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Abstract
Curvilinear cylindrical gear drives are a type of parallel-axis gear set, and the longitudinal OPEN ACCESS
geometrical shape of the gear teeth is a part of the circular arc. This study aims to develop a
curvilinear cylindrical gear drive with superior transmission performance. This study Published: 18/09/2023
proposes a curvilinear cylindrical gear drive with a parabolic profile. The gear tooth surfaces .
are generated by a face-milling cutter with a straight-line profile, and the matching gear Accepted: 30/08/2023
tooth surfaces are generated by a face-milling cutter with the parabolic profile. Initially, DOI:
mathematical models of the gear set are described based on the theory of gearing. The 10.23967/j.rimni.2023.09.001
finite element method and tooth contact analysis algorithms were applied to contact and
bending stress analyses. Finally, four numerical examples are provided to illustrate the
transmission performance of the curvilinear cylindrical gear drive with the parabolic profile. Keyvyprds: o
The study results show that curvilinear cylindrical gear drives have superior transmission Curwhngar cyl!ndncal gears
performance compared to those with a straight-line profile. Parabolic profile
Tooth contact analysis
FEM

Stress analysis

1. Introduction

The curvilinear cylindrical gear is a kind of novel gear which is the same as ‘S’ gear [1], it was first proposed in 1914 [2].
Until the 1980s, curvilinear cylindrical gears were industrially applied in China steel plants, aluminum rolling mills, and
cement equipment plants [3]. Owing to the geometrical shape of the gear teeth as a part of a circular arc along the
longitudinal direction of the gears, lubricating oil will be retained within the concave tooth surface during operation.
Therefore, curvilinear cylindrical gear drives have superior lubrication performance. In addition, the axial thrust forces
will be avoided during transmission. Nevertheless, curvilinear cylindrical gear drives cannot be employed for internal
gear transmission systems. Therefore, gear drives have not been widely applied in the industry.

According to the longitudinal pressure angle of gear teeth, curvilinear cylindrical gear drives are to be divided into two
categories: curvilinear cylindrical gears with teeth of constant pressure angle (CC-gears) and curvilinear cylindrical
gears with teeth of variable pressure angle (CV-gears) [4,5]. According to the contact pattern on the gear tooth
surfaces, they have divided into two categories: one type is the curvilinear cylindrical gear drive with line contact, and
another type is the curvilinear cylindrical gear drive with point contact.

Regarding curvilinear cylindrical gear drives with line contact, it has been investigated in the aspect of geometric
model [6,7], stress analysis [8,9], processing method [10,11], and electrohydrodynamic lubrication [12,13]. In practice,
the slightly angular misalignments will bring out edge contact at the edge of the gear tooth surfaces. Therefore, this
type of gear drive is sensitive to assembly errors of gear sets [14]. Usually, the gear tooth surfaces need to be
modified. Thereby, the instantaneous line contact of tooth surfaces will turn into the instantaneous point contact in
meshing.

Regarding curvilinear cylindrical gear drives with point contact, Tsay and his team have investigated the generation of
the gear sets by two face-milling cutters with straight-line profiles [15,16] and hob cutters [17,18], respectively.
Meanwhile, the mathematical model, undercutting conditions, and contact characteristics of these gear sets are
investigated by the theory of gearing and tooth contact analysis (TCA). Wu et al. [19] and Chen et al. [20] et al. utilized
two complemented circular-arc rack cutters to generate the gear and matching gear, respectively. Chen and Lo [21]
employed two same circular-arc rack cutters to generate the gear sets. Alfonso et al. [22] proposed that two
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independent fixed-setting cutters (FSC) are used to generate the concave and convex sides of the pinion tooth
surfaces, respectively, and the wheel tooth surfaces are generated by a spread-blade cutter. Additionally, the contact
patterns and stresses of the gear sets were compared with gear sets manufactured by two spread-blade cutters (SBC).
In Fuentes-Aznar et al. [23], four kinds of gear drives (FSC-gears, SBC-gears, spur, and helical gears) were compared in
terms of contact stresses and bending stresses.

This paper proposed a kind of curvilinear cylindrical gear generated by a face-milling cutter with the parabolic profile.
For this type of gear drive, the main research contents are as follows:

(1) Generation of the geometry of the wheel tooth surfaces by a face-milling cutter with the straight-line profile.
Nevertheless, the generation of the geometry of the pinion tooth surfaces by a face-milling cutter with the parabolic
profile.

(2) Under different assembly error conditions, parabola parameters, and cutter mean pitch radius, The TCA algorithm
is utilized to investigate the gear set's initial contact position. Meanwhile, contact stresses and bending stresses are
also analyzed by the finite element method.

(3) Four numerical group examples are used to expose the transmission performances of the proposed curvilinear
cylindrical gear drives.

