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ABSTRACT

In the field of gear design, to apply any form of analysis (such as FEA, dynamic, and stress
analyses), a delicate and accurate representation of the gear geometry is essential. It is the
foundation for any design modification attempts, and any approximation of the tooth profile
must be avoided. In the literature, many approximations were held to the involute tooth
geometry, particularly in the filet region, where it was simply represented by a straight line
or circular arc instead of a true trochoidal arc from a generation process. This approach
might lead to inaccurate bending stress results, as it fails to detect the impact of the undercut
or the profile correction process. Other common approximations have been widely observed
in the literature, such as utilizing an asymmetric cutter to simultaneously generate the two
sides of the asymmetric gear. Moreover, the graphical rack-cutter generation technique was
widely used to generate involute gears. This technique, although shown to be accurate in
generating a 2D standard tooth, is time-consuming as it necessitates the use of source code,
a programming language, a graphic processor for displaying computer graphs, a post-
graphic processor for eliminating unrelated lines, and a post-process for exporting the tooth
geometry to CAD software. This research presents an alternative direct computerized
generation method that is shown to be accurate, generate both 2D and 3D gears, and be
significantly more time-efficient. Moreover, a novel technique to generate a fully asymmetric
nonstandard tooth (pressure angle, trochoidal fillet, and shifting factor) is proposed using
two half-cutters.
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1. INTRODUCTION

Spur gears are commonly used in various mechanical systems for their efficient transmission
of rotational motion and power (Zhang and Mi, 2018). Even though early forms of gears
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were invented around the 18th century, the amount of attention and research dedicated to
them has been continuously increasing due to the growing demand for improved
performance and design refinements (Barmina and Trubachev, 2021). Significant
advancements in gear materials, surface finishes, and manufacturing quality have elevated
gear performance to an impressive level (Abdullah and Badri, 2011). Nonetheless,
enhancing gear performance during the gear tooth design stage remains a comprehensive
and effective approach (Abdullah et al., 2015; Ismail and Abdullah, 2019; Toman and
Abdullah, 2020).

Generating in gear cutting refers to the process of creating an involute curve using straight
cutting edges on the cutter (Ciornei et al., 2022). This results in a series of facets on the
blank, forming the desired involute profile. The cutter and blank function as mating gears in
contact during the cutting process. To produce gear teeth, generating methods leverage
specific relative motion between the work gear and the cutter. These methods ensure
theoretically correct gear tooth profiles, irrespective of the desired number of teeth on the
gear. With a given diametral pitch, a single cutter can be used to cut gears with varying tooth
counts, all of which will have theoretically accurate profiles and mesh interchangeably. The
most commonly employed generating processes for gear teeth include the gear shaper
process, rack cutter process, and hobbing process (Gupta et al., 2017).

Reviewing the related literature, the rack cutter generation technique, one of the involute
gear teeth generation methods, has been widely used to generate involute gears with
standard and modified gear teeth and to study and investigate the performance of spur gears
with various design modifications. (Kapelevich, 2000) introduced a graphical-based
method for generating a spur gear with an asymmetric tooth. According to his method, the
asymmetric gear tooth had to be generated via the use of an asymmetric rack-cutter by a
generation process. (Litvin et al.,, 2000) introduced a stress and noise reduction gear
design that uses an asymmetric pressure angle gear tooth (35,20 degrees) on the active and
coast side and compared it with a (25) degree pressure angle gear tooth. An asymmetric
rack-cutter was used to generate this asymmetric gear tooth based on a rack-cutter
generation method. (Yang, 2004) introduced a mathematical model for generating
asymmetric pinion and gear by using an asymmetric involute rack-cutter. According to the
results, this model is capable of generating asymmetric gears with undercutting. (Chen and
Tsay, 2005) introduced a method for designing and manufacturing small teeth number
standard gears by adopting a modified rack-cutter. (Fetvaci and Imrak, 2008) used an
asymmetric tooth rack-cutter to graphically generation the 2D profile of the asymmetric
spur gear by conventional generation simulation. (Hassan, 2008; Hassan, 2018)
reformulated the parametric equations for the trochoid and involute profiles for symmetric
spur gears with standard and nonstandard (profile-shifted) teeth. The author developed a
computer program using a programming language to plot the gear tooth profile. (Bhosale
and Ahmednagar, 2011) adopted the FEM and 3D photo elasticity to analyze standard
helical gear bending strength and compare the results with the Lewis equation. For the FEM
investigation, the 3D models were modeled using CAD software (CATIA). (Abdullah, 2012;
Abdullah and Jweeg, 2012) presented a group of geometrical modifications on the gear
tooth profiles, such as asymmetric profiles with optimal fillet for both sides and by using an
addendum modification, an alternative design approach was adopted to satisfy the best gear
drive performance. The standard spur gear 2D models were graphically generated using a
symmetric involute rack-cutter. On the other hand, half rack cutters were used to graphically
generate each tooth side of the 2D gear models of non-standard spur gears. Fifteen points

