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ABSTRACT

The fixed-setting face-milled curvilinear cylindrical gear (FSC gear) is a
type of parallel-axis gear characterized by a circular arc-shape tooth in the
longitudinal direction, with contact impressions on the tooth surface that
can be adjusted through the manufacturing process. The finite element
method is employed to investigate the effects of various gear parameters on
the load-sharing factor (LSF) of FSC-gears. Initially, a sensitivity analysis
was conducted to enhance the accuracy of the finite element model for
FSC gear drives. Secondly, the accuracy of the finite element model was
validated by the Hertzian contact theory. Furthermore, the correctness of
the finite element method for determining the LSF was validated based
on American Gear Manufacturers Association standards (AGMA). In this
study, the effects of assembly errors, tooth modification, driving torque,
cutter radius, and contact pattern size on LSF are investigated by numerical
examples. The results show that the precise LSF can be determined without
intentionally increasing the element density of the subsurface of the tooth
surface. Compared with the AGMA standard, the finite element method
offers advantages in calculating the LSF of any non-standard gear. The
influence of the milling cutter radius and the tooth surface contact pattern
size on the LSF can be neglected.

1 Introduction
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The fixed-setting face-milling method is one of several techniques used for machining bevel gears.
This method allows for the adjustment of the contact pattern on the tooth surface, thereby improving
the meshing performance of bevel gear drives [1,2]. The basic principle involves processing the pinion
with a double-edged face milling cutter that has a specific curvature radius, while the concave and
convex surfaces of the wheel are machined using two different radius single-edged face milling cutters.
The curvature radius of the single-edged face milling cutter is determined based on the desired size of
the contact pattern. The difficulty of this processing method lies in the need to reverse-calculate the
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radius of the single-edged cutter based on the required contact pattern size in advance; otherwise, the
desired contact effect cannot be achieved [3]. In our previous research [4,5], this machining technique
was applied to curvilinear cylindrical gears, resulting in the development of the fixed-setting face-
milled curvilinear cylindrical gear (FSC-gear). The FSC-gear drive enables adjustment of the tooth
surface contact pattern using specially designed single-edged cutters.

Related studies on the problem of load sharing can be traced back to the 1970s [6—9]. Most of
this research relies on mechanical principles to provide approximate estimations [10]. These studies
primarily employ the boundary element method [I 1], the minimum elastic potential energy method
[12], and the finite element method [13,14]. Each method has its own limitations, and most are applied
to standard spur and helical gears [15—17]. With advancements in science and technology, many
scholars have recently applied these methods to more complex gear drives. Rama [18] studied the
load sharing of spur gears with tooth root cracks using the finite element method. Wei et al. [19]
investigated the load sharing of helical gears with flank deviations through finite element analysis.
Sancgez et al. [20] improved the minimum potential energy method for non-standard spur and helical
gears. Peng et al. [12] examined the load sharing factor (LSF) of helical gears with tooth surface
modifications and assembly errors by utilizing the minimum potential energy method. Chen et al. [21]
explored the wear problem of spur gears based on an improved load share model. Zhang et al. [22]
proposed a load distribution calculation method that combines a tooth contact mechanics model
with the finite element method, which was used to study the contact problems in harmonic and
planetary gears [23]. Lu et al. [24] investigated the calculation of the LSF of spur gears under thermal
elastohydrodynamic lubrication. Zhang et al. [25] proposed a tooth surface partition method to
calculate the LSF of spiral bevel gears, and validating the method with the potential energy method.
Wu et al. [26] examined the load sharing of curvilinear cylindrical gears using load tooth contact
analysis (LTCA), focusing on the influence of cutter radius, torque, and other factors on the LSF.

The FCS gear is a novel type of gear characterized by a complex tooth profile and operating
conditions, which renders existing LSF models inadequate for solving the LSF problem associated
with this gear. This study employs the finite element method (FEM) to investigate the LSF of FCS
gears. The primary contributions of this work are as follows: (1) An examination of the independence
of structured elements within the gear finite element model; (2) Validation of the accuracy of the
finite element model using Hertzian contact theory; (3) Utilization of the trapezoidal method as a
post-processing tool for finite element analysis results, enabling the automatic calculation of the gear’s
LSF, with verification of its correctness against AGMA standards; and (4) A detailed investigation
into the individual effects of various factors on the LSF, including gear assembly errors, tooth surface
modifications, driving torque, and face-milled cutter radius.