2. Geometry of curvilinear cylindrical gears

2.1 Generating principle of curvilinear cylindrical gears by face-milling cutters

In order to generate the gear tooth surfaces, the first task is the establishment of the virtual face-milling cutter
surfaces. A brief generating mechanism of the gear tooth surfaces is shown in Figure 1. The outer and inner blades of
the face-milling cutter are employed for the generation of concave and convex sides of the gear tooth surfaces,
respectively. Generating process of the cutter blade surfaces is as follows:

(1) The outer blade profile (including straight line and fillet curve) can be represented in coordinate system S,;,, and the
inner blade profile can be represented in coordinate system S;,. When the outer and inner blade profiles of the face-
milling cutter are represented in coordinate system S, coordinate transformation is necessary from the coordinate
system S, (Sp) to Sp. Coordinate transformation matrices are expressed by My, o, and M,, ;;,, which are given in section
2.2.

(2) When blade profiles of the face-milling cutter are represented in coordinate system S, the virtual face-milling
cutter surfaces are expressed by a coordinate transformation matrix M, , (6). M., (0) is from coordinate system S, to
Sec:

cosf 0 -sinf® -RcosO
0 1 0 0
= 1
M., ) sinf 0 cos® -Rsinf M
0 0 0 1

where, symbol 8 expresses the rotation angle of the face-milling cutter during gear cutting. Symbol R expresses the
mean pitch radius of the face-milling cutter.

After a series of coordinate transformations generate the virtual face-milling cutter surfaces, the gear tooth surfaces
can be generated by the curvilinear gear machining principle. The curvilinear gear machining principle is as follows:

(1) Before processing curvilinear cylindrical gears, the cutter pitch plane always remains tangent to the pitch circle of
the gear blank. Meanwhile, the rotation axis of the face-milling cutter has to retain one translational and one
rotational degree of freedom, and the rotation axis of the gear blank only retains one rotational degree of freedom.
Here, the direction of the rotation axis of the face-milling cutter is the same as axis y., and located at the geometric
center of the face-milling cutter, the rotation axis of the gear blank is the same as axis zp, and located at the geometric
center of the gear blank.

(2) In the process of machining the gear, the face-milling cutter continuously rotates around axis y, with angular
velocity wc, which does not effect on the generated geometry of the gear tooth surfaces. Furthermore, the face-milling
cutter reciprocates at lineal velocity v along the direction orthogonal to the gear axis z,. Meanwhile, the gear blank is
rotated alternately clockwise and counterclockwise by a specific angle ¥ under the angular velocity wp. Namely, the
cutter always does pure rolling relative to the gear blank. Then, the moving velocity of the cutter and the angular
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Figure 1. A brief generating mechanism of curvilinear cylindrical gears
velocity of the gear blank must satisfy the following equation:
Ve =TWp (2)

Here, r expresses the pitch radius of the to-be-generated curvilinear cylindrical gear.

(3) When the gear blank moves with the cutter at the same time based on the method in the previous step, the gear
tooth surfaces are generated as the envelope to the family of positions of the virtual cutter surfaces. The family of
positions of the virtual cutter surfaces can be represented in coordinate system S,. The coordinate transformation
from coordinate system S¢ to Sp is represented by the following matrix

cosyy siny 0 r(siny - Ycosy) + Rcosy 3)
Myc@) =]~ singy cosyp O r(cosy +ysiny) - Rsiny
. 0 0 1 0
0 0 0 1

After one tooth space is generated by the face-milling cutter, the gear blank is indexed by one tooth pitch angle, and
the generating mechanism of the gear continues to generate the next tooth space, until all tooth spaces have been
formed.

2.2 Derivation of mathematical model of the wheel tooth surfaces

Figure 1 (Right) shows the straight-line profiles of the face-milling cutter for the generation of the wheel tooth
surfaces. The inner and outer blade profiles are divided into two parts: the straight-line profile, which will be used for
generation of the working part of the wheel tooth surfaces, and the circular arc profile, which will be used for
generation of the fillet part of the wheel tooth surfaces. The variable ug represents the distance between arbitrary
points on the straight-line profile and the origin of coordinate system S;, or S,,, and the variable Az represents the
polar angle of arbitrary points on the circular arc profile.

The working and fillet parts of the wheel tooth surfaces will be derived, respectively.

