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ABSTRACT To improve the meshing state of gear pairs, the abrasion of tooth surfaces must be reduced
and on the other hand, the functional requirement of transmission stability for different conditions of heavy-
duty helical gears must be increased. To do this requires a topological modification of the tooth profile and
tooth alignment. The topological modification parameter optimization model is established based on Hertz
theory, which takes the functional requirement as a goal, and the tooth surface topological modification
parameters as the design variables. The constraint condition equations in the tooth contact analysis process
are derived, and the improved genetic algorithm is used to solve the numerical conditions of the tooth surface
microgeometry parameter optimization model. Then, the modification parameters optimized by different
modification schemes are obtained. The loaded transmission errors, the mesh misalignment movements, and
the distribution characteristics of the tooth surface contact stress are studied. The parameter optimization
model of the tooth surface topological modification for the functional requirements is established. With
different modification parameters heavy-duty helical gear pairs under various loads, the research results
provide a theoretical basis for tooth surface micro design of heavy-duty helical gears in practical application
and in determining the reasonable modification parameters.

INDEX TERMS Heavy-duty helical gears, topological modification, parameter optimization, loaded
transmission error, mesh misalignment.

I. INTRODUCTION
Heavy-duty helical gears are an important transmission com-
ponent of the automobile, wind power generation, metallurgy,
mining, oil and cement, and other large industries involving
the transmission of mechanical and electrical equipment
parts. At high-speed operation of such equipment, the
helical gears bear enormous loads, which cause unfavorable
displacements in tooth contact resulting in edge contact,
highly concentrated stress, shock, and vibration [1], [2].
In these devices during times of significant loads, the helical
gears bearing will produce elastic deformation and base pitch
error. The influence of processing error, assembly error,
and cyclical changes in tooth stiffness leads to the actual
meshing point deviating from the theoretical meshing point,
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which changes the transmission characteristics of the gear
producing partial loading and causing vibration and noise.
This requires the tooth manufacturing factory to actively
adapt to the requirements of the equipment to improve
its service life and reliability. With the development of
science and technology, the demand for gear transmission
systems is always increasing because the characteristics of
the meshing gears directly impact the life of the gears.
Therefore, new design ideas are needed which allow the fast
and convenient design and production of the tooth surface
for adapting to different specifications to meet the functional
requirements of gear transmission systems in different
applications.

Tooth surface modification can improve the gear pair
meshing state to effectively prevent installation error,
machining error, and bearing deformation factors that lead
to the edge of the contact, such as reducing vibrations and
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noise [3]–[5]. Jiang [6] proposed a designmethod ofmodified
cylindrical gears with a controllable higher-order polynomial
function of the transmission error to reduce vibration and
noise. Litvin [7], [8] proposed a novel topology with involute
and crowned zones for modified helical gear tooth surfaces.
If misalignment does not occur, an involute zone is supplied
in the middle portion of the gear tooth surfaces to facilitate
line contact. When misalignments develop, zones on the top,
bottom, front, and back sides of tooth surfaces are crowned,
allowing the bearing contact to be localized. Tran and Wu [9]
proposed a numerical approach for the closed-loop topology
modification on cylindrical gears that have double-crowned
and anti-twist tooth flanks for a CNC internal-meshing gear
honing machine. To overcome the problem of flank twist
induced by lead modifications of gear flanks, a method
for topological modification of gear flanks in continuous
generating grinding based on contact trace evaluated genetic
algorithm (CTEGA) has been presented [10]. Assembly
errors of gears significantly influence the surface contact
stress and root bending stress. There has been an early focus
on modification technology as an effective means to improve
the performance of gears. These technologies can improve
meshing conditions through tooth surface modification,
effectively preventing edge contact and reducing vibration
and noise [11]–[15]. Zhang and Fang [16] established a
model for the analysis of tooth contact and transmission
errors of helical gears with modified tooth surfaces and found
that modified gears can provide gear meshing smoothness
and lower the magnitude of transmission errors under a
certain load. Of all the factors affecting the performance of
a gear drive, the load distribution is considered to be one
of the most important. Conry et al. [17], [18] presented
a mathematical programming method for the evaluation
of load distribution and the optimal modifications for
gear systems. Optimal modification can achieve optimum
load distribution and prolong the life of gears. The load
distribution is non-uniform along the contact lines of engaged
teeth of two gears in a mesh. This is generally attributed to
manufacturing and assembling errors and to the deformation
of gears, shaft, bearings, and housing by the loading. Tooth
profile modifications and tooth crowning are imperative
to improve the resistance against failures from gear teeth
rubbing against surfaces. Simon [19] proposed a method
to determine load and stress distributions along the contact
lines of the instantaneously engaged teeth of helical gears
and for the optimization of topological modifications for
helical gears. The method of optimization of the load contact
pattern is used in hypoid gears by automatic topography
modification [20]. This method can be adapted to helical gear
drives by its systematic and versatile nature. Kahraman and
Bajpai [21], [22] examined a surface wear model for helical
gears to determine the influence of tooth modifications on
helical gear wear and durability. When properly selected,
topological modifications allow significant stress reductions
to improve durability and wear. Tavakoli and Houser [23]
developed a method for computing static transmission errors