2 Element Sensitivity Analysis for FEM

The number of nodes and elements, and local element refinement in the FEM has a significant
impact on the accuracy of simulation results. Balancing calculation time and solution accuracy is
a crucial consideration in finite element analysis. According to the FEM for gear teeth proposed
by Litvin et al. [27], the number and density of tooth elements are primarily determined by five
parameters: the element refinement case of the subsurface of the tooth surface (N,), the number of
nodes in the longitudinal direction (/N,), the number of nodes in the tooth profile (,), the number of
nodes in the tooth root (V,), and the number of nodes in the geared ring (N,). The definitions of these
parameters are illustrated in Fig. la. Since only the tooth surfaces of two gears are in contact during
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operation. So, the element sensitivity analysis focuses mainly on the three parameters: N, N,, and N,.
The parameter N, is divided into three cases: Case (I), Case (II), Case (III), as shown in Fig. 1b.

N

(a) (b)

Figure 1: The definition diagram of the number of nodes in the FEM. (a) Definition of node and
element numbers of single tooth model; (b) definition of the element refinement case of the subsurface
of the tooth surface

The gear drive parameters listed in Table | are used for the element sensitivity analysis. Addition-
ally, the radius of the double-edged cutter is set to R = 60 mm, the radius of the inner blade cutter is
r, = 56.8584 mm, and the radius of the outer blade cutter is r,, = 63.1416 mm. The applied driving
torque is 7 = 150 N-m. To achieve more rigorous results, it is necessary to observe the maximum
contact stress on the gear tooth surface over a meshing cycle. The meshing process within one cycle is
discretized into 21 contact points to optimize the balance between solution accuracy and computation
time. The construction method for the FEM of the gear drive is detailed in Reference [2].

Table 1: Basic parameters of gear drives

Parameter Values
Number of teeth 31/40
Module (mm) 4

Normal pressure angle 20
Addendum coefficient 1
Dedendum coefficient 1.25

Face width (mm) 30

Fillet radius coefficient 0.38
Young’s modulus (MPa) 2.08 x 10°
Poisson’s ratio 0.298

(1) The element sensitivity of parameter N, in the tooth profile direction was analyzed. The values
of N, considered were 40, 50, 60, 70, and 100, with N, = 40, N, = 6, N, = 11, and N, = 5 held
constant. The results of these FEMs are presented in Fig. 2. When N, > 50, the contact stresses on the

https://www.scipedia.com/public/Zhang_et_al_2025a 3



S

IPEDIA

X. Zhang, Y. Dong and B. Gan,

Investigation of load sharing factor of the fixed-setting face-milled curvilinear
cylindrical gear by finite element method,
Rev. int. métodos numér. célc. diseno ing. (2025). Vol.41, (1), 13

tooth surface in the smooth meshing area (this area is defined as the region outside of when the teeth
are just entering and just exiting engagement.) tend to stabilize. Therefore, N, = 50 is deemed more

appropriate.

4000 ——————
| N, %N, = 40=40

=36004 - — - N,xN,=50x40
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Figure 2: Evolution of the maximum contact stresses under different N, values

(2) The element sensitivity of parameter N, in the longitudinal direction was analyzed. The values
of N, considered were 20, 30, 40, 50, 60, and 70, with N, = 40 held constant. The results of these FEMs
simulations are presented in Fig. 3. When N, > 40, the contact stresses on the tooth surface tend to
stabilize. Consequently, N, = 40 is considered optimal.

(3) The element sensitivity of the element refinement case was analyzed. Assuming N, x N,

13004/

NN, = 40x20
- - N,xN, = 40%30)
e "VPKN-’ = 40740

~-== NN, = 40%50)
= N,xN,=40%60,

- NNy = 40=T70)

2 4 6 8 10 12
Contact points

14

16 18 20

Figure 3: Evolution of the maximum contact stresses under different N, values

40 x 70, the element refinement of the subsurface of the tooth surface was examined in three cases as
depicted in Fig. 1b. The results, shown in Fig. 4, indicate that N, has minimal impact on the maximum
contact stress. Therefore, ‘Case (1)’ from Fig. 1b is selected as the FEM. It is concluded that there is
no need to further refine element of the tooth surface elements.