The position vectors of a point on the straight-line profiles can be expressed in the coordinate systems S;, and S, as
follows:
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The coordinate transformations from S, and S, to S;, are represented by the following matrixes:

cosa, sinap, O %
mciig) _| -sinapn cosap, 0 O
’ 0 0 1 0
0 0 0 1

cosa, -sina, 0 - %

Mgcgz?) _|sina, cosan, 0 0
’ 0 0 1 0
0 0 0 1

Then, the inner and outer blade profiles are expressed in coordinate system S, as

: m
. . ) ugslnan + T
rg, lb)(ug) - Mg, DOy, = UgCOSAn
’ 0
1
] m
- UgSIHQn - T
G Gop). (G
r% ob)(ug) =M§,,°},’)r( ug) = UgCOSAn
1

The virtual face-milling cutter surface is represented in coordinate system S as

( + Ugsinan - R + % )coseg

UgsCOSQ
G G g n
r0;, ug) = M, , 0)r(ug) =

( + UgsSinan - R + % )sinOg

(4)

©)

(6)

8

9

From now on, if both upper and lower signs appear in matrixes. Then, the upper sign represents the inner blade or

convex side, while the lower sign represents the outer blade or concave side.

Regarding the fillet parts of the cutter, the position vectors of a point on the circular arc profiles can be expressed in

coordinate systems Sg;, and S, as follows:

[ pmcosAg 1
rf(i(;ib)( A= pmosinAg

. 1 4

[ - pmcosig
r](cfgb)( 2= |~ pmosin)tg

L 1 .

The coordinate transformations from Sz, and Sy, to S, are represented by the following matrixes:
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1 0 O % - tanay(pmsina, + bm - pm) - pmcosan (12)
Sp)_10 1 0 - (bm - pm)
“ 1o 0 1 0
0 00O 1
100 - (% - tanan(pmsinan + bm - pm) - pmcosan) -
Sp)_10 1 0 - (bm - pm)
P10 01 0
0 0O 1
Then, the inner and outer circular arc profiles are expressed in coordinate system S, as
M _ tana,(bm - + ) - pm( o) (14)
1 n pm + pmsinan) - pm(cosan - CosAg
rewg,) = Iwgifbrfbb Ag)= pm —bmapmsm/\g
1
G (15)
£y (%) = M; 2 rios?) (2¢)
_Iim - i -
=z +tanan (bm - pm + pmsinan) + pm (cosa, — cosAg)
= pm - bm - pmsinAg
0
1
The virtual fillet parts of the face-milling cutter are represented in coordinate system S¢ as
16
r (A5, 05) = M, (8)5 (3) o)

( + pmcosAg F tanan (bm - pm + pmsina, ) + T Fpmecosan - R )coseg
pm - bm - pmsinAg

( + pmcosig ¥ (tanan (bm - pm + pmsinay) + % Fpmcosan - R )sin9g
1

According to the proposed methodology of generation of the gear tooth surfaces in section 2.1, the parametric
representations of the family of positions of the cutter surfaces in coordinate system S;, are given by Eqs. (17) and (18)

ri® (ug, 0g, g = My (g )1 (02, ug) (17)

P ug(cosansinyy + cosygsinancosfy) + Rcosyy Y

+ g (sinyg - Pgcosyg) - (R i % )COSl/)gCOSQg

Ug (cOSancosyy F sinay cosgsiny, ) - Rsinyyg
+T1g(Ccosyyg + Pgsinyg) + (R ¥ M )sinlpgcoseg

( + % - R £ ugsinan )sineg
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' (Ag, Og, ¥g) = My« ()1 (A, 0) | (18)

(rg —bm + pm - pmsinAg)siniyg
- (rgg —R)cosyg - (R F pmcosig = S)cosygcosOy
_ (rg —bm + pm - pmsinig ) cosyg -
+ (rgipg — R)sinyg + (R ¥ pmcosA i S)sinygcosOy
S = tanan (bm( Ppmc@s’ﬁsmg" )R )sm9+ pmcosan

d

According to the theory of gearing in [12], the equations of meshing may be derived as follows:

ar® @) orl®
] | i 19
flug, 6g,Yg) ( 90,  oug oY 0 -
ar® oar®) arl®
| ) 20
f()(g) eg: l/)g) ( X aeg al,bg 0 -

Therefore, the generated working and fillet surfaces can be obtained as follows:
{r&‘”(ug, Og, Yg) = Mp c (g)r (O, ug) o)
f(ug,eg: l/Jg) = 0

{"1 (Ag, 0g,g) = Mp c(lﬁg)"(c)@g’eg)

(22)
J g, 05, Yg) =

In Eq. (21), ug and 0 are the parameters of the working tooth surfaces. In Eq. (22), Ag and 0, are the parameters of the

fillet surfaces, and g is the generalized parameter of movement. Arbitrary point coordinates on the wheel tooth

surfaces will be solved by numerical method.