73



A. A. Toman and M. Q. Abdullah Journal of Engineering, 2025, 31(2)

were used to define the outer shape of the rack cutter. Then, the Cartesian coordinates of the
geometrical points for the rack cutter were found. A mathematical simulation based on the
principle of the gear shaping process with a rack-shaped cutter was adopted to generate the
involute gear tooth profiles graphically and modified to consider tooth addendum
modifications. (Gupta et al., 2012) studied the effect of the gear model on the maximum
tooth contact stress for standard spur gears. The 3D gear models were generated using the
(pro/Engineer) CAD software; then, these models were fed to a CAE software (ANSYS) for
F.E. analysis. (Masuyama et al., 2015; Masuyama and Miyazaki, 2016) conducted 2D F.E.
simulations to investigate the bending strength of spur gears with symmetric, asymmetric
fillets and asymmetric pressure angle and fillet teeth. The 2D gear profiles and models were
generated using symmetric and asymmetric rack-cutters utilizing the traditional rack-gear
graphical rolling at the pitch circle. (Rao and Vamsi, 2016) studied the contact and shear
stress of spur gears by FEM using CAE software (Ansys) and analytical investigation for
different gear materials. The 3D models were formed by CAD software (Pro. E) then the
geometry files were fed to FEM CAE software (Ansys). (Hmoad, 2016; Hmoad and
Abdullah, 2016) conducted analytical, numerical (FEA), and photoelastic investigations to
investigate the effect of using standard, asymmetric, and asymmetrically shifted symmetric
pressure angle spur gear tooth profiles on sliding velocity behavior. The photoblastic gear
models were fabricated utilizing CAM software. The geometry files required for the gear
fabrication process and FEA were generated based on the rack-cutter generation method.
The rack-cuter was divided into four parts (edges), and then the equations of each part were
driven utilizing a coordinate transformation. The gear tooth 2D geometry was obtained by a
simulation that involves utilizing shifting techniques to depict the relative motion between
the cutter and the gear blank.

(Yilmaz et al., 2017) conducted a stress analysis on spur gears with a thin rim. The fillets of
the investigated gear teeth were asymmetric of a trochoidal profile type. The gear 2D
geometry was obtained utilizing an asymmetric rack-cutter. To generate this asymmetric
gear tooth, the rack cutter was divided into six regions, and then a rack-cutter generation
method was conducted based on Litvin’s approach. In another work, (Yilmaz et al., 2018)
conducted a stress analysis on spur gears with a thin rim. The pressure angles of the
investigated gear teeth were asymmetric. The gear 2D geometry was obtained utilizing an
asymmetric pressure angle rack-cutter employing the same rack-cutter generation method.
(Zhai et al., 2020) presented a paramedic model for spur gears and an optimization method
for the non-involute part of the tooth. (Mo et al., 2024) introduced a novel approach to
designing cylindrical spur gears. By leveraging the unique properties of logarithmic spirals,
the equation governing gear meshing was derived, enabling the determination of the
conjugate tooth profile and the contact path for the gear pairs.

Ensuring precision in depicting the gear's geometry is crucial as it forms the fundamental
basis for any attempts at making design modifications. Previous studies have widely
employed the rack-cuter graphical generation method. However, the graphical rack-cutter
generation method, although shown to be accurate in generating a standard tooth profile, is
time-consuming. The output geometry files from this method, shown in Fig. 1, would require
further processing by eliminating all the unnecessary lines produced from the reciprocal
graphical motion between the cutter and the gear blank to obtain a clean 2D tooth geometry
that might result in some profile errors. Furthermore, it will be complicated and time-
consuming to process this geometry in CAD or CAE software to generate a 3D gear model.
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Therefore, the main objectives of this research are:

1- Propose a computerized rack-cutter generation method as an alternative to the traditional
graphical rack-cutter generation method. The proposed method is direct and efficient in
terms of time, as it does not necessitate the use of a source code, a programming language, a
graphic processor for displaying computer graphs, a post-graphic processor for eliminating
unrelated lines and curves, or a post-process for exporting the tooth geometry to CAD
software. Instead, it generates 2D and 3D gear geometries directly in the CAD software,
utilizing a variety of modern CAD software capabilities. Thereby, this method facilitates the
process of obtaining 3D spur gear models directly in the utilized CAD software, which is not
directly feasible in the traditional graphical rack-cutter generation method.

2- Proposes novel techniques to generate asymmetric spur gears and fully asymmetric
nonstandard spur gears.

