyklongni noZe [affa_07] 1118333 s ' '
Uhel hibetu noze [affa_12] 12 s ]t
Uhel 3ela zubu ndstroje [aifa_15] 0 o = fo | o |-
Pracovni thel Sela nastroje [fa_17] 65 6 ] 3o ]* o |~

Vysledné hadnaty
a- [0959574 |b- [00219% |c- [0 d- (0893572 e~ (08971 [F- [0111084 |
beaP [19 |° [52 |* [54 [* beal |19 |+ [52 |* 54 |-
afadp (20 |° [17 |* |8 |* afazaL 0 |° (77 |* B |-
23 0 |° [0 |* 0 |" a2z 5 |- [30 " [0 | a5 0 |-0 |0 |
VSka lavy 2ubu noze v Gelni roving [haw] (mm) 534578
V§Ska lavy 2ubu nofe v Eelni roving [hw] mm) 1254355
Vfka hlavy zubu noze v zakladni roving frawL] fmm) 6.387842
Vfka 2ubu nofe v zakladni roving L] fmm) 1262471
Vfika hlavy zubu v nomalove roving frawN] fmm) 6.248252
Vjika 2ubu node v nomalove roving [rwN] fmm) 124883
Rlozestup zubd noe v zakladni roviné [low] fmm) 15.7079%|
Rozestup 2ubd noze v nomnalové roving tol] fmm) 15.707%6

[#] Automaticks aktualizace

Figure 13. Program check summary table for a straight-tooth
(023 = 0°) rack-shaped cutter tilted in the cutter slide at an angle
of ag; = 11°11" for the selected module m=5mm [Jurga2020]

The numerical output of the program is a clear summary table
(the way to the table Parametre — Nastavit externé premenné
modelu), where we can find asummary of the input
parameters for the tool (o2, Oo7, 017, Qis), dimensional
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charakteristics of the rack tool (lw, b, hyw) and input parameters
for gearing (m, z, Bo, ). At the same time we can find the
calculated parameters of the tool (a;~working clearance angle
on the addendum, azs-angle of inclination of the back of the
tooth to the setting of the grinding crandle, ase-angle of
rotation of the face from the ground plane, ass-angle of the
tooth edge in the normal plane of the rack cutter, for right side
and left side position, B-angle of the tooth edge in the base
plane of the tool, for right side and left side position, haw-height
of the addendum in the face plane of the wheel, hy-tooth
height in the face plane, h,yu-height of the cutter tooth head in
the ground plane, hyy-tooth height in the tool reference plane,
hawn-height of the tool tooth head in the normal plane,
hwn-tooth height in the normal plane, tow-rack tooth pitch in its
tool reference, ton-rack tool pitch in its normal plane
and calculated gearing parameters (a;- mesh angle in the gear
face plane).

Figure 14. Graphical 3D representation of a straight-toothed
rack shaped cutter (a3 = 0°) inclined in the cutter slide at angle
ap7 = 11°11° for a selected module m=5mm for the production
of helical gearing with an inclination of the wheel teeth
Bo=11°11

4 CONCLUSIONS

Calculation procedure of arack-shaped cutter for spur gearing
with helical teeth, the analysis of the tool’s involute profile
using vector calculations and matrices based on the tool’s
rotation in the chosen coordinate systems has not been solved
separately in this thesis due to its large scope [Mrkvica 1992].
The selected tool clamping angles on the tool holder were
introduced into the calculation, tool cutting geometry and
gearing characteristics too. The rack-shaped cutter was
structurally designed so, that when clamped in the trimmer
slide and moved in the direction of trimming, the blade of the
cutter tooth formed an enveloping involute of the side of the
wheel tooth. In chapter 2, aprocedure for calculating the
individual tool parameters required for the tool construction
using goniometric functions was applied in three variations. The
tool had to be able to procedure geometrically identical helical
tooth gearing within the three variants, with a wheel tooth
inclination angle of Bp=11°11".

The first variant featured a straight-toothed tool that was
clamped in the slide of the shaping machine at an angle
ap7 = 11°11°. The second variant was a tool with helical teeth,
which was clamped in the slide of the shaping machine at an
angle ap; = 0°. The third variant was a combination of the
previous 2 variants, i.e. atool with helical teeth, which was
clamped in the slide of the shaping machine at an angle
Qo7 = 3°11°.

As parth of the work, the size of the rack cutter back (ognt),
which has a significant influence on the work of the tool itself,
was also checked [Svec 1965]. Since the partial task was to
decide which tool is the most favourable due to its blade, for
use in machining, for the costs of production, control of wear
and grinding under the condition of production of gearing with

helical teeth as the best option seems to be the first option, i.e.
a straight-toothed tool with atilt in the slide of the shaping
machine. Based on the parameters that entered into the
calculation under all three options (a,=20°, a27=5°30", a17=6°30"
a a13=12°) it can be seen that the angle (agnt) is not large
enough, therefore it would be desirable to adjust the sizes of
the input parameters so that the size of the angle (agn) is
greater than 2°, which has a major impact on the machining of
particularly difficult to machine materials, steels with
a tendency to galling [Svec 1970] .

The main part of the practical output of the thesis is
a computer program programmed in the 3D CAD modeller T-
Flex, where, on the basic of a change in the input data of the
machined wheel (m [mm], a, [°], Bo [°]) and for the tool group
these were the parameters ai; [°], ao7 [°], a1z [?], ass [°] and
subsequently calculated tool parameters, it is possible to
generate online a graphical drawing of the tool in 2D/3D view
in its basic and normal planes. For each different variant, the
program automatically generates anew tool with its new
characteristics (dimensions, number of teeth, etc.). The same
for both straight and helical tooth tools. The procedure for
creating this computer program is described in chapter 3. This
program in the T-Flex CAD modeler can be used directly by
designers and technologists (interfacing with CAM) in practise,
or it can be used for further practical training in the design of
machine tools [Jurga 2020].
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