2.3 Derivation of mathematical model of pinion tooth surfaces

The generation of a mathematical model of the pinion tooth surfaces is similar to that of the wheel tooth surfaces.
They distinguish only in different cutter blade profiles. Here, the face-milling cutter with the parabolic blade profiles is
used to generate the pinion tooth surfaces. Figure 2 shows the parabolic profiles of the face-milling cutter. The
parabolic profiles of the cutter retain tangent to the standard blade with straight-line profiles. The point of tangency is
located at arbitrary positions on the straight-line profiles. The distance between the point of tangency and the cutter
pitch plane is Ay, along the vertical direction. The distance between the center points of circular arc profiles and the
origin of the coordinate system S, is x; along the horizontal direction. The variable u, represents the distance
between arbitrary points on the parabolic profile and the origin of the coordinate system S;, or S,;,. The variable Ap
represents the polar angle of arbitrary points on the circular arc profiles.

The working and fillet parts of the pinion tooth surfaces will be derived, respectively.

The position vectors of a point on the parabolic profiles can be expressed in the coordinate systems S;, and S,,, as

follows:
fup (23)
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Figure 2. The parabolic profiles of cutter for generation of the pinion tooth surfaces

— apfup 2
P
r gbOb)(up) = Lg’
1

The coordinate transformations from S, and S, to S, are represented by the following matrixes

cosa, sSinap, O % + Aygptanan
Mgp fg) - | -sina, cosap © Ayg
' 0 0 1 0
0 0 0 1

cosan, -—sinap 0 —(% + Ayy, tanay)

Mﬁgg) - | sina, cosa, © Ayy
0 0 1 0
0 0 0 1

Then, the inner and outer blade profiles are expressed in the coordinate system S, as

2 . mm
@, Up“COSAn + UpSindn + (—4 + Aytptanan)

P. P. P. .
ry ™ (up) = My ) () = " Gpply Sinan * UpcoStin + By
1

= @ypllpcosan ~ Upsinan - (% + Aytptanan)

P P P g
rh o (up) = MEB ) (1) - " Gprly S * UpCosan + By
1
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The virtual cutter surfaces are represented in the coordinate system S¢ as

r?) (6p,up) = M., ()1 (up) (29)

( + apfupzcosan + Upsinay + % + Ayptanan )cost - RsinGy
_ 2t
Apellp “SINAn + Up COSAn + Ayyy
+ 2 + upsina, + A% + A in6, - Rsind
25 apfup COS(In ag upSHlCln ao T ac _y[ptanan Sin 1 Sin 14
1

Regarding the fillet parts of the cutter, the position vectors of a point on the circular arc profiles can be expressed in
the coordinate systems Sg;, and Sg,,, as follows:

[ pmcosdpy (30)
P. = nA
r/Eiblb)(AP) - meSI p
b 1 -
[ - pmcosip | 31
P - inA
r](cogb)(Ap) - pm031 p
L 1 4

The coordinate transformations from Sz, and S, to S, are represented by the following matrixes

1 0 0 Xp, 1 (32)
i) _|10 1 0 -(m-pm)
X =
A PR 0
L0 0 0 1 )
1.0 0 X ) (33)
miFon) _|0 1 0 -(m-pm)
X =
bjob ) = o o 0
0 0 0 1 )

Then, the inner and outer circular arc profiles are expressed in the coordinate system S, as

Xp+pMcoshp (34)
0, Bp, X5 = My )iy p) = | b ~pmsindy
1
= (X + pmcosip) (35)
rg,P"b)( MosX) = Mﬁ,‘c’fb)( X )r}i’gb)( Ap) = [P bm (; pmsinip
1

The virtual cutter fillet surfaces are represented in the coordinate system S¢ as
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r® (6p,up) = M, (0p)r3 (up)

2 : amm _ s
( * @ypllp “COSAn * UpSinan + ~4= * Aytptanan)cosep Rsin6p
- 20:
= fUp “SINAR + Up COSAn + Ayyy

( * @,Up>COSAn * UpSindy * % + Ay tandn )sinep - Rsinp

(£ Xz =R = pmcosAp)costy
m - bm - pmsinA
0, 0p,X30) = M,y OO, ;) = | P (P
(£Xz ~ R + pmcosAp)sinfy
1

(36)

(37)

According to the proposed methodology of generation of the gear tooth surfaces in section 2.1, the parametric
representations of the family of positions of the cutter blade surfaces in coordinate system Sy, is given by Egs. (38) and

(39).

v (up, 6p, Yp) = Mp.c (Yp)r(0p,up)

F = apfuﬁ (sinaxsinyp F cosancosypcoshp)---

+ Up (cosansinyp + cosypsinancosbp ) + Rcosyp + Ayypsingp

+T1p (Sinyp - Ppcosyy ) + cosbpcosyp (% + Ay tanan - R)
= apfu,% (cosypsinay + cosancosOpsinyp)---