and tooth load sharing to minimize the transmission error of
heavily loaded gears. Through the above works, it is clear that
the modification of tooth surfaces can improve gear meshing
characteristics.

Several works have been published on gear modifica-
tion using simulation technologies such as TCA, LTCA,
and finite elements to solve for modification parameters
to improve gear transmission characteristics and obtained
good application effects in engineering practice [24], [25].
Kim et al. [26] optimized the macro geometry of a helical
gear pair for low weight, high efficiency, and low noise.
Younes et al. [27] implemented multi-objective optimization
of a gear unit to minimize the power loss and the vibrational
excitation generated by the meshing, via a multi-scale
approach that extends from gear contact to the complete
transmission. A novel multi-objective optimization of a two-
stage helical gearbox is carried out with a comprehensive
range of constraints. Two objective functions are formulated,
the first minimizes the volume and the second minimizes the
total power loss in the gearbox [28]–[30]. Weight reduction
with a simultaneous increase in transmission efficiency,
by optimization method, is very much essential for gear
applications that transmit very high mechanical power, with
a significant speed reduction [31]–[33]. In the process of
actual transmission, due to the involved stresses, gears will
experience an elastic deformation. Along with the influence
of manufacturing error, assembly error, and periodic changes
in the tooth stiffness, the actual meshing point will inevitably
deviate from the theoretical meshing point, thus changing the
transmission characteristics of the gear and causing vibration
and noise. This paper aims to meet various functional require-
ments based on the loaded contact analysis and a microgeom-
etry parameter optimization analysis under various loads to
choose the ideal gear modification parameters. As a result,
the edge contact due to installation error was effectively
prevented, and the load can be evenly distributed on the teeth
surface.

II. TOPOLOGICAL MODIFICATION OF TOOTH SURFACE
According to different processing requirements including
the loading capacity and dynamic characteristics, the tooth
surface of helical gears can be designed using the method of
changing the modification parameters. From a microscopic
perspective, the tooth profile and tooth alignment modifica-
tion were completed. Tooth surface modification can reduce
impact while meshing in and out reduces vibration and noise.
These modifications can reduce partial loading, allow the
load to be more evenly distributed on the teeth, increase the
loaded capacity, improve the lubrication state of the tooth
surface when meshing, enhance the anti-adhesion ability of
the gears, and reduce the tooth surface relative sliding rate
and transmission error. Currently, in order to avoid marginal
contact on the tooth surface due to misalignment, we try
to achieve this by contouring and longitudinal crowning.
This crowning we call topology modification, where the
tooth surface is divided into involute and crowning zones.
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FIGURE 1. Schematic diagram of topological modification of helical gear tooth surface.

Amodification-free zone is provided in the central area of the
gear tooth face, which will allow line contact if there are no
mounting errors. Other areas including the top, bottom, front
and rear of the tooth face are crowned to improve bearing
contact when a mounting error occurs. The authors propose a
grinding wheel finishing procedure that permits topological
alteration of the tooth face to avoid significant contact stress
areas, reduce transmission errors, and reduce alignment error
sensitivity. The essential concept of topological tooth face
alteration by grinding form is to use a changed grindingwheel
and grinding path.

