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Abstract

Aiming at the engineering requirements of reducing the volume and improving the vibration

characteristics of gears in the three-cylinder engine balanced system, a design and optimi-

zation method of gear structure is proposed based on the Design of Experiments (DOE) and

proxy models. The paper analyzes the structure improvement process based on the gear

design model and technical index requirements. By designing the plane characteristics of

the weight-increasing module, the weight-reducing module and the elastic module, the cal-

culation model of balance performance indices such as mass, moment of inertia and unbal-

ance of new balanced vibration reduction gear are constructed. Then, a more efficient

design method is proposed based on dynamic simulation and multidisciplinary optimization

design platform (Isight). The results show that the new design method of gear structure can

effectively reduce the structure improvement cycle. At the same time, the improved struc-

ture can reduce the thickness of the weight-increasing module by 6.3 mm and the vibration

attenuation by more than 90%.

Introduction

With the demand for energy savings and emission reduction of automobiles, how to solve the

vibration problem based on meeting the requirements of lightweight and high performance is

an important problem faced by the three-cylinder engine. The congenital structure of the

three-cylinder engine causes an imbalance in the first-order reciprocating moment of inertia.

To offset the imbalance, a counterweight is often used. The balance shaft counterweight is a

common mechanism to reduce the engine’s moment of inertia to meet engine vibration damp-

ing and noise reduction requirements [1–3]. In the existing three-cylinder engines equipped

with balance shafts, the gear driving method is often used. Factors such as the structure shape,

material, mass, and inertia of the gears directly affect the vibration damping performance of

the balance shaft, and the utilization of the assembly space of the balanced system is consid-

ered. The design of the balance mechanism is required to reduce the number and volume of

parts as much as possible [4]. In engineering applications, the lack of theoretical support for
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the structural design of the balanced vibration reduction gearhas led to problems such as long

product improvement design cycles and imperfect design schemes. Therefore, research on

structural design method of the gear in the three-cylinder engine balanced system has practical

engineering significance.

Many scholars have performed research on the gear structure of balanced system. A typ-

ical example is Trieschmann J et al. [5], who invented a steel gear for the balance shaft. It

was proposed that the performance of the gear material will affect the function and durabil-

ity of the balance shaft. Moetakef MA [6] invented a gear for balance shafts. He also pro-

posed that the noise generated by meshing gears is related to the material, mass, inertia and

other factors. The design of elastic blocks overcame the noise, vibration and other problems

of traditional rigid gears. Alessio Courtial et al. [7] invented a counterweight gear for a bal-

ance shaft, using the principle that the balanced block and the gear rotate together to pro-

vide the engine with a counterrotating force to balance the reciprocating inertial force of

the engine. Ishikawa M et al. [3] compared and analyzed the balance shaft performance

characteristics of a 2AZ-FE engine with elastic gears and a Toyota 5S-FE engine with rigid

gears. The application of elastic gears could increase the cost and friction of the balance

shaft system. The weight was reduced by 50%, and the gear transmission noise and vibra-

tion could be reduced at the same time. Wen [8], Renping S [9], and Singh OP [10] ana-

lyzed the dynamic response of elastic teeth and gear bodies and obtained the structural

design of elastic gears to reduce the transmission load and prolong the service life. Gao

[11], Wehrle E, et al. [12] constructed the parametric design formulas of the gear counter-

weight module and obtained the theoretical calculation formulas of vibration force and

moment. By optimizing the gear counterweight mass, the vibration behavior of the gear

drive was improved.

For the structural design method of vibration balanced gear, Monkova K et al. [13] dis-

cussed the influence of gear weight reduction on its modal characteristics. They introduced

the dependence of natural frequency on the change of gear shape by using simulation tools. By

designing the damping ring structure, Wang [14] reduced the axial vibration of the gear and

obtained the influence of the friction coefficient and mass of the damping ring on the damping

characteristics. Kumar S M et al. [15] improved the gear transmission efficiency by removing

the gear material and found that the weight reduction method with a circular shape was more

effective. Geng et al. [16] studied the influence of the damping coefficient of the damping ring

on gear transmission vibration by applying the dynamic analysis method. To further optimize

the influence of the structural parameters of the gear on its vibration-damping performance,

some scholars analyzed the optimization method of the vibration balanced gear structure. Han

et al. [17] proposed a new optimization model that can simultaneously carry out the optimal

design of size constraints and layout constraints for arbitrary gear transmission. Kim J et al.