+ Up (COSan COSYp F sinancosbpsinyp ) - Rsinyp + Ay, cosyp -

+Tp (cosyp + Ypsinyp ) F cosOpsinyy (% + Ay tanan + R)

( + @, U5 COSAn * UpSinay * % + Aygptanan - R )sinep
1

A
ry" (Ap, 0p, ¥, Xy, ) = Mp.c (9p)TE (Ap, Bp, Xz ) 1
(rp —bm + pm - pmsindp ) sinyp - S (Ap, Yp ) cosyp
(rp —bm + pm - pmsinAp )cosyp + S (Ap, Yp ) sinyp

-S inf
S(Ap,Yp) =TpYp - R +((\I€1)$S)1<Iflc *pmcosiy)costy | ]

The equations of meshing for the pinion tooth surfaces may be derived as follows:

: =0
op

or® o) o)
f(ApyepslpP’XfC):( aﬂlp ) aglp )

or? arP\ ord
f(ep’ulhlpp)_ ( agp x aup

. =0
oy

Therefore, the generated working and fillet surfaces can be obtained as follows:

{r(lp)(up’ep”abp) = My, Wp)re(0p, up)
fup, 6p,p) =0
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"0, 0p, Yp, Xz) = My c(hpIrd Ay, 0p, X7,)

(43)
fQg,0g,1g,X:) =0

In Eq. (42), up and 8p are the parameters of the working tooth surfaces. In Eq. (43), Ap and 6 are the parameters of the

fillet surfaces. yp is the generalized parameter of movement.

Regarding the determination of parameter X;.. Due to the edge radius of the cutter blades and parabola coefficient
being constant. When the parabolic profiles tangent to the circular arc profiles, unit normal vectors of the parabolic
profiles are equal to unit normal vectors of the circular arc profiles at the point of tangency. Simultaneously, the
position vectors of the parabolic profiles are equal to the position vectors of the circular arc profiles at the point of
tangency. Therefore, the parameter x;, can be determined by Eq. (44)

D wy) = 10, x;,)

(P) ®) e
ny, (up) =n, (Ap,xfc)
where,
or(uy)/ou
nzp)(up) - ?P)(—P)/P (45)
|ory “(up)/oup |
(46)

ory (A, x;.) /07y
|orsy W, X7 )02 |

n 0y, x,) =

In Eq. (44), there are three independent scalar equations with three unknown parameters (up, Ap and xy,). Therefore,
the three unknown parameters are easy to solve.

3. Finite element model for stress analysis

In order to create a precise finite element model (FEM), point clouds on the tooth surfaces are employed to generate
nodes and hexahedral elements of FEM. Here, the point cloud coordinates come from the tooth surface equations
r(P)1 and r(G)1. This method of establishing nodes and elements of a gear set comes from Litvin et al. [12]. Accurately
defining the initial contact position and boundary conditions of the gear set is a key step for establishing a FEM of gear
sets.

3.1. Initial contact position of gear sets

The definition of initial contact position is essential for finite element analysis of the gear sets. It takes the position
where the gear sets with assembly errors just contact as the solution target. That is, when the tooth surfaces of the
gear sets are just in contact, the initial rotation angle of the two matched gears is calculated.

The assumption, the pinion is fixed to coordinate system Sy, and it rotates around the axis z; of coordinate system S¢

which is rigidly fixed to the gear transmission frame. Moreover, the wheel is fixed to the coordinate system S, which is
separated with respect to the coordinate system S; by a distance C +AC along the axis y, direction. The relative

position of the wheel with respect to the pinion has four assembly errors: axial displacement of the wheel with respect
to the pinion (AA), the center distance error (AC), intersecting shaft angle error (AV), crossing shaft angle error (AH) (

Figure 3).

To solve the initial contact points on the gear tooth surfaces when the wheel is in meshing with the pinion. Both the
wheel and pinion tooth surfaces have to be expressed in the same coordinate system S;. The pinion tooth surfaces are

represented in the coordinate system S¢ as follows:

" (up, 0p, @p) = My 1($p)r iy, 0p, Yp (p, 6p)) (47)

where,
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C+AC

Figure 3. Definition of coordinate systems under gear assembly errors

cosgp -singp 0 0 (48)
M _| -singp cos¢p 0O O
(@) 0 0 10
0 0 01

In Eq. (47), the function ¥p (up, Bp) represents that the parameter ¢p in Eq.(40) is expressed by the parameter up and
Op.