In summary, the number of nodes in the FEM is set to N, x N, = 50 x 40, with the node
distribution in the tooth thickness following ‘Case (I)’. In this paper, N, is set to 6 and N, is set to
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5. The definition of the element number of the tooth root and geared rim parts follow the method in
Reference [27].

1400 T—/————
—— N, =Case (I)
= = =N = Case (II)
130041 _ N, = Case (IIT)

:

Maximum contact stress (MPa)
- =
2 =]

g

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

Figure 4: Evolution of the maximum contact stresses under different cases

3 Verification of FEM

In this section, Hertz contact theory is employed to verify the accuracy of the FEM. In Fig. 5,
the principal curvatures of surface >, are R and R;”, while those of surface >, are R® and R;”.
These surfaces come into contact at point ‘O’ under the normal external force F,,. Due to the elastic
deformation of the materials, a contact ellipse much smaller than the radii of the objects forms at the
contact point ‘O’. The dimensions of the contact ellipse are represented by the parameters ¢ and b. The
amount of contact deformation is expressed by the parameter 8., and the maximum contact pressure
is denoted by P,,.. The pressure distribution along the major and minor axes of the contact ellipse is
described by the parameters P(x) and P(y), respectively. The parameter y represents the misalignment
angle between the principal curvatures of the two surfaces.

PJFML\'

=a

P(x)

Figure 5: Definition of contact parameters. (a) 3D contact model; (b) x-z plane; (c) y-z plane; (d)
pressure distribution on the contact ellipse
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If the deformation and interference caused by the contact between two surfaces are not considered,
the intersection line formed by the two surfaces would create a contact ellipse. The lengths of the
major and minor axes of the contact ellipse are denoted by symbols 4 and B, respectively, and these
parameters satisfy Eq. (1) [28].

1{ 1 1 1 1
A+B=§ R—(J)-FW'FR—(YZ)'FR—@
4 : e, (1)
1 1 1 1 1 1 1 1 1
roams|(m ) (5 w) (e ) () e

When considering the interference and deformation of the two surfaces, the dimensions of the
contact ellipse, denoted as symbols a and b, can be determined using Eq. (2) [28].

3F 1/3
)

2E*(A+ B)
1/3
b k[ ]

3F,
— Ry
Here, the symbol E* denotes the equivalent elastic modulus.

2)

2E*(A+ B)

The equivalent elastic modulus can be calculated by Eq. (3).
2 1—-mw

E*  E

1—v
E,

)

Here, symbols v, and v, denote the Poisson’s ratios of >_, and > ,, respectively. Symbols E, and
E, denote the elastic moduli of contact bodies >_, and >, respectively. Symbols k, and k, in Eq. (2)
can be determined using Eq. (4) [29].
2F (e)

&:(na—é)

kb = ka\/ 1 - 62

Here, symbol e denotes the eccentricity of contact ellipse, it can be calculated by Eq. (5).

2
ez,/l—b—
aZ

Here, symbol E(e) denotes the complete elliptic integral of the second kind, it can be calculated
by Eq. (6).

(4)

)

3
E(e) = / V1 — e*sinfada (6)
0
The eccentricity e satisfies not only Eq. (4) but also Eq. (7) [30].
B— A 20— E(e) — K
| | _20-e)E(9) (e)+1:COSQ )
|4 + B| e? K (e)
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Here, symbol 6 denotes the angle in range 0 to 7. Symbol K(e) represents the complete elliptic
integral of the first kind, which can be calculated using Eq. (8).

3 1
K (e) = — do 8
© /0 V1 — exsinla ®
According to Eq. (7), the elliptic eccentricity e can be solved using the Newton method. Once e
is determined, it can be substituted into Eqs. (2) to (4) to solve for the contact ellipse dimensions a
and b.

In this study, the ratio a/b is very large, which results in the elliptic eccentricity e being close to
1. Consequently, the parameter K(e) approaches infinity, while the parameter E(e) approaches 1, as
shown in Fig. 6. When using the Newton iteration method to solve Eq. (7), selecting an appropriate
initial value for the elliptic eccentricity e is crucial, as an incorrect initial value may prevent the
calculation from converging. After repeated trials, the initial iteration value ¢, = 0.999999 was chosen
for this study.