3- Derive and reformulate the parametric equations for the tooth fillets and tooth involute
profiles obtained from the parametric tracing of the reciprocal motion between the rack
cutter and the gear blank to take into account the nonstandard gear tooth modifications,
namely asymmetric fillets radii, asymmetric pressure angle, asymmetric profile shifting, and
other combination of these nonstandard modifications.

Figure 1. The output geometry of a spur gear is generated by a graphical rack-cutter
generation method.

2. THE TRADITIONAL GRAPHICAL RACK-CUTTER GENERATION METHOD

The rack-cutter generation technique, one of the involute gear teeth generation methods,
has been widely used to generate involute gears with standard and modified gear teeth. The
rack-cutter generation technique is particularly important for creating 2D geometry profiles
of spur gears. A rack can be defined as a particular type of gear with an infinitely large
diameter. The curved sides of the gear gradually transition into straight sides. These sides
are inclined at an angle equal to the standard pressure angle. In the traditional rack-cutter
generation method, the rack-shaped cutting tool is usually geometrically represented by
dividing it into several points or into regions (edge parts). The generation process is then
carried out by rolling the whole rack cutter to the right and left directions from the initial
position without slipping by incremental angles until a whole tooth shape is generated
(Davis, 2005), as illustrated in Fig. 2. In this process, the cutting tool (rack cutter) is given
a shape conjugate with the form of the tooth to be cut and any geometrical modifications that
are required on the gear tooth profiles must be done firstly on this rack cutter (Hmoad,
2016).
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This method, although shown to be accurate in generating a standard tooth profile, is time-
consuming. The output geometry files from this method, shown in Fig. 1, would require
further processing by eliminating all the unnecessary lines produced from the reciprocal
graphical motion between the cutter and the gear blank to obtain a clean 2D tooth geometry
that might result in some profile errors. Furthermore, it will be complicated and time-
consuming to process this geometry in CAD or CAE software to generate a 3D gear model.

Figure 2. The generation process of a spur gear 2D geometry by the graphical rack-cutter
generation method.

3. ACOMPUTERIZED RACK CUTTER PARAMETRIC TRACING GENERATION METHOD

In this research, a computerized rack-cutter generation method is presented for the fast
generation of standard and nonstandard 2D spur gear geometry with trochoidal arc fillets
and involute profiles. A standardized hob or rack cutter is usually used to cut generated
involute gears. Although the cutter's sharp tip corners will generate a trochoidal arc on the
generated gear teeth in the fillet region, in practical application, the hob or rack cutter will
have a rounded tip corner by an amount of ¢ , instead of sharp corners (Lynwander, 1983),
as shown in Fig. 3. The generation process of a standard spur gear by a straight-sided cutting

tool (hob or basic rack) is shown in Fig. 4. When the tool, shown in Fig. 3, move a transverse

distance by amount of (¢ + p), the gear blank rotate by an amount of (%) (Lynwander,
p

1983). In the traditional graphical generation method, depicted in Fig. 5, numerous lines are
produced due to the interaction between the cutter and the workpiece during the simulation
of the cutting process's kinematics. These lines represent the outer boundary of the cutter
at each relative motion interval. However, the crucial points are the intersections of the
cutter's outer boundary lines, which represent the involutes and trochoidal profiles that
create the tooth profile (Fetvaci, 2012). By tracing the motion of the straight-sided cutter
with its rounded corners tip, we can drive the parametric equations that represent the
involutes and trochoidal profiles, which highly facilitate the generation process of the gear
tooth profile (Lynwander, 1983). These parametric equations can then be easily
programmed in modern CAD software to generate a precise 3D gear model by feeding them
with the required design specifications of any desired gear.
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Figure 3. The basic rack-cutter geometry with round tip corners (Lynwander, 1983).
Rack type cutter

Length of rack

Reciprocating
movements

Gear blank
Work spindle

2022).

M \ )

Figure 5. The involute and trochoidal profiles are generated by the graphical rack-cutter
generation method (Fetvaci 2012).
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3.1 The Parametric Equations for the Involute Portion of the Gear Flank

When the desired gear pressure angle is identified, the involute function (0) and the base
circle radius (Rb) can be easily then calculated. The x and y coordinate at any radius R can
be found if the thickness of the gear tooth at that radius Ris determined. The coordinates of
the involute curve when the y-axis at the tooth center can be found as follows:

From Fig. 6, if the radius R; Is equal to the pitch radius (Ugural, 2022):

mz

RsszzRGZT (1)
bs=¢ (2)
inv ¢s = (tan ¢s — ) = (tan¢ — ¢) (3)
R, = Ry, * cos (¢) (4)

The gear tooth thickness (t) is equal to the cutter space thickness (p), and for a standard

tooth, the tooth thickness(t) and space thickness(s) are equal, at R, It is given by
(Colbourne, 1987),
mm

ts=p=SS=C=T (5)

Referring to Fig. 6, the angle (¥) is equal to:

Y = inv ¢ + = (6)
2Ry
Since the tooth thickness at R, can be directly evaluated, the thickness tzAt any radius, R

can be evaluated as follows (Colbourne, 1987):
Referring to Fig. 6, we can see that:

inv ¢p = (taél $r — Pr) . (7)
— cac—1(Rpy _ _Rp
¢r = cos (R) iie. R= osdn (8)
ty =R [(;—) + 2inv ¢ — 2inv g ] (9)
p
0 = Y—inv¢R=[inv¢s+%—inv¢R] (10)
p
The x and y coordinates of the involute profile are (Buckingham, 2011):
x = Rsin(6g) (11)
y = R cos (6g) (12)

For a standard gear tooth:
The angle 8y Can be evaluated by substituting Egs. (1), (3), (5), and (7) in Eq. (10):

O = |(tan — §) + 3. — tan e + ¢ | (13)

As a result, the parametric equations for the standard tooth's left and right sides are as
follows:

Xy = %(;stin (-_l— (tang — @) £ % + (tand -2 )) (14)
Vir = ";ZCCOOSSf cos (i (tan¢ — @) + % F(tani— 2 )) (15)
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Where the symbol A represents the angle of rotation, to generate an involute profile, its value
ranges from zero to one radian, and it is equal to the angle. ¢z. In the above equations and
what follows, the upper signs are for the left/loaded side, and the lower ones are for the
right/unloaded side.

Circle of radius R

% Standard
pitch circle

Base circle—-\

; B
inv g, NV %R As A

ts tp

Figure 6. The determination of gear tooth thickness (Colbourne, 1987).
3.2 The Parametric Equations For the Trochoidal Arc Fillet Portion of the Gear Flank

As mentioned earlier in Fig. 4, when the cutter (Fig. 3) translates by a(c + p), the gear blank

rotates by a <(C;—p)) .This angle, as illustrated in Fig. 7, is equal to (Mitchiner and Mabie,
p

1982; Lynwander, 1983):

(@) = 2w + v) (16)
Rp
Referring to Fig. 3 and Fig. 7, we can find the angles (v and w) as follows:
v=L/R, (17)
[
w= 12— (18)
G
Where for a standard gear tooth (Mitchiner and Mabie, 1982; Lynwander, 1983):
. __Tr
L=- b tan ¢ P (19)
b = hd - Tf (20)
szrff. m (2 1)
hd=hdf' m (22)

Fig. 8 shows A trochoidal profile generated by the center point of the rack-cutter rounded
tip (Z), the gear blank rotates by an angle(E), due to the translation motion of the rack-cuter
by an amount of (R;E). Which can be represented by (Lynwander, 1983):

X; = R;sin(T — E) = R;(sinTcosE — cosTsinE) (23)
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Y AXIS

CENTER OF
TOOTH SPACE

X AXIS

ROOT DIA.

Figure 7. A spur gear tooth profile is generated by a rack-cutter (Lynwander, 1983).

Y; = R, cos(T — E) = R;(cosTsinE — sinTcosE) (24)
Since:

cos(T) = (Rg — b)/R; (25)
sin(T) = (Rg b)/R; (26)

By substituting Eqs. (25) and (26) into Eqgs. (23) and (24), respectively, we get (Lynwander,
1983):

X; = [(RGE) cosE — (R; — b) sinE] (27)
Y, = [(RGE) sinE + (R; — b) cosE] (28)

Now, to get the trochoidal arc generated by the rounded corners of the rack tip by a radius.
1, by referring to Fig. 9, the true trochoidal arc coordinates about its local coordinate system

are (Lynwander, 1983):

Xr = Xz + Rcos(A) (29)
Yr =Y; — Rsin(A) (30)

where A equals:
A =dX,/dY, (31)

By finding dX,/dE and dY,/dE angle A can be found, as follows (Lynwander, 1983):

% = [—=(RgE) sin (E) + Rgcos (E) — Rgcos (E) + bcos (E)] (32)
% = [—Rg sin(E) + bsin(E) + [RgEco s(E)] + Rgsin (E)] (33)
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By applying a coordinate transformation to Egs. (29) and (30), the Cartesian coordinates in
the general global (X, Y) system can be found, as illustrated in Fig. 7, as follows (Lynwander,
1983):

sin(w) = [(Xr + X cos(w)) /Y] (34)
cos(w) = [(Y; — X sin(w))/Y] (35)

- |

(
-

Figure 8. A trochoidal profile is generated by the center point of the rack-cutter rounded
tip (Z) (Lynwander, 1983).

fal- .
/

%

Figure 9. The trochoidal profile coordinates are generated by the rounded tip of the cutter
in the global coordinate system (Lynwander, 1983).
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From Egs. (34) and (35), we get:

(X7 + X cos(w))/ sin(w) = [(Yr — X sin(w))/ cos(w)] (36)
Hence:

X7 cos(w) + X cos?(w) = Yr sin(w) — X sin?(w) (37)
Therefore:

X =Yy sin(w) — X; cos(w) (38)
Y = Yy cos(w) + X sin(w) (39)

_ -1 [=(Rg E) sin (E)+bcos (E)]
4 = {tan ([—RG sin(E)+b sin(E)+[RgEcos (E)]+Rgsin (E)])} (40)

Finally, by substituting the equations from Eq. (17) to (40), we get the parametric equations
for the left and right trochoidal arc fillet portions of the gear tooth:

X, = [“‘”Zi“ @+ (m(z_z(h‘”‘r”))) cos () - (41)

2

haf— _z¥ sin(¥) Ty (hap—rp)tan() +—LL _
Trymsin tan~! (hay—rss )Cf)s @ 75 Cf,s(w) sin| +2 (% yIr cos@ | | F mzipcos ()
(hap=rgg)sin @)-——— z 2

—2(h,¢— har— — M E+(hd -r )tan(¢)+rf—f
m(z ( df Tff)) sin (lp) n rffm cos tan_l ( df Tff)COS @) - C‘Z)S(w) cos iZ 4 f='rr cos (¢)
2 (hagp-rrf)sin (@P)- ——— z

Yir = [mz wszin @ 4 (m(z_z(h:f_rﬁ))) cos (Y) — (42)

hafg— _ Z¥ sin) Zi(hgs-r )tan(¢)+—rff
repmsin ( tan~? (hay—rys)cos W) ——— cos| +2[ 2 T ff c0s @) | | 4 |mztpcos @) _
(hag=rgp)sin @)= =—— z 2

—2(hqf— hgr— _z¥ sin@) Zi(has-r )tan(¢:)+rf—f
m(z=2(has=sy)) sin () + ropm cos | tan™" (has—Tys)cos () 2o W sin( +2(* df Tff cos (@)
2 (hag=7yp)sin () - =—— z

Where the symbol 1 represents the generation angle, and its value can be taken from zero
to one radian, and it is equal to the angle E. The important part of the trochoidal arc that we
are interested in is the part that is tangent to the dedendum circle and tangent to the involute
curve at the limit diameter (Radzevich, 2017), which represents the generated gear filet.

3.3 Asymmetric Spur Gear Tooth Generation

Asymmetric gears have different pressure angles on the active and coast sides (Kapelevich,
2018), and because of that, the rolling angle of the generation cutter will have different
values for each side, which means that it should not be generated similarly to the symmetric
standard gears case, i.e. not by just replacing the symmetric generation tool (hob or rack)
with an asymmetric one (Abdullah, 2012; Abdullah and Jweeg, 2012). Therefore, the
technique to generate true asymmetric tooth profiles is by using two half-cutters, which have
different pressure angle values (and can also have different fillet radii), so each half will be
used to generate one half of the desired asymmetric tooth (either the active or coast side),
as illustrated in Fig. 10.
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The dimensions are the same as in the case of standard gear, except for the following
dimensions, which have different values for each tooth side:

Rbl,u = RpCOS (d)l,u) (43)
TfLu = Trfiu M (44)
bl,u = hd — rfl,‘u, (45)
c Tflu
Ly, ==-—b;, tan - 46
l,u 2 l,u (¢l,u) COS(‘I)LU,) ( )
_ (c+p)-Liy
Lu — 2R, (4‘7)
! i !
A
RG Loaded = RG Unloaded
<

Halfrack-cutter Half rack cutter

of unloaded side ! of loaded side of

of assymetric gear i assymetric gear

Figure 10. The loaded and unloaded half rack cutters for the generation technique of
asymmetric gear tooth.

The generation parametric equations for the involutes and trochoidal fillet profiles then
have the following form for each side of the tooth:

For the involute profiles:

X = TPl sin (£ [tan ¢y — il £ F [tan 2 — A]) (48)
__ mzcosyy T —
Yiu = m cos (i [tan ¢l,u - ¢l,u] t Z + [tan A— /1]) (49)

For the trochoidal fillet profiles:
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= [mzwsin W, (m(z_z(hdf‘rfﬂ-u))> cos (1) —

2 2

zy sin(y) E"'(hd —rrrl )tan(q}l )+ Tfflu
. _1 [ (hag=rfr10)c0s @P)- ———— ] 2t har—TrrLu )t eos (b | | — |mzycos @)
{rffl,um sin (tan ( T ) sin| +2 - u . _
2

(hag=Trriu)sin (W)-
(m(z—z(hdf—rfﬂlu))

. ) sin (¥) +

. Tfflu
Rge— _ zy sin() E+(hdf—rfﬂ'u)tan(¢l_u)+
rffl,um cos {tan—l (( daf Tffl,u)cos @) - C(Z)S(w) cos iZ 4 cos (¢1q,) (5 0)
2