Introducing four assembly errors, the wheel tooth surfaces are represented in the coordinate system S; as follows:

"}g)(ug’ O, ¢g)=Mf,kMk,zMz,mMm,nMn,2(¢g)"(1g)(ug’ g, Yg(ug, 62)) (49)
where,
1 0 O 0
01 0 C+AC
= 50
M=o 0 1 0 (50)
0 0O 1
1 0 0 O
010 O
= 51
Mai=10 0 1 2a (1)
0 0 0 1
cos(AH) 0 sin(AH) O
0 1 0 0
M . = 52
Lm -sin(AH) 0 cos(AH) 0 (2)
0 0 0 1
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1 0 0 01 (53)
_ |10 cos(AV) -sin(AV) O
Mm,n - .
0 sin(AV) cos(AV) O
0 0 0 1.
cospy - singyg 0 (54)

0 0 0
0 0 1.

0
M, () = singg  cos¢g (1) 0
0

In Eq. (49), the function g (ug, B¢) represents that the parameter ¢ in Eq.(19) is expressed by the parameter ug and
Os.

When the wheel is in meshing with the pinion, Both the wheel and pinion tooth surfaces must be in continuous
tangency, their position vectors and unit normal vectors coincide at arbitrary points of tangency. Thus,

rPup, 0p, ¢p) = ¥ ug, g, bg)

n®wy, 6p, ¢p) = (g, Oz, d2) >
e (Up, Up, Pp " (Ug, Ug, Og

In Eq.(55), there are five independent scalar equations with six unknowns. If the initial rotation angle of the pinion ¢p is
given, the position of the initial contact point on the gear tooth surfaces, and the initial rotation angle of the wheel ¢¢
will be solved by numerical method. The initial rotation angle (¢p, ¢¢) and four assembly errors (AA, AC, AV, AH) will
be used for the assembly of the gear set in the finite element model.

3.2. Definition of boundary conditions

Finite element method is one of the basic approaches of stress analysis, and it can be used for the simulation of
contact and bending stresses of gear drives [24-26]. Boundary conditions are a significant part of FEM. The following is
a detailed creation method of FEM of the gear set.

Figure 4 shows the schematic diagram of the three-tooth finite element model for stress analysis. The number of
nodes and elements in the three-tooth model is simplified and does not represent the actual number of nodes and
elements. Generally, to ensure enough boundary conditions for precise stress analysis, the three-tooth models are
employed for finite element analysis of the gear drives. The number of elements of each gear model is 73500 with
88995 nodes. The element type is C3D8I, the hexahedral first-order three-dimensional solid element. The material of
the gear set is steel with specific material properties (Table 1). In Figure 4(c), the gear ring surfaces and two gear rim
surfaces are rigidly constrained to the reference points on the gear axes. All degrees of freedom of the reference point
(RP-1) on the pinion axis are constrained, but the rotation degree of freedom of the reference point (RP-2) on the
wheel axis is only released. In addition, a resisting torque is applied to the z, axis of the wheel. Account of no
remarkable advantage has been found when the concave or convex sides of the gear tooth surface as driving surfaces
[20]. In this paper, the concave sides of the pinion tooth surfaces are defined as master surfaces (Figure 4(a)), while the
convex sides of the wheel tooth surfaces are defined as slave surfaces (Figure 4(b)). When the stress is solved for a
contact position, the pinion rotates ¢,; (¢,; = (271/N1)/21) around the z; axis, and the stress solution is performed for
the next con tact position. Until stress analysis of 21 contact positions along a meshing cycles is entirely completed.
Finally, collecting the contact and bending stresses at all contact positions.

4. Numerical examples

In this paper, four group examples are employed for investigation of contact stresses, bending stresses of the
proposed gear drives, and all examples of curvilinear cylindrical gear drives remain free of undercutting and
interference. The basic design data of the curvilinear cylindrical gear drives are shown in Table 1 for all examples.

Table 1. Common basic design data of the curvilinear cylindrical gear drives

Parameter Values
Number of teeth, N 31/40
Module, m (mm) 4
Normal pressure angle, ap (deg)| 20
Addendum coefficient, a 1
Dedendum coefficient, b 1.25
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Slave surface

(a) Definition of slave surface on gear

Master surface

i

Node sets

Pinion
N
Rigid COLIA(
1\ £ ¢ RP-1(Fixed)
X -
7z ¢pi s 7 /
(b) Definition of master surface on pinion ' X
Driving axle

(c) Boundary conditions

Figure 4. Definition of three-tooth finite element model

Face width, W (mm) 30
Edge radius coefficient, p 0.38
Young's Modulus, E (MPa) 210000
Poisson'’s ratio, v 0.3
Resisting torque, T (Nm) 400

4.1. Example 1

In this group example, four assembly errors are determined as independent experiment variable, respectively. The
main purpose is to investigate the influence of assembly errors on contact stresses, bending stresses. Here, the cutter
mean pitch radius R =40 mm, the parabola coefficient a,; = 0.0015, and the offset distance of parabolic profile Ay,, =0
mm. The design data of the assembly errors are shown in Table 2. There are four kinds of assembly errors, each
assembly error is composed of 4 cases.