5.0

—— First kind +w1
L e S E Second kind
4.0

3.5
3
3.0
S2s
2.0+
L5~
1.0-

0.0 0.1 02 0.3 04 05 0.6 07 0.8 09 1.0
Eccentricity e

Figure 6: First and second kind of elliptic integrals corresponding to the eccentricity

Fig. 6 illustrates the relationship between two types of complete elliptic integrals and the elliptical
eccentricity. The elastic deformation resulting from the contact can be expressed by Eq. (9) [31].

s _3EDK (@) 1

= 7 9
‘72 mab E )
The maximum contact pressure can be calculated by Eq. (10) [31].
3 F
Pmax =-— 10
2 wab (10)

As shown in Fig. 5d, the pressure distribution along the major and minor axes of the contact
ellipse can be described by Eqs. (11) and (12), respectively [31].

P(X) = Pmax 1 - (2)2 (—Cl S X E a) (11)
PO)=Puyf1=(3) (bsxs<h (12)

https://www.scipedia.com/public/Zhang_et_al_2025a 7



S

IPEDIA

X. Zhang, Y. Dong and B. Gan,

Investigation of load sharing factor of the fixed-setting face-milled curvilinear
cylindrical gear by finite element method,

Rev. int. métodos numér. célc. diseno ing. (2025). Vol.41, (1), 13

Then, the contact pressure distribution on the contact elliptic is [31]:

xZ y2
P=Pmax 1_(_+ ) (_afxiaa_bfxib) (13)

@ b
In this section, the FEM is validated using the gear parameters listed in Table 1. The stress
distribution at a specific contact point is employed to verify the accuracy of the FEM. Specifically,
the 11th contact point during single-tooth meshing is compared with the Hertz contact model. The
contact pressure distribution on the tooth surface is calculated using both the FEM and the Hertz
model, as shown in Fig. 7. The results indicate that the maximum contact pressure obtained from
the FEM is 1266.15 MPa, while that from the Hertz model is 1230.24 MPa, resulting in a maximum
contact pressure deviation of 2.84%. The length of the major axis of the contact ellipse obtained from
the finite element model is slightly larger than that of the Hertz model, as shown in Fig. 7c. The length
of the minor axis of the contact ellipse from the finite element model is essentially equivalent to that of
the Hertz model, as shown in Fig. 7d. This discrepancy is attributed to the mesh density on the tooth
surface in the finite element model. Overall, the two results show good consistency in contact pressure
on the tooth surface at the 11th contact position.

1266
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i 800
- 600
400
60 lzon
59 0
215 210 5 0 5 10 15
1230

1000
800

600

' 400

200
Hy

-5 -10 5 0 5 10 15
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H [J (J H |
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Figure 7: Contact pressure distribution on the tooth surface. (a) FEM model; (b) Hertz model; (c)

major axis; (d) minor axis
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Fig. 8 illustrates the evolution of the maximum contact pressure on the tooth surface during the
meshing period when multiple teeth are engaged simultaneously. Due to the presence of tooth tip-edge
contact when the tooth surface enters and exits the meshing, severe contact pressure is generated at
contact points 2 and 20 in the FEM. However, these edge contact cannot be validated by Hertzian
theory. The deviation of the maximum contact pressure at the effective contact points (3~19) was
compared. The diagram shows that the results obtained using Hertzian theory are slightly lower than
those from the FEM, with a deviation of 3.1% (the maximum deviation of all contact points.) over
the entire meshing cycle. Therefore, the FEM used in this study is suitable for analyzing tooth surface
stress and calculating the LSF.

——FEM
Hertz

R

2 2 2

S &5 &
1 1

25004

2000+

15004

1000 4

5004

Maximum contact pressure P (MPa)

0

12345678 91011121314151617 18192021
Contact points

Figure 8: The evolution of maximum contact pressure on the tooth surface during the meshing cycle

4 The Solution Method for LSF

During the meshing process of the gear drive, the contact pressure at any point on the tooth surface
can be expressed as a function P(u, v), where the symbol u represents the coordinate value in the
longitudinal direction and symbol v represents the coordinate value in the tooth profile direction. If
a coordinate system is established in the normal direction to the tooth surface, the contact pressure
distribution P(v) in the longitudinal direction can be expressed within this coordinate system. Similarly,
the stress distribution in the tooth profile direction can be expressed as P(u). Both functions represent
the unit load on the tooth surface, measured in N/mm. By solving the FEM of the gear drive, the
contact pressure values at all nodes on the tooth surface can be obtained, with the pressure at each
node expressed as P(u, v), as shown in Fig. 9.