The topological modification requires a tooth profile and
alignment modification at the same time, as shown in Fig. 1
(a). 61 is the theoretical involute tooth surface and 62 is
the topological modification tooth surface. Region ¬ is the
involute tooth surface; the corresponding grinding wheel
profile is solved according to the involute tooth profile,
while the grinding wheel has no radial feeding motion.
Regions , ¯, ±, and ³ are the tooth profile and tooth
alignment bidirectional modifications. Regions ° and ´ are
tooth lead unidirectional modifications and Regions ® and
² are tooth profile unidirectional modifications. As shown
in the figure, the boundary lines between different regions
are a, b, c, d , e, f , h, j, ue, ud , uc, and ua and are the
respective expansion angles of the involute at the tooth
profile modification boundary lines. The variables e, d , c,
f , θ0, θa, θb, and θmax are the respective rotation angles
of the gears at the tooth alignment modification boundary
lines, h, a, b, and j. By controlling the corresponding
involute expansion angles at the tooth profile and alignment
modification boundary lines and the size of the gear rotation
angle, the division of the tooth surface topological region
boundary can be realized. The topological modification
parameter distribution diagram is shown in Fig. 1 (b), where,
ra is the tip radius, rb is the base circle radius, δ1 and δ2 are the

maximum amount of modification at the tip and root of gear,
respectively.

The modification parameters can be expressed as:

f (MP) = f (δmpt , δmpb, δmlf , δmlb, zha, zbj, xcf , xde) (1)

Here, δmpt and δmpb are the amount of modification at the
tooth tip and root, respectively, δmlf and δmlb are the amount
of modification at the tooth alignment top and bottom,
respectively, zha and zbj are the length of the tooth lead top
and bottommodification, respectively, and xcf and xde are the
length of tooth tip and root modification, respectively.

The axial profile of the wheel spirals along the axis
direction and does parabolic movement in the radial direction
of the work gear at the same time. The formed track is thought
of as the topological modification tooth surface, so the cross-
line equation of the wheel axial profile and middle section of
the work gear can be used to obtain the tooth flank equation
as described by Eq. (2), shown at the bottom of the next page,
in Ref. [34], [35]. where, (u1, θ1) are surface parameters, rb
is the base radius, σ1 is tooth space half-angle, 1L is profile
crowning value, ax is longitudinal motion value, p1 is helix
parameters, respectively.

Topological crowning includes profile modification and
longitudinal modification. The former uses wheel crowning
to accomplish the process; the latter changes the relative
moving trajectory of the wheel and the gear. The applied
profile crowning equation and wheel feeding motion are
shown in Table 1. The modified topology of the gear tooth
surface shown in Figure 1 can be obtained by application of
Eq. (2). Crowning coefficients in profile and longitudinal are
applied as follows:

(1) On the top side, regions , ®, and ¯ will be provided
by profile crowning with a coefficient amp(cf) starting at uc.

VOLUME 10, 2022 41791



Y. Wang et al.: Optimization of Topological Modification Parameters for Heavy-Duty Helical Gears

TABLE 1. Applied relations of motion at zones during gear form grinding.

(2) On the bottom side, regions ±, ², and ³ will be
provided by profile crowning with a coefficient amp(de)
ending at ud.
(3) On the front side, regions ¯, °, and ± will be provided

by longitudinal crowning with a coefficient aml(bj) starting
at θb.
(4) On the backside, regions , ´, and ³ will be provided

by longitudinal crowning with a coefficient aml(ha) ending
at θa.

III. PARAMETER OPTIMIZATION OF THE TOOTH
SURFACE TOPOLOGICAL MODIFICATION
A. TOOTH SURFACE CONTACT MODEL BASED ON HERTZ
THEORY
In practical applications, the gear pair cannot reach the ideal
meshing state due to errors and deformation. The partial load
appeared in the meshing process and the load distribution
along the tooth width is usually non-uniform, leading to a
decrease in the meshing quality, which produces vibration
and noise. Under loading, the gear teeth and other parts
that transmit the load in the transmission system will most
likely experience deformation. Therefore, there was an error
between the actual tooth form and the theoretical tooth form.
The negative effect of this error on the loaded capacity
and noise performance can be reduced by tooth profile and
alignment modification. Fig. 2 is the elastic deformation
diagram of the gear pair contacting the tooth surfaces. The
tooth surface affected by the external load produced an elastic

deformation. Assuming the larger wheel is fixed, the small
wheel moves along the normal direction under the load P. The
two contact points corresponding to the two tooth surfaces
were divided into (1-1′), (2-2′), · · · , (k-k′), · · · , (n-n′), where
Fk is the load on any two contact points (k-k ′), εk represent the
clearance between two contact points (k-k′) before contact,
δ0 is the initial minimum clearance between the two contact
surfaces and Z represent the normal displacement of the inner
gear teeth in one meshing period.