Table 2. Design data of four kinds of assembly errors

Type of assembly errors AV (°) | AH (°) | AA (mm) | AC (mm)
Error values 0]o.05]0.1]0.2]0]0.05]0.1]0.2]0]0.1]0.2[0.5]0]0.1]0.2]0.5

Figure 5 shows the evolution of contact stresses for the gear drives designed for example 1. The intersecting shaft (AV)
and crossing shaft angle errors (AH) have no effect on magnitudes of contact stresses, but the contact position is
slightly shifted toward the gear edge with increasing assembly error (Figure 6(a) and (b)). The red curves represent the
centerline of the gear along the tooth width in Figure 6, and the red curves in stress contours that appear later in this
article also represent the centerline of the gear. The axial displacement error (AA) and center distance errors (AC) have
no effect on contact stresses unless the values of axial displacement error and center distance error are too large. If
AA and AC are too large, severe contact stresses appear on the addendum edge of the gear at contact positions 10
and 20. With the gear set rotates, the pinion rotates exactly one cycle from contact position 10 to 20, so the stresses
are almost equal at these two contact positions. Among them, the stress contours of contact position 10 is shown in

Figure 6(c) and (d). In Figure 6(c), it can be seen that the offset of the contact patterns increases with the increase of
the magnitude of AA. In Figure 6(d), there is no offset of the contact patterns with the increase of the magnitude of AC
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Figure 5. Evolution of contact stresses for gear drives designed for example 1
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(b) Stress contours of pinion at contact position 12 under assembly error AH
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(d) Stress contours of pinion at contact position 10 under assembly error AC

Figure 6. Stress contours at specific contact positions under four assembly errors

Figure 7 shows the evolution of bending stresses for the gear drives designed for example 1. The intersecting shaft
error (AV) and crossing shaft angle error (AH) have no effect on bending stresses. The axial displacement AA) error

nd center distance error (AC) have na effect on bending stress unless the values of axial displacement error are to
large. If AA is too large, the mean bending stresses are increased. To sum up, the suitable assembly error is not
sensitive to the contact stress and bending stress of the curvilinear gear sets.
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Figure 7. Evolution of bending stresses for gear drives designed for example 1
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4.2. Example 2

In section 4.1, it has been confirmed that assembly errors benefit the reduction of transmission errors for the gear
drives with parabolic profile. In this section, assume that the assembly error of the gear drives is defined as AH = 0.2°,
the cutter mean pitch radius R = 40 mm, the offset distance of parabolic profile Ay,, = 0 mm. The parabola coefficient
is determined as the independent experiment variable. The design data of parabola coefficients are shown in Table 3.

Table 3. Design data of different parabola coefficients

[N

Case 2 8 4
Parabola coefficient, apf(1/mm) 0/0.0005|0.001]0.0015

Figure 8 shows the evolution of contact stresses for the gear drives designed for example 2. Maximum contact
stresses during the meshing cycle occur at contact positions 10 and 20, and the contact stresses decrease with a
higher parabola coefficient at contact positions 10 and 20. It can be seen from Figure 9 that the maximum contact
stress at contact position 10 occurs at the tooth tip, which is caused by the insufficient modification of the tooth tip.
Therefore, the parabolic modification can eliminate the edge contact at the addendum.

6000

— = 0 e 0.0005

—_— “{b{': 0.001 —"'— = 0,0915 ¥

5000

=
(e
=
=

3000

2000

Contact stress (MPa})

1000

2 4 6 8 10 12 14 16 18 20
Contact position

Figure 8. Evolution of contact stresses for gear drives designed for example 2

S, Mises
(Ave: T5%)

() a,=0 (b} 2,, = 0.0005 (€) a,r= 0,001 (d) @, = 0.0015

Figure 9. Stress contours at contact position 10 for example 2

Figure 10 shows the evolution of bending stresses for the gear drives designed for example 2. In the meshing cycle,
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the maximum bending stress magnitude increases with the parabola coefficient increment. In the first half cycle
(Contact position 1-11), with the increase of the parabolic coefficient, the bending stress first decreases and then
increases; in the second half cycle (Contact position 11-21), it is just the opposite.
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200 e =
=
& . : i :
2 L\
g 1 1 1 1 1
7
2100 ;
=
E7)
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50
0 ] : : : :
2 4 6 8 10 12 14 16 18 20
Conlact position
Figure 10. Evolution of bending stresses for gear drives designed for example 2

4.3. Example 3

In this group example, the cutter mean pitch radius is determined as the independent experiment variable. The axial
displacement error AA = 0.2 mm, the parabola coefficient a,, =0.0015 1/mm, and the offset distance of parabolic

profile Ay, = 0 mm. The design data of the cutter mean pitch radius are shown in Table 4.