After solving the FEM, the pressure values at the tooth surface nodes are obtained as a series of
discrete values. These values can be integrated using the trapezoidal rule. The total stress in the tooth
profile direction is approximated by Eq. (14).

k u+1 _|_ u
P(u) ~ Zu:“ |:|r‘;+‘ —r %} (14)

Here, vector symbol r represents the position vector of the node, and symbol p represents
the pressure at the node. The superscript u indicates the row in which the node is located, where
u=1,2,3, ..., k. The subscript v indicates the column, where v =1, 2, 3, ..., /. Symbol k is the
total number of rows of tooth surface nodes, and symbol / is the total number of columns of tooth
surface nodes.

https://www.scipedia.com/public/Zhang_et_al_2025a 9
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Pres:sure distribution
Figure 9: Explanation of contact pressure and nodes on the tooth surface

If the equivalent normal load on the tooth surface at the i-th contact point is F,,;, the trapezoidal
rule can be used to approximate the unit load in the longitudinal direction.

! U u PI:'-H + P‘\f
BN LA (15)
The total normal load on all tooth surfaces can be solved by Eq. (16).
Fr= Zi:l F,i (16)
The LSF on a specific tooth at the i-th contact point is defined as:
Fm’
LSF, = (17)
FnT
According to the AGMA standard, the LSF of spur gears can be calculated according to Eq. (18).
1 1 0
g + gQLPSTC (QSTART S 9 S QLPSTC)
LSF () = 1 (Orpsrc < 6 < Oupsrc) (18)
l l (QEND - QSTART) - 0
>+ 3 (Oupsre < 6 < Opyp)
-~ 3 3 (GEND - QSTART) - QHPSTC st P

Using the spur gear parameters listed in Table | as an example, the unknown parameters involved
in Eq. (18) were solved using tooth contact analysis (TCA), yielding the following results: 6 g7 zr =
—9.64°, Opyp = 9.95°, O 1psrc = —1.66°, and 60 ypsre = 1.97°. The LSF obtained using the AGMA
standard [32] is shown in Fig. 10 (red dotted line), while the LSF calculated by the finite element
method is represented by black discrete points in Fig. 10. The results indicate that the LSF values
obtained by both methods are nearly identical and closely align with the experimental results reported
by Spitas et al. [33].
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Figure 10: Comparison of LSFs solved by finite element method and AGMA standards

5 Examples

This section uses the previously proposed method to study the effects of various factors on LSF.
These influencing factors include assembly errors, tooth surface displacement, resistance torque, face
milling cutter radius, and the estimated contact spot ratio. All examples in this section are based on the
gear parameters listed in Table 1. The radius of the double-edged cutter used for the wheel processing
is denoted as R. The cutter radii for processing the convex and concave tooth surfaces of the pinion
are denoted as r; and r,,, respectively. The estimated contact pattern ratio (i.e., the percentage of the
major axis dimension of the contact ellipse relative to the tooth width) is denoted as symbol L.. The
method for determining these parameters have been detailed in our previous work [34]. The milling
cutter parameters applicable to all examples in this section are provided in Table 2.

Table 2: The face-milled cutter radius of the cutter head for the specific estimated contact pattern ratio

L. (%) R =60 mm R =80 mm R =100 mm R =120 mm

rp (mm) 1, (mm) 1, (mm) 7, (mm) 7, (mm) Iy (Mm) 7 (mm) ¥, (mm)
100 629179 57.0821 82.7403  77.2597 102.5084 97.4916 122.2398 117.7602

90 62.8493  57.1507  82.6398  77.3602  102.361 97.6390 122.0304 117.9696
80 62.7728  57.2272  82.5001  77.4999  102.1559 97.8441 121.7384  118.2616
70 62.6611  57.3389  82.3060 77.6940  101.8578 98.1422 121.3152  118.6848
60 62.4867 57.5133  82.0086  77.9914  101.4021 98.5979 120.6689  119.3311
50 62.2028  57.7972  81.5196  78.4804  100.6552  99.3448 119.6122  120.3878
40 61.6870  58.3130  80.6348  79.3652  99.3086 100.6914  117.7145  122.2855