As known from the geometric relationship in Fig. 2 (b)

ωk + ωk ′ + εk − Z ≥ 0 (3)

where ωk and ωk ′ are the elastic deformations produced by
the two contact points (k-k ′).

At any point, k on the left and side of Eq. (3) is a non-
negative number. Therefore, defining a new variable Yk ≥ 0,
Eq. (3) can be transformed into

ωk + ωk ′ + εk − Z − Yk = 0 (4)

As known from the Hertz contact theory, Yk meets the
following conditions:{

Yk = 0, if Fk ≥ 0
Yk ≥ 0, if Fk = 0

(5)

where either Yk or Fk is zero.
When analyzing the contact between the two tooth

surfaces, only the elastic deformation was considered and
the influence of other factors was neglected. The elastic
deformation at any pair of contact points (k-k ′) is the sum
of the deformation of all forces at this point, as

ωk =

n∑
j=1

akjFj

ωk ′ =

n∑
j′=1

ak ′j′Fj′
(6)

where akj and ak ′j′ are the respective unit deformation
coefficients of the applied force Fj and Fj′ at discrete points
(k-k′) and are found using the finite element method [36].
Substituting Eq. (6) into (4) obtains,

n∑
j=1

(akj + ak ′j′ )Fj + εk − Z − Yk = 0 (7)

Considering the elastic deformation of other discrete
points, Eq. (7) is expressed in matrix form as

−SF + Ze+ IY = ε (8)

r1 =


rb cos(σ1 + u1 − θ1)+ (rbu1 −1L) sin(σ1 + u1 − θ1)− ax cos θ1
rb sin(σ1 + u1 − θ1)− (rbu1 −1L) cos(σ1 + u1 − θ1)+ ax sin θ1

p1θ1
1

 (2)
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FIGURE 2. The model of two tooth surface contact.

where

S =
[
Skj
]
n×n

=
[
akj + ak ′j′

]
n×n , k = 1, 2, · · · , n; j = 1, 2, · · · , n

F =
[
F1 F2 · · · FK · · · Fn

]T
Y =

[
Y1 Y2 · · · YK · · · Yn

]T
ε =

[
ε1 ε2 · · · εK · · · εn

]T
e =

[
1 1 · · · 1 · · · 1

]T
Assuming that the forces between all the contact points are

consistent with the direction of the load P and considering the
small instantaneous contact area, the external load P can be
thought of as a sum of the forces of all the contact points. The
equation is expressed by

n∑
j=1

Fj = P (9)

where Fj is the loaded capacity for each contact point.
The constraint conditions formed by the above equations

are shown as 
−SF + Ze+ IY = ε
eTF = P
Fk = 0orYk = 0
Fk ≥ 0, Yk ≥ 0, Z ≥ 0

(10)

To add an artificial variable Xj for Eq. (10) and using the
improved simplex method to solve, Eq. (10) can be converted
into

min(
n+1∑
j=1

Xj)
−SF + Ze+ IY + IX = ε
eTF + Xn+1 = P
Fk = 0 or Yk = 0
Fk ≥ 0, Yk ≥ 0, Z ≥ 0, Xj ≥ 0

(11)

Considering the above iterative method to solve Eq. (11)
where load P is known, akj is the deformation coefficient
under unit load obtained by using the finite element method
and εk represents the initial clearance of the tooth from the
contact point k, obtained by TCA. Therefore, parameters, S,
F , and ε are known and the unknown parameters include Z ,
X, and Y . Combined with linear programming, the improved
simplex method can be used to solve for these unknown
parameters.

Eq. (11) belongs to a linear programming problem, which
is solved by a modified simplex method, considering the
introduction of artificial variables Xj and relaxation variables
Yj. The tabular form of the simplex method is shown in
Table 3-4. The tabular form is one of the most common
forms of the simplexmethod, where the artificial variables are
introduced as the optimization objectives at a later stage and
the relaxation variables change the inequality constraint into
an equation constraint. Let the initial values of variablesFj, Z ,
and Y are equal to zero, as shown in row 7 of Table 2, and the
initial value of the objective function of equation (11) under
the initial conditions is also equal to X0. Normalize Table 2 by
subtracting the sum of the first n+1 rows from the n+2 row
to obtain the row transformation, as shown in Table 3. How to
make the value of X0 smaller, it is necessary to construct the
basis matrix and perform several iterations to get the optimal
solution of the target equation.