[18] optimized gear webs for rotorcraft engine balanced gear trains by the NSGA optimization

method. Qi et al. [19] and Xu et al. [20] studied the application of the response surface method

in the structural optimization of gear transmission and damping ring design. Freddy et al.

[21–23] analyzed the specific application of the response surface method in the structural opti-

mization method.

The above analysis showed that the key points of the structural design of the gears of the

three-cylinder engine balanced system were the design of the damping module and the optimi-

zation of the counterweight module. The balance performance index was taken as the con-

straint. By constructing the parametric design formulas of the balanced system gears, multiple

objectives were applied. The optimization method to analyze the key structure parameters of

the gears was implementable. Therefore, the design strategy in this paper was aimed at the

structural design and optimization method of the most important balanced vibration
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reduction gearin the balanced system. The second part of the paper expounded on the balance

performance requirements and structure improvement requirements of the three-cylinder

engine balanced system. The third part proposed the improvement design method and specific

implementation steps of the structure of balanced vibration balanced gear. Finally, we com-

pleted the verification analysis of the optimized structure of the engagement impact perfor-

mance and vibration by dynamic simulation.

Materials and methods

Problem statement

The three-cylinder engine balanced system is composed of balance shaft, counterweights,

gears, bearings and other components. Through gear meshing transmission, the power of the

engine crankshaft is transmitted to the balanced system. With the help of the counterweight

module in the balanced system, part of the three-cylinder is offset. Hence the unbalanced tor-

que is produced by the rotation of the engine’s crankshaft. The structure of a certain type of

three-cylinder engine balanced system is shown in Fig 1.

The shape and position of the counterweight of the three-cylinder engine balanced system

have a certain effect on the balance of the inertial force and moment of the engine. Fig 2 shows

the structure of the gears in the three-cylinder engine balanced system.

It can be seen that making the counterweight gear into an integrated structure can improve

the assembly efficiency of parts and components, make the overall structure of the three-cylin-

der engine balanced system short, and facilitate the layout of the whole machine. However,

because the counterweight part is located in the gear plate and there is no design of damping

material in the counterweight gear structure, it is easy to produce a large instantaneous mesh-

ing impact during the movement. The elastic gear described in type one will reduce meshing

impact and vibration.

Fig 3 shows the structure diagram of the driven gear of a certain type of three-cylinder

engine balanced system that needs to be improved.

The engineering requirements for specific gear improvements are as follows: (i) Consider-

ing the improvement of its vibration-damping performance, the design requirements of

increasing the elastic module are proposed. (ii) Considering the requirements of lightweight

and compact size, the requirements of reducing the thickness of the counterweight module are

proposed. In response to the above requirements, combined with the characteristics of elastic

gears and counterweight gears, this paper proposes a balanced vibration reduction

Fig 1. Schematic diagram of the balanced system structure in the three-cylinder engine.

https://doi.org/10.1371/journal.pone.0266560.g001
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gearstructure that integrates the elastic module and the balanced weight module. At the same

time, considering the limited assembly space of the counterweight gear with only the weight-

increasing module, the design of the weight-reducing module is proposed to ensure the

requirements of the lightweight and small size of the gear.

Structural optimization

To ensure the effect of the balanced system in three-cylinder engine, it is necessary to ensure

that the balance characteristics of the gear. The balanced characteristics of the gear include

Fig 2. The structure of three-cylinder engine balanced system.

https://doi.org/10.1371/journal.pone.0266560.g002

Fig 3. The structure of driven gear in the three-cylinder engine balancing system.

https://doi.org/10.1371/journal.pone.0266560.g003
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mass, moment of inertia and imbalance. The geometric shape and material density changes of

the balanced vibration reduction gearwill affect its mass, moment of inertia, and imbalance.

Therefore, the structural design of the balanced vibration reduction gearis carried out under

the condition that the mass, moment of inertia and unbalance of the improved gear remain

unchanged in this paper. And this paper proposes a structural design method based on DOE

Fig 4. Design process for improving the structure of the balanced vibration balanced gear.

https://doi.org/10.1371/journal.pone.0266560.g004
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and the agency model. Fig 4 shows the improvement design process of the structure of the

gear in three-cylinder engine balanced system.

The specific implementation steps are as follows.