5.1 The Impact of Assembly Errors on LSF

There are four types of assembly errors in gear pairs: center distance error (AC), axial displace-
ment error (AA), crossing shaft angle error (AH), and axis intersection error (A V') [35]. Among these
four types of errors, only the crossing shaft angle error has the greatest impact on the performance of
the gears [3]. Thence, this section focuses on crossing shaft angle errors, with A H set to 0°, 0.05°, and

https://www.scipedia.com/public/Zhang_et_al_2025a 11
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0.1°. To prevent interference on the tooth surface under axis intersection error, the parameters are set
as follows: AC = 0.1 mm, A4 = 0 mm, and AV = 0°. Additionally, the tooth surface modification
coefficient (a,,) is 0.0004, the resistance torque (7)) is 150 N-m, the cutter radius (R) is 60 mm, the
cutter radius for the convex tooth surface of the pinion (r;) is 62.2028 mm, and the cutter radius for
the concave tooth surface of the pinion (r,,) is 57.7972 mm, as shown in Table 2. The LSF during the
meshing cycle is illustrated in Fig. 11. The gear pair engages at the 2nd contact point and disengages
at the 20th contact point. The LSF at the 10th to 12th contact points is 1, indicating single-tooth
engagement at these three points. Before entering single-tooth engagement, the LSF decreases with
increasing A H; the opposite trend is observed after exiting single-tooth engagement.

1.0 . AH=0
—— AH = (.05
0.8 /_ W \——AH=0.]
< 0.6+ / \
iy ,.-".
2 / \
T 0.4 v \
A / _
j \
0.2+ % \
0.0 T T

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

Figure 11: Evolution of the LSF for crossing shaft angle errors

Fig. 12 illustrates the stress distribution of the gear at the 11th contact point. As AH increases,
the contact pattern (contact ellipse) on the tooth surface shifts towards the edge of tooth tip.

5, Mises
(Avg: T5%)

5, Mises

(Avg: 75%)
424
389

(a) (b) (c)

Figure 12: Stress distribution on the gear at the 11th contact point. (a) AH = 0 mm; (b) AH = 0.05
mm; (¢) AH = 0.1 mm

5.2 The Impact of Tooth Surface Modifications on LSF

To eliminate the harm caused by the contact of the tooth tip edges in gear transmission, parabolic
tooth tip modification is introduced here. The larger the modification amount, the more material is
removed from the tooth tip. Its geometric definition, please refer to Reference [3]. In this section,
the tooth surface modification coefficient (a,) is set to six different values: 0, 0.0001, 0.0002, 0.0003,
0.0004, and 0.0005. The gear pair operates under ideal assembly conditions. The cutter radius (R)
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is 60 mm, the cutter radius for the convex tooth surface of the pinion (r;) is 62.9179 mm, and the
cutter radius for the concave tooth surface of the pinion (r,,) is 57.0821 mm, as detailed in Table 2.
The LSF during the meshing cycle is shown in Fig. 13. As the modification amount increases, the
gear pair delays entering and advances exiting the engagement. During the initial entry and final
exit of the gear teeth from engagement, the LSF decreases with an increase in the tooth surface
modification amount. However, during other periods of meshing, the LSF increases as the tooth
surface modification amount increases. Additionally, the single-tooth engagement period extends with

greater modification amounts.

S

1.0 =
7\
0.8+ / /. A
} 7/ I\
g / L\
< 0.6 /
: ;
Ty ——— ap - =
g 044 A ——a,=0.0001 "\
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o024/l //# a,=0.0003 \ \
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2 4 6 8 10 12 14 16 18 20

Contact points

Figure 13: Evolution of the LSF for gear surface modification amounts

Fig. 14 shows the stress distribution diagram of the gear at the 19th contact point. The stress on the

middle tooth decreases as the modification amount increases until the stress at the tooth tip disappears.
At this contact point, the current tooth disengages from the gear drive, and the load transfers to the

next tooth in the gear.

§, Mises

(d)

(e)

®

Figure 14: Stress distribution on the gear at the 19th contact point. (a) a,, = 0; (b) a,, = 0.0001; (c) a,,
= 0.0002; (d) a,, = 0.0003; (e) a,, = 0.0004; (f) a,, = 0.0005
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5.3 The Impact of Driving Torque on LSF

In this section, the driving torque (7") of the gear pair is set to four different values: 50, 100, 150,
and 200 N-m. The gear pair is assumed to be under ideal assembly conditions, with a tooth surface
modification coefficient (a,;) of 0.0004. The cutter radius (R) is 60 mm, while the cutter radius for
the convex tooth surface of the pinion (r;) is 62.4867 mm, and the cutter radius for the concave
tooth surface of the pinion (r,,) is 57.5133 mm, as shown in Table 2. The LSF during the meshing
cycle is illustrated in Fig. 15. As the torque increases, the gear pair slightly advances in the timing of
engagement and disengagement. When the gear teeth are just entering or about to exit engagement,
the LSF increases with the rise in torque. During other phases of the meshing cycle, the LSF decreases
as torque increases. Additionally, the single-tooth engagement period shortens with the increase in

torque.