In Table 3, the values of the elements in row n+2 are

X ′ = X0 − P−
n∑
j=1

εj (12)

dk =


−1+

n∑
j=1

Sjk ; k = 1, · · · , n

−n; k = n+ 1
−1; k = n+ 2, · · · , 2n+ 1

(13)

Equation (11) is solved by the above iterative method,
where the load P is known; akj is the deformation coefficient
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TABLE 2. Initial simplex algorithm table.

TABLE 3. Standardized processing.

TABLE 4. Basic parameters of the gear pairs.

per unit load, which is obtained using the finite element
method; εk is the initial clearance at the kth contact point of
the tooth pair, which is obtained by TCA. Thus the parameters
S, F , ε are known, while the unknown parameters are Z , X ,
Y form a linear programming, which can be solved by the
modified simplex method.

B. THE PARAMETER OPTIMIZATION MODEL OF THE
TOOTH SURFACE MODIFICATION
The normal displacement of the gear tooth is transformed
into the displacement of the meshing line and the load

transmission error is expressed in the form of an angle as

1φ2 =
3600× 180Z
πrb2 cosβb2

(14)

where rb2 and βb2 are, respectively, the driven wheelbase
circle radius and spiral angle.

The loaded transmission error is expressed as a displace-
ment on the meshing line as

TE =
Z

cosβb2
(15)

Changing the modification parameters allows the variation
of the transmission error to be controlled within a certain
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range. The amplitude of the transmission error is minimized,
which is part of the parameter optimization problem and can
be solved with the genetic algorithm. The amplitude of the
transmission error is given by

1TE(MP) = max(TE)−min(TE) (16)

whereMP is the modification parameters.
Assuming that the contact length of point k is 1k , the

average load density at point k is Fk/1k and the maximum
unit load should satisfy

DF ≤ pmaxe (17)

where

D =


1/11 0 · · · 0
0 1/12 · · · 0
...

...
. . .

...

0 0 · · · 1/1n

 (18)

The multi-objective optimization problem of the heavy-
duty gear aims to minimize the amplitude of the loaded
transmission error and the unit normal load. The concrete
expression is given as

min F(δmpt , δmpb, δmlf , δmlb, zha, zbj, xcf , xde)
= min [w11TE(MP)+ w2pmax(MP)]
Camin ≤ δmpt ≤ Camax

Cf min ≤ δmpb ≤ Cf max

Ccmin ≤ δmlf , δmlb ≤ Ccmax

lt min ≤ xcf ≤ lt max

lbmin ≤ xde ≤ lbmax

lcmin ≤ zha, zbj ≤ lcmax

(19)

where after the tooth profile modification, Camin and Camax
are the minimum and maximum modification values of the
tip, respectively, Cf min and Cf max are the minimum and
maximummodification values of the root, respectively,Ccmin
and Ccmax are the minimum and maximum modification
values of the top and bottom, respectively; lt min, lt max, lbmin,
and lbmax represent the length constraints of the tooth profile
modification; lcmin and lcmax represent length constraints of
the tooth alignment; and w1 and w2 represent the weighting
coefficients, which are equal in this instance.

To determine the reasonable modification parameters, the
optimization process is conducted by solving the nonlinear
contact problem where the tooth surface microscopic geo-
metric transformation is conducted for different modification
parameters. Changing the conditions of the tooth surface
contact is an iterative process solving TCA and LTCA until
the gear pair meets the specific functional requirements. The
optimization variables are the gear modification parameters,
δmpt , δmpb, δmlf , δmlb, zha, zbj, xcf , and xde, and the goal of
the optimization is to minimize the amplitude of the loaded
transmission error, 1TE . The variable pmax represents the
unit length of the normal load, the constraint conditions
Ca, Cf , and Cc represent the amount of modification in

two directions of the tooth profile and tooth alignment, and
the modification lengths are lt , lb, and lc. There are no
specific analytical expressions between the optimization goal
and the optimization variables leading to the difficulty in
acquiring an accurate analytical solution. There are multiple
locally optimal solutions in the optimization space. As a
result, the improved genetic algorithm is used to solve
the optimization problem process as shown in Fig. 3. The
improved optimization algorithm has global convergence,
and after a certain number of iterations for a basic stable
solution.