1. Based on the 2D, 3D models and technical data of the three-cylinder engine balanced sys-

tem, the design requirements for the balanced performance index are extracted. The spe-

cific index range is shown in Table 1.

2. Based on the principle that the balance performance indicators (mass, moment of inertia,

unbalance) are unchanged, the plane characteristics of the weight increasing module, elastic

module, and weight reduction module are proposed.

3. Based on the structural characteristics of the proposed balanced vibration reduction gear-

and applying basic mathematical theory, a calculation model of its balanced performance

index is obtained.

4. Apply the DOE experimental design method to extract key structure parameters.

5. Apply proxy model to improve the efficiency of structure optimization.

6. Taking the mass, moment of inertia, imbalance and design range of various parameters as

basic constraints, a multiobjective optimization algorithm is applied to obtain the optimal

solution of key parameters.

7. Based on the simulation technology, the rationality of the optimized structure is verified.

Mathematical model

To facilitate the calculation and analysis of balance performance indicators such as the mass,

moment of inertia, and imbalance of the balanced vibration balanced gear, the key parameter

symbols and meanings can be found in Table 2.

According to the plane characteristics of the balanced vibration balanced gear, the calcula-

tion method of the volume of irregular objects is used, and the theoretical calculation basis of

mass, moment of inertia, and unbalance are applied to obtain the weight increasing module,

weight reduction hole module, and weight reduction slot module of the balanced vibration bal-

anced gear.

Fig 5 indicates the schematic diagram of weight-increasing module calculation, the trans-

versal on the right side of the Y-axis is expressed as Formula 1.

y ¼ tan y � x �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � L2
p

tan yþL ð1Þ

Table 1. Balance performance index of a certain type of three-cylinder engine balanced system.

Part name Material Mass /g Moment of inertia /

g�cm2
Static imbalance /

g�cm

Working conditions and performance requirements

Balance shaft with

counterweight

50CrMo4 1304.7 3223.8 487.6 800~6600rpm

Gear with counterweight 16MnCr5HL 664±10 12179 ±5% 491.5±5 The radial clearance is 4.9 mm, and the axial clearance is

2.1 mm.

https://doi.org/10.1371/journal.pone.0266560.t001
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Then the x-coordinate expression of the two intersecting points a and b is shown in For-

mula 2

xr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � L2
p

xR ¼
� bkþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2k2 � ð1þ k2Þðb2 � R2Þ

p

1þ k2

8
><

>:
ð2Þ

Table 2. Main parameters of the balanced vibration balanced gear.

Parameter Significance Unit

R Inner radius of weight-increasing module cm
L The distance from the intersection of the inner circle and cross section of the boundary of

counterweight to the X axis

cm

θ The angle between the cross-section of the boundary of the counterweight and the X axis ˚

H Weight-increasing module thickness cm
dk Weight reducing hole diameter cm
β2 The angle between the weight-reducing holes cm
hc Depth of weight reduction tank cm
bc Width of weight reduction tank cm
2γ The fan-shaped part of the weight reduction groove corresponds to the expansion angle ˚

Rx Rubber ring outer diameter cm
hx Rubber ring thickness cm

mi(i = p,k,c,
x)

The mass of each module of vibration balanced gear g

Ji(i = p,k,c,x) Rotational inertia of each module of vibration balanced gear g�cm2

Ui(i = p,k,c,
x)

Unbalance quantity of each module of vibration balanced gear g�cm

ρi(i = p,c,x) The density of each module of vibration balanced gear g/
cm3

https://doi.org/10.1371/journal.pone.0266560.t002

Fig 5. Plane characteristics of weight-increasing module.

https://doi.org/10.1371/journal.pone.0266560.g005
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Where k and b are the slope and vertical intercept of the transversal respectively, which is

shown in Formula 3.

k ¼ tan y

b ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � L2
p

tan yþL

(

ð3Þ

The final result is obtained by integration method as shown in Formula 4 [24, 25], where ec
is the eccentric distance and I is the arc length, which is expressed as Formula 5.

mp ¼
Z

dm ¼
Z xR

xr

rpHI �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2
p

dx

Jp ¼
Z

r1
2dm ¼

Z xR

xr

r1
2rpHI �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2
p

dx

Up ¼
Z

ecdm ¼
Z xR

xr

ec � rpHI �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2
p

dx

8
>>>>>>>><

>>>>>>>>:

ð4Þ

I ¼ ðarctan
x

kxþ b
Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ ðkxþ bÞ2
q

ð5Þ

Fig 6 indicates the schematic diagram of weight-reducing hole module calculation. Assum-

ing that the hole is solid, the hole depth is hk and the number of designed holes is n. The calcu-

lation result of the balance characteristic index of the weight-reducing hole module is shown

Fig 6. Plane characteristics of weight-reducing hole module.

https://doi.org/10.1371/journal.pone.0266560.g006
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in Formula 6 [24, 25].

mk ¼ nLkp
dk2

4
hk

Jk ¼ nmk
dk
2

� �2

þ nmk Lkð Þ
2

Uk ¼ mkyk

8
>>>>><

>>>>>:

ð6Þ

The schematic diagram of weight-reducing groove calculation is shown in Fig 7. The calcu-

lation result of its balance characteristic index is shown in Formula 7 [24, 25], where yc is the

y-coordinate of the center of mass of the half disk.

mc ¼ 2bcRc � bc2½ �hcrcgþ
1

4
pbc

2hc

Jc ¼ 2bcRc � bc2½ �hcrcgRc2þ
1

72p2
pbc

2hcrc2ð9p2 � 32Þþ
1

4
pbc

4hc

Uc ¼ 2bcRc � bc2ð ÞhcrcRcsingþ
1

2
pbc

2hcyc

8
>>>>>><

>>>>>>:

ð7Þ

Fig 7. Plane characteristics of weight-reducing groove module.

https://doi.org/10.1371/journal.pone.0266560.g007
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Combined with Fig 8, the calculation result of the balance characteristic index of the elastic

module is shown in Formula 8 [24, 25].

mx ¼ rxpðRx2 � rx2Þhx

Jx ¼
1

2
mxðRx

2 þ rx
2Þ ¼

1

2
rxpðRx

2 � rx
2ÞhxðRx

2 þ rx
2Þ

Ux ¼ 0

8
>>><

>>>:

ð8Þ

Because of the gear teeth, webs, and hub parts of the balanced vibration reduction gear are

the standard structure, the influence of changes in the structure parameters on the calculation

of the balanced characteristic index is not considered. Therefore, the balanced characteristic

index of the three-part structure is a fixed value. Combining the calculation model of the bal-

ance performance index of the above modules, the balanced characteristic index of the gear is

shown in Formula 9.

m

J

U

2

6
4

3

7
5 ¼

mT
JT
UT

2

6
4

3

7
5þ

mW
JW
UW

2

6
4

3

7
5þ

mH
JH
UH

2

6
4

3

7
5þ

1 � 1 � 1 1

0 0 0 0

0 0 0 0

2

6
4

3

7
5

mp
mk
mc
mx

2

6
6
6
6
4

3

7
7
7
7
5
þ

0 0 0 0

1 � 1 � 1 1

0 0 0 0

2

6
4

3

7
5

Jp
Jk
Jc
Jx

2

6
6
6
6
4

3

7
7
7
7
5
þ

0 0 0 0

0 0 0 0

1 1 � 1 1

2

6
4

3

7
5

Up
Uk
Uc
Ux

2

6
6
6
6
4

3

7
7
7
7
5
ð9Þ

Parameter selection

In the calculation model of the balanced performance index of the balanced vibration balanced

gear, there are more than a dozen structure parameters that affect its quality, moment of

Fig 8. Plane characteristics of rubber ring module.

https://doi.org/10.1371/journal.pone.0266560.g008
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inertia, and imbalance. The DOE experimental design method is one of the statistical methods

to analyze the relationship between the key structure parameters and performance indicators

of the product and to determine the optimal parameter combination. It has been widely used

in structural design optimization [26, 27]. This method was adopted to obtain the key structure

parameters that affect the balance performance index of the balanced vibration reduction gear

and to determine the optimal value. The orthogonal experimental design method was adopted

to analyze the key structural parameters.

Considering the constraints and correlations between the structure parameters, 11 structure

parameters were selected as the analysis variables of the orthogonal experimental design.

According to the economy and efficiency of machining and the structural parameters of the

balanced vibration balanced gear, three levels were selected for each factor. The difference

between the same factors and different levels is the same. The valuse of selected levels are

shown in Table 3.