(hag=7ff10)sin (¥)— z

Viw = [mz psin @) (T"(Z-Z(hdf—ffﬂ.u))> cos (i) —

2 2

i n Tfflu
Terumsin | tan™t (hay=rppiu)cos () - 220 cos| +2 wH(har—rppa)an(bn)+ossg S + [mzvcosw)
frfiu . zy cos() — L 2
(hag=TfrLu)sin(@)-=——— z

-+

m(z_z(hdf_rffl,u)) .
(f sin () +
; 13 Tfflu
_1 [ (hap=7 1) c0s (W)~ 2y sin() . Z+(hdf‘rffl.u)ta“(¢l,u)+—cos @i
AT E0S {tan 1 ((hdf—rfflu)sin W)- =P cos@) C(Z)s(w) sin( +2 z = (5 1)
u 2

3.4 Corrected and Negative Profile Shifted Asymmetric Spur Gear Generation

To generate corrected (positive shifted) and negative profile shifted symmetric or
asymmetric spur gears (nonstandard gears), the generation tool (hob or rack cutter
reference line) should be shifted by a positive or negative amount (x) from the generation
radius (Hmoad, 2016). The resulting gears will be nonstandard and operate at a different
center distance. In the case of profile shifted asymmetric gears generation, with symmetric
or asymmetric shift factor(s), two half-rack cutters have been used to generate the tooth
profile, so, as in the case of unshifted asymmetric gears generation technique, each half-
cutter has been used to generate one half of the gear tooth. Nonstandard shifted gears have
two distinct sets of dimensions: corrected (generation) dimensions, which remain constant
despite the gear ratio, and operating dimensions, which vary with the gear ratio, as provided
below corrected dimensions (Ugural, 2022):

Rg =R, ==> (52)
hae = (hgy m) + (xm) (53)
hae = (hgy m) — (xm) (54)
Ruyc = Row = Rp + hgc (55)
Ry = Rgy = Rp — hgc (56)
RbC = wa = Rb = Rp COS¢ (57)
Cc = Sg¢ = (?) — (2x.m.tan ¢) (58)
De =tse = (%) + (2x.m.tan ¢) (59)
b, = hge — 15 (60)
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— S _ __Tr
Le =5 —bc tan(¢p) o5(d) (61)
(Cc+Pc)_LC
We = % (62)
Working (operating) dimensions (Risitano, 2011):
2(x11+x2) t
(tan g, — ) =ZLHDEL o (ran ¢ — ) (63)
1 2
_ cos ¢
Ryw = Ry — ™ (64)
Rpw = Rpy cos ¢y, = R, cosd = R, = Ry (65)
haw = Raw — Rpw (66)
haw = Rpw — Raw (67)

The generation parametric equations for the involutes and trochoidal fillet profiles then
have the following form for each side of a fully asymmetric tooth:
For the involute profiles:

X = o Pl sin (£[tan ¢y, — Pr] £ TP L T [ran 2 - 7]) (68)
mzcos gy 2xpy tangyy T —
Viu = TPt o5 (£ [tan ¢y — il £ 2P+ Z F [tan 2 - 7)) (69)

For the trochoidal fillet profiles:
Xy = [mz Psin (Y) + (m(z—z(hdf—xl,u—rfﬂ,u))> cos (1/)) _

2 2

. T Tfflu
) 1 (hdf_xl,u_rffl,u)cos (u,)_w ) n Z+(hdf—7”ffl,u)tan(¢l,u)+cos((m’u) —
Trp1 M Sin | tan — - 0 cos) sin| 2 .
(hagp=x1u=Tppru)sin (@) - =———

[mz Yeos () (m(l—Z(hdf—xl,u—rfﬂ,u))) sin () +

+

2 2

7 sin(p) T (hap—7f pra)tan(dpy) =L

Ho ey — - df~Tfflu Lu

Tt p1 M COS {tan‘l (( df ~Xlu Tffl,u)COS @) — c?)s(w))}] cos (iz (4 - cos (¢1q,) (70)
2

(hap=x1u=TgfLu)sin (¥)—

i =2(hgr—x1u—
yl’u — [mzwsm @) + (‘m(z ( df X1, Tffl,u))) cos (ll)) _

2 2

. TffL
. . (hdf_xl,u‘rffl,u)cos W- M n %+(hdf—rffl,u)tan(¢l.u)+COS (d’ll,}'u) +
Trp1 M Sin | tan - T cosTD) cos| x2 +
(hap=x1u=Tppru)sin (@) - =——— z

[mz Peos () (m(z_z(hdf_xl,u_rffl,u))) sin () +

2 2

. Tfflu
e — _ 2 sin(y) TH(hap—rppin)tan(ra) +
T¢ £ COS {tan_l (( Af=%Lu=TffLu)cos () @ sin +2 4 . cos ($1) (71)
2