IV. EXAMPLES AND ANALYSIS
The optimization problem determining the amplitude of the
loaded transmission error and the maximum value of the unit
normal load to reach the minimum goal is an optimization
process of the nonlinear contact problem. Changing the
modification parameters causes a change in the tooth surface
state. Then, the contact conditions are changed to meet
certain functional requirements of the gear pair under the
specific working condition. This example takes the gear pair
shown in Table 4 as the research object, the modification
parameters of the gear pair as the optimization variables,
and the transmission characteristics of the gear pair as
the optimization goal. There are multiple locally optimal
solutions in the optimization space so it is more suitable to
use the improved genetic algorithm. The improved genetic
algorithm is chosen as the optimization algorithm since it
can optimize the macroscopic geometric parameters and
the topological modification parameters of the gear pair.
Assuming the speed of the small gear is 2000 r/min with
a weight of w1 = 0.3, the size of the genetic algorithm
population is 50, the evolution algebra is 20, the crossover
probability is 0.2, and the mutation probability is 0.3. Under
a variety of loads (from 1 kNm, 3 kNm, 5 kNm, 10 kNm,
15 kNm, 20 kNm, 25 kNm to 30 kNm), the resulting
simulation characteristics of the transmission error and stress
distribution of the gear pair with different modification
parameters are shown in Table 5. Here C1 is the non-
modification case, C2 is the topological modification case,
and C3 is the segment modification case, respectively.

A. ANALYSIS OF THE MESH DISLOCATION CHANGE
Because of the transverse bending deformation and torsion
deformation of the supporting shaft, the phenomenon of mesh
misalignment along the direction of the tooth is produced.
According to the definition of the ISO6336 standard, the
mesh misalignment is defined by the maximum clearance
of the two corresponding points along the tooth width
direction. It varies under different working conditions due
to the gear pairs being under different loads. Under non-
modification, as shown in Fig. 4 (a), the load is 1 kNm
and the change range of the mesh misalignment is 0.11µm.
When the load reached more than 5 kNm, the mesh
misalignment range was approximately 0.42µm. The range
of the transmission dislocation change increased rapidly as
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FIGURE 3. The optimization process for the modification parameters.

TABLE 5. Design of different modification parameters under load 30 kNm.

the load increased. When the load reached 30 kNm, the
range of the mesh misalignment change reached 1.94µm.
The distribution of the mesh misalignment change of the
topological modification as shown in Fig. 4 (b) gives an
amplitude that is decreased as compared to the conditions
given for Fig. 4 (a). This result shows that the topological
modification improves the condition of dislocation change.
The mesh misalignment change of the segment topological
modification is shown in Fig. 4 (c). When the load is
30 kNm, the minimum value of the mesh misalignment
change reached −2.92µm. Fig. 4 (d) shows the mesh
misalignment change of the different modification methods.
When the load is 30 kNm, the amplitude variation range of the
mesh dislocation of the topological modification gear pair is
minimized, which is beneficial to the stability of the system

transmission. From the above analysis, it can be seen that
the topological modification is advantageous for reducing the
mesh misalignment change.

B. ANALYSIS OF LOADED TRANSMISSION ERRORS
The simulation results of the transmission errors under
multiple loads are shown in Fig. 5. With the load gradually
increasing, the amplitude of the transmission error also
gradually increases. The smaller the load is, the smaller
the amplitude of the transmission error will be. As shown
in Fig. 5 (a), under the non-modification condition and
when the load is 1 kNm, the maximum amplitude of the
transmission error is 0.24µm and the range of change is
0.026µm.When the load is 30 kNm, the maximum amplitude
of the transmission error is 6.39µm and the range of change
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FIGURE 4. The change in the mesh misalignment under different loads.

is 0.64µm. The transmission error under the maximum
load increases by a factor of 24 compared to the minimum
load. Therefore, the greater the load, the more obvious the
deformation performance of each part of the transmission
system, and the more profound the impact on transmission
performance.