According to the results of the orthogonal experiment, the balanced characteristic were cal-

culated, and the calculation results were processed by the averaging method to obtain the com-

prehensive score value of each test. Based on the principle of range analysis and the calculation

results of the performance indicators, the order of the degree of influences of the key structure

parameters on the comprehensive balanced characteristic indicators is

R > y > H > bc > b2 > dk > L > hx > g > Rx > hc ð10Þ

It can be obtained from Formula 10, rubber ring thickness hx, rubber ring outer diameter

Rx, depth of weight reduction tank hc, the fan-shaped part of the weight reduction groove cor-

responds to the expansion angle γ have relatively little influence on the comprehensive equilib-

rium characteristics. Therefore, inner radius of weight-increasing module R, the distance from

the intersection of the inner circle and the cross section of the boundary of the counterweight

to the X axis L, the angle between the cross-section of the boundary of the counterweight and

the X axis θ, weight-increasing module thickness H, weight reducing hole diameter dk, the

angle between the weight-reducing holes β2, width of weight reduction tank bc are taken as

optimization variables, the design variables that form structure parameter optimization are

shown in Formula 11, where xi(i = 1,2,3,4,5,6,7) represent R, θ, L,H, dk, β2 and bc respectively.

x ¼ x1; x2; x3; x4; x5; x6; x7½ �
T

ð11Þ

Mapping model

The radial basis function can effectively construct the invisible relationship between input and

output [28]. The response surface method [29] can reduce the number of experiments and

improve the overall optimization efficiency. To fully and accurately reflect the actual relation-

ship between the key structure parameters and the mass, moment of inertia, and unbalance,

Table 3. Factor level table.

Level Factor

R (cm) L (cm) θ(˚) H(cm) dk (cm) β2(cm) hc (cm) bc (cm) γ(˚) Rx (cm) hx (cm)

1 3.0 3.0 0˚ 0.425 0.375 30˚ 0.2425 0.525 0˚ 2.3 0.95

2 3.75 1.5 45˚ 0 0.45 37.5˚ 0 0.7625 45˚ 2.475 0.7175

3 4.5 0 90˚ 0.85 0.525 45˚ 0.485 1.0 90˚ 2.65 0.485

https://doi.org/10.1371/journal.pone.0266560.t003
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the radial basis function response surface method was used to establish the mapping model of

key structure parameters and balanced characteristic indicators.

The experimental design adopted the optimal latin hypercube design method. According to

the input range of the design variables in Table 1, 36 sets of response design schemes were car-

ried out on the 7 structural design parameters of the balanced vibration balanced gear.

A program integration component (Simcode) under the test design component in the opti-

mization design simulation integrated platform (Isight) was established firstly. The design var-

iables was set as input and mass, moment of inertia, and unbalance were set as output to

complete the simulation. The error evaluation results of the radial basis function response

mapping model were obtained as shown in Table 4 by using the interface program to integrate

Matlab.

Optimization target

Considering the dimensional design range, geometric constraints, and balance performance

index range of the key structure parameters of the balanced vibration reduction gear to opti-

mize the variable, a balanced vibration reduction gear constraint model was constructed as fol-

lows.

Min F1ðXÞ ¼
m � mw
mw

� 1

F2ðXÞ ¼
J � Jw
Jw
� 1

F3ðXÞ ¼
U � Uw
Uw

� 1

s:t:

F1ðXÞ � 0;

F2ðXÞ � 0;

F3ðXÞ � 0;

Dmmin � Dm � Dmmax

DUmin � DU � DUmax

DJmin � DJ � DJmax;

X ¼ x1; x2; � � � x7½ �
T
;

dmin
i � xi � d

i
max

8
>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>:

ð12Þ

In Formula 12, F1(X) is quality objective function,m refers to the actual quality,mw is the

target mass. F2(X) is objective function of moment of inertia, J refers to the actual moment of

inertia, Jw is the target moment of inertia. F3(X) is unbalance objective function, J refers to the

Table 4. Error evaluation of the radial basis function response mapping model.

Error evaluation index Mass /g Moment of inertia /(g�cm2) Unbalance quantity /(g�cm)

Relative mean error 3.38876e-15 1.7721e-15 2.79205e-15

Relative maximum error 6.0622e-15 4.92746e-15 5.52052e-15

Relative root mean square error 3.60184e-15 2.28878e-15 3.10999e-15

Decisive factor 1 1 1

https://doi.org/10.1371/journal.pone.0266560.t004
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actual unbalance, Jw is the target unbalance. X is the key parameter set of structural optimiza-

tion, δi is the i-th optimized variable of the balanced vibration balanced gear, and d
min
ij and d

max
ij

are the upper and lower bounds of the balanced vibration reduction gear that can be reached

by the corresponding processing technology.