(hap—x1u=TgfLu)sin (¥)-

It should be noted that when ¢,, > ¢;, x,, mustbe < x; To avoid interference.
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3.5 Computer Aided Geometrical Representations

In this study, to computerize the rack cutter parametric tracing generation method
presented in this study, a computer-aided design (CAD) software (SolidWorks Version 2020)
has been programmed with the parametric equations that have been derived in this
research. Based on the derived parametric equations, the program automatically generated
accurate 2D tooth profiles and 3D gear models directly according to the specified design
parameter input values (m, z, xi, Xy, ¢1, ¢u, g, ru). The flowchart in Fig. 11 illustrates a step-
by-step description of the metode procedures. The generated digital file extension is
compatible with any CAE or CAM software.

[ SOLIDWORKS > Tools > Equations ]

v

Insert the relations of the gear design parameters in
terms of (m, ¢;, ¢, Z, x;, x,, ) in the Equations Dialog Box

v

Tools > Sketch Entities > Equation Driven Curve

v

Insert the parametric equations for the involutes
and trochoidal fillet profiles Eqgs. (68) to (71)

v

Specify the desired gear design parameters
values (m, @, @, 2z, x;, Xy, T Trfu )

v

A 2D Gear profile is
generated and represented

v
Features>Extruded Boss/Base > Specify the face width > Extrude
v

A 3D Gear model is generated
and represented

Export gear
geometry
files

Analysis

SOLIDWORKS > Tools > Add-Ins> Simulation

File >save as (.IGES, .step, etc.)

v
=|( File > save> Exit I<

Figure 11. A flowchart showing the computerized generation method's step-by-step
procedures.
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4. RESULTS AND DISCUSSION

To showcase the capabilities of the computerized rack cutter parametric tracing generation
method and the novel asymmetric half-cutter generation techniques presented in this study,
the 2D tooth profiles and 3D gear models for several selective samples of standard,
asymmetric, nonstandard, and fully asymmetric nonstandard spur gears have been
generated according to the procedures described in Fig. 11. Table. 1 lists the design
parameters for the selected gear samples. Figs. 12 to 16 display the output 2D tooth profiles
and 3D gear models for the gear samples. Furthermore, comprehensive comparisons
between the proposed generation technique of this work and previous traditional graphical
rack-cutter-based generation techniques (Alaci et al., 2008; Simionescu, 2008; Fetvaci,
2012; Alaci etal., 2022) have been conducted. Table 2 summarizes the comparison results.
Based on the output results presented in Figs. 12 to 16 and Table 2, it is evident that the
computerized generation method and the asymmetric half-cutters generation techniques
presented in this paper can efficiently generate 2D tooth geometry and 3D gear models for
standard, asymmetric, nonstandard, and fully asymmetric nonstandard spur gears, directly
within any CAD software application. It can also provide direct geometry and G-code file
extensions for further analysis.

Table. 1. The design parameters number for selective samples of spur gear.

No. | Parameter / Type P, b z m X Xy | hag | hog| Tgp1 | Tppu| Fu
Deg. | Deg. (mm) (mm)

1 Standard 20° 20° 18 4 0 0 [125| 1 ]03]03 25

2 Corrected (nonstandard) 14.5 | 14.5° | 14 7 0505|125 | 1 |02] 0.2 30
° 5 5

3 Asymmetric pressure angle | 20° 300 16 2 0 0 1.25 | 1 | 0.2 | 0.2 15
8 8

4 Asymmetric pressure angle | 14.5 | 25° 8 5 0 0 125 | 1 | 02 | 0.2 10
and fillets o 9 5

5 Fully-asymmetric 14.5 | 30° 12 7 03102 |125| 1 |02] 0.2 20

(nonstandard) o 7

1\

Figure 12. The 2D tooth profile and 3D Model for the standard gear case.
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A

Figure 13. The 2D tooth profile and 3D Model for the corrected gear case.

N

Figure 14. The 2D tooth profile and 3D Model for the asymmetric pressure angle gear case.

SRIE

Figure 15. The 2D tooth profile and 3D Model for the asymmetric pressure angle and fillets
gear case.

"

Figure 16. The 2D tooth profile and 3D Model for the fully asymmetric nonstandard
gear case.
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Table. 2. Comparisons between the proposed generation technique and previous traditional rack-

cutter-based generation techniques.

No Previous rack-cutter-based generation Current generation method

techniques

1 | Require a specific source code to be written. Does not require a source code.

2 | Require the use of a programming language. Does not require a programming language.

3 | A graphic processor is required to display Graphs are directly auto-generated and displayed.
computer graphs.