The distribution of the topological modification trans-
mission error, as shown in Fig. 5 (b), when the load is
1 kNm, gives a maximum amplitude in the transmission
error of 10.56µm and a varied range of 7.54µm. When the
load is 30 kNm, the maximum amplitude of transmission
error is 38.06µm and the variation range is 10.56µm, the
transmission error under the maximum load increased by a
factor of 3.7 compared to the minimum load. The topological
modification gear pair and the non-modification gear pair
under a particular load had a significantly reduced fluctuation
range of the transmission error. This indicates that the
modification affected determining the deformation of the
gear teeth. On the other hand, when the load is 30 kNm,
the amplitude of the transmission error of the topological
modification gear pair increased by 50% compared to the
amplitude of the maximum transmission error of the non-
modification gear pair. This indicated that the modification
could not ensure the transmission error under all loads

can be reduced and depends on the load of the gear
teeth.

The distribution of the transmission error of the segment
topological modification, as shown in Fig. 5 (c), when
the load is 1kNm gave the maximum amplitude of the
transmission error of 0.99µm and the variation range of the
transmission error is 0.04µm. When the load is 30 kNm,
the maximum amplitude of the transmission error is 16.55µm
and the variation range is 4.38µm. Fig. 5 (d) shows
the transmission error curve of the different modification
methods. Under the load of 30kNm, the maximum amplitude
of the non-modification transmission error is the lowest
and the variation range of the amplitude is 0.64µm, while
the maximum amplitude of the topological modification
transmission error is the highest with a varied range of the
amplitude of 1.29µm. The variation range of the amplitude
of the segment topological modification transmission error
is 4.38µm. As a result, the modification can reduce
transmission error under certain conditions. However, when
under the different loads, the transmission error can be
increased and reduced. The transmission performance can be
improved under a particular load. In summary, under certain
working conditions, the topological modification can reduce
transmission error and improve transmission performance.
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FIGURE 5. Simulation results of the transmission error under different load.

C. ANALYSIS OF TOOTH CONTACT STRESS
To test the loaded capacity of the helical gear pair with
different modification parameters, need an analysis of the
distribution characteristics of contact stress and bending
stress along the direction of tooth profile and tooth alignment
is needed. To provide a reference basis for the modification
parameter optimization, only an analysis of the unit length
contact load and maximum contact stress of tooth surface is
neededwhen the load is 15 kNm. Fig. 6 shows the distribution
characteristics of the unit length contact load and contact
stress of the tooth surface. Under the non-modification
conditions, the maximum value of the unit contact load of
the tooth surfacemodification is 58.981N/mm, themaximum
contact stress of the tooth surface is 149.727 MPa, and
the load distribution is non-uniform. Under the topological
modification condition, the distributions of the tooth surface
load and stress are shown in Fig. 6(c) and Fig. 6(d). From
the figure, the maximum unit contact load is 274.434 N/mm
and the maximum contact stress of the tooth surface is
288.406MPa. The stress began tomove towards themiddle of
the tooth profile and tooth alignment and the value of the unit
length contact load and contact stress increased. Therefore,

through the tooth profile and tooth alignment modification,
edge contact was avoided but the phenomenon of stress
concentration occurred. Fig. 6(e) and Fig. 6(f) show the
distribution situation of the tooth surface load and stress under
the segment topological modification condition. In the figure,
the maximum unit contact load is 150.064 N/mm and the
maximum contact stress of the tooth surface is 210.658 MPa.
The value of the contact stress was lower than that of the
topological modification tooth surface, and the unit contact
load also decreased.

From the above analysis, it can be seen that the tooth
surface modification can improve the distribution of the tooth
surface load, but can also produce the condition of stress
concentration. To achieve the two goals of optimization,
both of the reasonable modification parameters need to
be selected. The topological modification caused the tooth
surface contact to move towards the middle of the tooth
profile along its direction and towards the middle of the tooth
width along the direction of the tooth alignment. Choosing
reasonable modification parameters can increase the stress
distribution region on the tooth surface to avoid excessive
stress concentration. The uniform distribution of the tooth
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FIGURE 6. The bearing analysis of the segment topological modification tooth surface (15 kNm).

surface load delays the tooth surface failure rate and prolongs
the life of the gear.