1.0 1 : : —e—T=350
/ =100
. —+—T=150
0.8- / AN\ —— 7= 200
8
2
= .64
g
@
2 0.4-
S
3
G414
/
0.0 — —

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

Figure 15: Evolution of the LSF for driving torques

Fig. 16 shows the stress diagram of the gear at the 12th contact point. The stress on the gear tooth
decreases with the increase in torque, while the contact pattern size on the gear tooth increases with

the increase in torque.

S, Mises

S, Mises
(Ave: 75%)

(Aveg: 75%)

(a) (b)
Figure 16: (Continued)
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S, Mises
(Ave: 75%)

S, Mises
(Aveg: 75%)

(c) (d)

Figure 16: Stress distribution on the gear at the 12th contact point. (a) 7= 50 N-m; (b) 7= 100 N-m;
(c) T =150 N-m; (d) T =200 N-m

5.4 The Impact of Cutter Radii on LSF

The double-edged cutter radius (R) for processing the wheel was set to 60, 80, 100, and 120 mm,
respectively. The gear pair operates under ideal assembly conditions with a tooth surface contact
pattern ratio (L.) of 100%, a tooth surface modification coefficient (a,) of 0.0004, and an applied
torque (7) of 150 N-m. The LSF during the meshing cycle is illustrated in Fig. 17. When the estimated
contact pattern ratio on the tooth surface is consistent, the LSF of the gear pair remains almost

identical.

—=—R=60

e
-]

Load share factor
=
o
L

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

Figure 17: Evolution of the LSF for double-edged cutter radii

5.5 The Impact of Tooth Surface Contact Patterns on LSF

There is a direct relationship between the tooth surface contact pattern ratio and the curvature
radius of the single-edged cutter. The specific numerical relationship is shown in Table 2. Here, the
tooth surface contact pattern ratio is taken as the research object. The tooth surface contact pattern
ratio (L,) is set to 40%, 50%, 60%, 70%, 80%, 90%, and 100%, respectively. The gear pair is assumed
to be under ideal assembly conditions, with a cutter radius (R) of 60 mm, a tooth surface modification
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coefficient (a, ) of 0.0004, and an applied torque (7)) of 150 N-m. The LSF during the meshing cycle
is depicted in Fig. 18. When the gear teeth are just entering or about to exit engagement, the LSF
decreases as the contact pattern ratio increases. During the other phases of meshing, the LSF increases
with the contact pattern ratio. However, the magnitude of these changes remains relatively small.

1.4
—=— L= 100%—— L= 90%—— L-=80%
12— Lc=70% ——L-=60% L-=50%
— L.=40%
+ 1.0
2
3
0.8+
2
;0.6-
S
=}
~ 0.4 -
0.2 1
OAOiII'I'!II'I'I'I'
2 4 6 8 10 12 14 16 18 20
Contact points

Figure 18: Evolution of the LSF for contact pattern ratios on the tooth surface

6 Conclusion
Based on the research conducted in this paper, the following conclusions can be drawn:

(1) When establishing a FEM of a gear pair to solve for contact pressure, it is generally unnecessary
to excessively refine the subsurface layer elements on the tooth surface, unless subsurface stress needs
to be analyzed. This is because subsurface stress is located within the gear tooth.

(2) Using FEM to calculate the LSF of gear drives is feasible. This method is applicable to non-
standard gears that do not conform to AGMA standards and is particularly effective for gears with
assembly errors and tooth surface modifications.

(3) The influence of cutter radius and tooth surface contact patterns on the LSF is relatively minor.
Tooth surface modifications can reduce the rate of change in load sharing during the meshing cycle,
thereby minimizing impact forces during gear operation. Under heavy load conditions, curvilinear
cylindrical drives reduce the duration of the single-tooth engagement.
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