Results and validation

Optimization results

The nondominated sorting genetic algorithm-II(NSGA-II)was added to the radial basis func-

tion mapping model for optimization calculation. In the Isight platform, DOE components,

approximation components and numerical optimization components are added from the task

components, and the NSGA-II optimization algorithm was selected. After running the

NSGA-II multiobjective genetic algorithm program, 525 iterations converge, and the con-

straints were satisfied. The optimization result is obtained after 240 iterations. The pareto opti-

mal solution obtained is shown in Table 5, which is an NSGA-II multiobjective genetic

algorithm optimization scheme.

Considering the impact performance and damping performance of the balanced vibration

reduction gear in the actual operation process, this paper used finite element analysis and

dynamic analysis software to perform modal analysis and vibration reduction performance on

the validation analysis of the optimized gear.

Validation analysis

The elastic element of the balanced vibration reduction gear designed in this paper adopted

rubber material. The rubber material has highly complex nonlinearity, combined with the

characteristics of the small deformation of the balanced gear rubber, and the Mooney-Rivlin

model was selected as the analysis model of hydrogenated nitrile rubber (HNBR). HNBR is a

soft rubber, and the relationship between its hardness HS and material constants C1 and C2

can be expressed as Formula 13 [30].

6C1ð1þ
C2

C1

Þ ¼
15:75þ 2:15HS

100 � HS
ð13Þ

The modal analysis was carried out based on the commercial multi-physics simulation soft-

ware COMSOL Mutiphysics. The rubber part of the gear was set as the model parameters as

shown in Table 4 to represent the corresponding material properties. For the rest of the gear,

the material was set as 50CrMo4 and the density, elastic modulus and Poisson’s ratio are 7.8g/

cm3, 210 GPa and 0.3 respectively. Modal analysis was carried out at a higher mesh quality.

Natural frequencies under different rubber hardness conditions were obtained as shown in

Table 5. NSGA-II multiobjective genetic algorithm optimization results.

Optimization variable Optimization value Optimization objective Optimization value

x1 3.000(cm) F1(x) 0.013

x2 2.952(˚) F2(x) 0.172

x3 24.185(cm) F3(x) 0.358

x4 0.814(cm)

x5 30.967(˚)

x6 0.462(cm)

x7 0.987(cm)

https://doi.org/10.1371/journal.pone.0266560.t005
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Table 6. The modal modes corresponding to different natural frequencies are consistent, and

the first eight modes are shown in Fig 9.

Table 6 shows that with increasing modal order, the natural frequencies of the balanced

gear and rigid gear gradually increase. Fig 9 shows that as the stiffness of the rubber ring con-

tinues to increase, the natural frequencies of the balanced gear continue to increase, but it was

far smaller than the rigid gear, so the design of the balanced vibration damping structure is

reasonable.

To analyze the influence of the stiffness and damping characteristics of the rubber ring on

the gear meshing characteristics and vibration, the assembly model of the optimized balanced

gear meshing transmission was established using Solidworks software and imported into

Adams to verify its meshing characteristics and virbration reduction characteristics.

Table 6. Natural frequency table of balanced gear.

Hardness Rubber parameters f1 f2 f3 f4 f5 f6 f7 f8
(MPa) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz)

HS55 C10 0.4727 81.1 82.2 83.3 149 357.4 367.9 2869.4

C01 0.0236

HS60 C10 0.5744 89.4 90.6 91.8 164.2 393.8 405.3 2870

C01 0.0287

HS65 C10 0.7052 99.0 100.3 101.7 181.8 436.1 448.8 2870.5

C01 0.0352

HS70 C10 0.8796 110.5 112.0 113.5 203.0 486.6 500.9 2871.2

C01 0.044

HS75 C10 1.1238 124.9 126.6 128.2 229.2 549.4 565.5 2872.1

C01 0.0561

Rigidity / / 1005.5 1031.2 1639.4 1851.6 1866.5 2434.8 3901.8

https://doi.org/10.1371/journal.pone.0266560.t006

Fig 9. First eight order natural frequency modes.

https://doi.org/10.1371/journal.pone.0266560.g009
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In order to ensure the precise transmission of the gear pair, contact constraints were set to

simulate the meshing action of the gear pair. Set the damping coefficient as 50, stiffness coeffi-

cient as 870000, penetration depth d = 0.1mm, nonlinear index as 2.7, static friction coefficient

as 0.08, dynamic friction coefficient as 0.05. The difference of dynamic characteristics between

reduction gear and rigid gear was studied when the resistance moment is 5N�m and the driv-

ing speed is 1200r/min, 2400r/min and 3600r/min in the paper.