V. GEAR GRINDING AND MEASUREMENT
To verify the feasibility of the topological modification
method on the CNC forming gear grinding machine, the
driving wheel of topological modification is ground and
measured as shown in Fig.7. After inputting the basic gear
parameters, grinding wheel mounting parameters, and other
process parameters, the system automatically generates the
grinding processing program, whichmainly calls the grinding
wheel dressing subroutine and parameter subroutine. During
the grinding process, the grinding wheel automatically trims
the grinding profile after every five teeth are ground to reduce
the machining errors caused by grinding wheel wear. After
grinding one tooth, the grinding wheel is withdrawn from the
grinding position and the rotary table is automatically indexed
for grinding the next tooth. The grinding wheel speed is set

to 5000r/min, the workpiece indexing speed is 0.523rad/s,
the diamond wheel speed is 3000r/min, the grinding wheel
is trimmed once after grinding five teeth at an interval, the
single stroke of the grinding wheel is 0.005mm along with
the radial feed of the workpiece, the overtravel of the grinding
wheel is set to 10mm, and the stroke along the Z-direction is
set to 460mm.

Themeasurement results are shown in Fig .8. It can be seen
that the normal error of the tooth face is similar to a parabolic
shape, with a high middle and low sides. The normal error is
the largest at both ends of the tooth surface. The dashed line
in the topologically shaped tooth surface region , region ¯,
region± and region³ clearly shows a parabolic-like shape in
both the tooth profile and the tooth upward, and themaximum
value of the measured value (tooth surface deviation and
shaping amount) is divided into 56.4 um at the top of the
tooth. The measured value in the right tooth surface center
region ¬ is close to−2.7 um. It can be seen that the measured
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FIGURE 7. Gear machining and measurement experimental scenarios.

value is the smallest in the middle of the tooth profile and the
middle of the tooth upward, and gradually increases toward
the respective ends, showing a trend of higher in the middle
and lower in the sides. The measured values in the middle
of the tooth profile and the middle of the tooth orientation
are the smallest and increase gradually towards the respective
ends, showing a trend of high in the middle and low in
the sides.

The loading test bench consists of a gearbox, magnetic
powder brake, speed control motor, speed and torque sensor,
sound level meter, and other devices, and the structure sketch
as shown in Fig.9.

As it can be seen from Fig.9, during the test, the motor
speed is changed by adjusting the output frequency of
the inverter; the loading load is controlled by the current
controller 6 connected with the magnetic powder brake 5,
which changes the size of the DC input to the magnetic
powder brake; the torque-speed sensor 4 measures the torque,
speed and power of the output shaft; the acceleration sensor
is displayed at five test points to measure the vibration signal

FIGURE 8. Topology measurement results.

FIGURE 9. Gear loading test stand.

at different positions; two rotational speed sensors 8 measure
the speed of the input shaft and the output shaft; the sound
level meter 3 measures the field noise near the gear sub. The
acceleration sensor is distributed in five test points to measure
the vibration signal at different locations. The vibration signal
and the pulse signal of the angled grating are collected in
the field and input to the computer, and the data acquisition
system 1 realizes data acquisition, processing, and analysis.
The data displayed by the instrument is the signal at a
certain moment of the test site, where the current controller
6 outputs 0.35A to the magnetic powder brake 5, and the
torque measured by the torque-speed sensor 4 is 184.24Nm,
the speed is 299.28r/min, and the power is about 5.77kW, and
the speed of the inverter-controlled motor is 300r/min at this
time.

Under the load, the gear teeth and all other parts of the
transmission device that transmit the load will be more or
less deformed, including bending deformation and torsional
deformation. The actual tooth shape and the theoretical tooth
shape will have errors, resulting in contact along one end
of the gear teeth, uneven load distribution, and bias load
phenomenon. The contact marks of the topology modified
gear pair meshing drive, where the contact marks are in the
middle of the tooth width and height, reduce the sensitivity to
installation errors.
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VI. CONCLUSION
This paper analyzed the principle of topological modifica-
tions of the tooth surface formation and divided the topo-
logical modification boundaries. Changing the modification
boundary allows control over the size of each topological
region of the tooth surface. Then, based on Hertz’s theory,
the tooth surface loaded contact model was established to
find the mechanism of the tooth surface loaded deformation.
The parameter optimization model of the tooth surface
topological modification for the functional requirements was
established to study the distribution regulation of the loaded
transmission error and contact stress of the tooth surface
under different loads. The functional requirements of the gear
transmission were the goals of the optimization and the tooth
surface topological modification parameters were the design
variables. The tooth surface bearing contact analysis based
on the loaded transmission error provided the maximum
contact stress of the tooth surface to determine the reasonable
modification parameters.
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