4 | A post-graphic processor is required to Does not generate lines or curves that do not
eliminate the lines and curves that do not belong to the gear tooth geometry that is required
belong to the gear tooth geometry (Alaci et to be eliminated.
al,, 2008).

5 | Generates 2D gear geometry. Both 2D and 3D gear geometry can be directly

obtained.

6 | A more complex mathematical model. Direct form of parametric equations.

7 | No convenient way of exporting the Gear geometry is directly generated within the
generated geometry to a CAD package CAD package.

(Simionescu, 2008).

8 | Arelative tooth profile's accuracy is Since a parametric equation-driven curve
influenced by the number of simulated generates the tooth profile, its accuracy is
cutting process frames. absolute.

9 | Not directly possible. Gear geometry files can be directly exported as

(.IGES) or (.Step) files to any CAE software.

10 | Not directly possible. Post-FEM analyses can be directly conducted in
the same package.

11 | Not directly possible. The G-code of the gear geometry required for the
gear manufacturing processes can be directly
obtained in the same package.

12 | Require numerical solving of a system of The undercutting radius can be directly estimated

equations to calculate the undercutting utilizing the package tools.
radius (Alaci et al., 2022).

13 Direct and efficient in terms of time, as it does not
More time-consuming as it necessitates the necessitate the use of source code, a
use of source code, a programming language, | programming language, a graphic processor for
a graphic processor for displaying computer | displaying computer graphs, a post-graphic
graphs, a post-graphic processor for processor for eliminating unrelated lines and
eliminating unrelated lines and curves, and a | curves, or a post-process for exporting the tooth
post-process for exporting the tooth geometry to CAD software. Instead, it generates
geometry to CAD software. the gear profile directly in the CAD software,

utilizing a variety of modern CAD software
capabilities.

14 | A single asymmetric rack cutter was utilized | Two half-rack cutters have been used to generate
to generate asymmetric gear teeth. the desired asymmetric gear tooth.

15 | The physical behavior of the gear under Not directly possible.

operating conditions can be simulated and
investigated (Fetvaci, 2012).
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5. CONCLUSIONS

In this research, a direct and time-efficient computerized rack cutter generation method is
presented. When compared with the traditional graphical rack-cutter-based generation
method, the proposed method does not entail the use of a source code, a programming
language, a graphic processor for displaying computer graphs, a post-graphic processor for
eliminating unrelated lines, or a post-process for exporting the tooth geometry to CAD
software. Instead, it efficiently generates accurate gear profiles directly in any CAD software,
utilizing a variety of modern CAD software capabilities. The proposed generation method
aims to efficiently provide accurate gear geometry files, enabling readers to conduct precise
FEM analyses and fabricate accurate gear specimens for experimental testing. Moreover, a
novel technique to generate asymmetric gears and fully asymmetric nonstandard spur gears
(pressure angle, trochoidal fillet, and shifting factor asymmetries) is proposed using two
half-rack cutters, where each half is used to generate one half of the tooth. Furthermore, the
parametric equations for the tooth fillets and tooth involute profiles, derived from the
parametric tracing of the reciprocal motion between the rack cutter and the gear blank, have
been reformulated to account for various gear tooth asymmetries and nonstandard
modifications. A CAD program has been programmed with the parametric equations
reformulated in this research. Based on these parametric equations, the program
automatically generated accurate 2D tooth profiles and 3D gear models. The generated
digital file extensions are compatible with any CAE or CAM software. In conclusion, this
paper proposes a technique to generate asymmetric gears and fully asymmetric
nonstandard spur gears. A computerized rack cutter parametric tracing generation method
has been presented as an alternative to the traditional generation method, where A CAD
program has been utilized to generate the gear geometry files. However, despite its accuracy
and time efficiency, this generation method has some limitations. Specifically, it does not
simulate the gear-cutting process, which means that the physical interactions between the
gear and the rack cutter during the cutting operation cannot be visualized or analyzed.
Nevertheless, the generation techniques proposed in this work can further be extended to
generate other gear types, such as helical gears, internal gears, etc.

NOMENCLATURE
Symbol | Description Symbol | Description
Ry, Ry&R,| Base, Generation, and pitch radii, mm., w Rolling angles, deg.
m Module, mm. ¢ & ¢s | Pressure angle at pitch radius, deg.
Z No. of teeth. ¢r,0r& Y | Construction angles.
X Profile shift factor. A& Y Generation angle, rad.
i . Referred to the loaded or unloaded
X1+ & Y1 | Parametric coordinates, mm LLu side
Lb Construction lengths, mm. Lr Referred to the left or right side.
Circler tooth and space thickness for Referred to the corrected and
ts, Ss, C&p . c,w oo .
the gear and rack, respectively, mm. working dimension.
Tooth dedend d rack fillet
hdf& s 0ot dedent u@ andrack ifietare 1,2 Referred to the pinion and gear.
factors, respectively.
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