According to the principles of mechanical design, the calculation formulas for the radial

stiffness and torsional stiffness of the rubber ring are shown in Formula 14.

Kl ¼
2plG

ln
d2

d1

KT ¼
pðd4

2
� d4

1
ÞG

32l

8
>>>>><

>>>>>:

ð14Þ

Where Kl is the radial stiffness, KT is the torsional stiffness, d2 is the outer diameter of the

rubber ring, d1 is the inner diameter of the rubber ring, G is the shear modulus, and l is the

thickness of the rubber ring. According to the size of the rubber ring and the value range of the

shear modulus, the relationship curve between hardness and stiffness was constructed, as

shown in Figs 10 and 11. We mainly focused on the torsional stiffness in the range of 0–100

N�m/rad and the radial stiffness in the range of 10000–1000000 N/m. The parameter setting of

the rubber ring stiffness in the simulation parameters was completed in this interval.

Based on rigid gears, the influence of different rubber ring stiffness characteristics on the

vibration and meshing force is analyzed. The system runs for 0.1 s and enters a stable state. In

the case of rigid gear transmission and balanced gear transmission, the vertical and lateral

vibration response curves of the balance shaft near the gear are shown in Figs 12 and 13

respectively.

Analyzing the above curve, it could be seen that when the radial stiffness of the rubber ring

was selected from 100000 to 200000 N/m and the torsional stiffness is 30 N�m/rad, the vibra-

tion damping effect was the best. The comparison results are shown in Table 7. The balanced

gear attenuates 99% of the vibration compared to the rigid gear.

Fig 10. Radial stiffness corresponding to different rubber ring properties.

https://doi.org/10.1371/journal.pone.0266560.g010
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Fig 11. Torsional stiffness corresponding to different rubber ring properties.

https://doi.org/10.1371/journal.pone.0266560.g011

Fig 12. Vibration response during rigid gear transmission.

https://doi.org/10.1371/journal.pone.0266560.g012

Fig 13. Vibration response during balanced gear transmission.

https://doi.org/10.1371/journal.pone.0266560.g013
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Discussion

In summary, based on the DOE and proxy model, the design and optimization method for the

gear of three-cylinder engine balanced system proposed in this paper are reasonable and feasi-

ble. The flexible mode of the improved balanced vibration reduction gear is not within the

range of the gear meshing frequency. The dynamic simulation completed the investigation of

the hardness design and damping effect of the rubber ring. Compared with pure rigid gear

transmission, the balanced gear designed in this paper can effectively reduce the engine vibra-

tion caused by the balanced gear under different speed conditions, and the vibration attenua-

tion reached 99%. However, there are still many areas for improvement in this paper due to

the time, equipment and other factors. In the future, we plan to further explore the mechanism

of the influence of speed and stiffness on the vibration reduction effect and try to perform

physical processing and experimental verification.

Supporting information

S1 File. Calculate coordinate system and optimization result.

(PDF)

S2 File. Relevant information.

(PDF)

Acknowledgments

The authors thank Professor Gangyan Li for his helpful suggestion of this paper. We also

thank Sirui Liu for her helpful analysis of methodology. We also thank Xiaoxu Wei for her

helpful collaboration and correction of this paper.

Author Contributions

Conceptualization: Pingjun Wang, Gangyan Li.

Formal analysis: Pingjun Wang, Gangyan Li, Sirui Liu.

Investigation: Pingjun Wang, Gangyan Li, Sirui Liu.

Methodology: Pingjun Wang, Gangyan Li.

Software: Sirui Liu, Xiaoxu Wei.

Writing – original draft: Pingjun Wang.

Writing – review & editing: Pingjun Wang, Gangyan Li, Xiaoxu Wei.

Table 7. Comparison of vibration response of the old and new system.

Category Statistical characteristics X-axis (m/s2) Y-axis (m/s2)

Rigid gear Rms 148.63 148.57

Max 241.96 241.52

Balanced gear Rms 0.06 0.06

Max 0.16 0.18
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