Table 4. Design data of the cutter mean pitch radius

Case 112|3] 4
Mean radius of cutter, R (mm)|40|60|80 (100

Figure 11 shows the evolution of contact stresses for the gear drives designed for example 3. In the meshing cycle, the
maximum contact stresses at any contact position are reduced with the increment of the cutter mean pitch radius. It
can be seen from Figure 12 that as the cutter radius increases, the width of the contact pattern also increases, at the
same time, the increase in the width of the contact pattern leads to a decrease in the contact stress. However, the
center point of the contact pattern is more seriously offset under the same assembly error.
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Figure 11. Evolution of contact stresses for gear drives designed for example 3
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Figure 12. Stress contours at contact position 10 for example 3

Figure 13 shows the evolution of bending stresses for the gear drives designed for example 3. In the meshing cycle,
maximum bending stresses are less affected by the cutter mean pitch radius. To sum up the above, the results show
that a higher cutter mean pitch radius can improve the meshing characteristics of the gear drives.

4.4. Example 4

In this group example, the offset distance of the parabolic profiles is determined as the independent experiment
variable under ideal assembly conditions. The cutter mean pitch radius R =40 mm, and the parabola coefficient a, =

0.0005/mm. The design data of the offset distance of the parabolic profiles are shown in Table 5.

Table 5. Design data of the offset distance of parabolic profiles

Case 112(3]4]|5
Offset distance of parabolic profile, Aytp (mm)|of-1]-2|-3|-4

Figure 14 shows the evolution of contact stresses for the gear drives for example 4. In the meshing cycle, the
maximum contact stress occurs at contact position 10 and 20, it reduces with higher the offset distance towards tooth
root at these contact position. The contact stresses increase with higher the offset distance except contact position 10
and 20. It can be seen from Figure 15 that the reason for the reduction of the contact stress at the contact position 10
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Figure 13. Evolution of bending stresses for gear drives designed for example 3

is that the addendum edge contact is gradually eliminated in the process of increasing the offset amount. Therefore,
an appropriate offset amount can reduce the maximum contact stress during the meshing cycle.
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Figure 14. Evolution of contact stresses for gear drives designed for example 4

Figure 16 shows the evolution of bending stresses for the gear drives designed for example 4. In the meshing cycle,
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Figure 15. Stress contours at contact position 10 for example 4

maximum bending stresses are reduced with the increment of the offset distance of the parabolic profile. Bending
stresses are increased with the increment of the offset distance during the first half cycle (Contact position 1-11). In
addition, bending stresses are reduced with the increment of the offset distance during the second half cycle (Contact
position 11-21). To sum up the above, the obtained results show higher offset distance toward the tooth root will bring
about worse mechanical behavior, higher vibration, and noise for the gear drives without edge contact.
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Figure 16. Evolution of bending stresses for gear drives designed for example 4

5. Conclusions

Contact and bending stresses of the curvilinear cylindrical gear drives are investigated by four groups of examples,
respectively. Based on the research work, the following conclusions can be drawn:

(1) The assembly error is not sensitive to contact stress and bending stress of gear drives. The curvilinear cylindrical
gear drives are more suitable for industrial applications with assembly errors.

(2) Tooth flank modification can eliminate tooth tip-edge contact, but it will increase bending stress at the tooth root.

(3) The offset of the modified parabola can also eliminate the tip-edge contact, which reduces the bending stress at the
tooth root.
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(4) If the cutter pitch mean radius is increased, then the width of the contact pattern is increased, and contact stresses
on gear tooth surfaces is decreased. Therefore, a higher cutter mean pitch radius can improve the mechanical
performances of the curvilinear cylindrical gear drives.
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Nomenclature

Cutter mean pitch radius
Addendum coefficient
Dedendum coefficient
Face width of gear
Number of teeth

Module

Edge radius coefficient

wbgzgwmm

Pitch radius of the gear

an Normal pressure angle

S;  Coordinate system i with three mutual perpendicular axes x;, y; and z;
M;; Homogeneous matrix of coordinate transformation from §; to §;

r Position vector of gear tooth surface

N Unit normal vector of gear tooth surface

Y  Generalized parameter of motion during generating process of gear
C  Centerdistance

AC  Center distance error

AA  Axial displacement error

AH Crossing shaft angle error

AV Intersecting shaft angle error

a,r  Parabola coefficient

Ay, Offset distance of the parabolic profile
Superscripts:

p, & Pinion and wheel of gear set
Subscripts:

Py, Gy,  Convex side of the pinion and wheel
P,,. G,, Concave side of the pinion and wheel
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