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Abstract
The suspension system is the main component that affects the NVH (Vibration, Noise, Harshness) performance of vehicles. 
By optimizing the key influence factors to improve the vibration of the suspension system, the comfort of car deriving 
could be improved greatly. Based on this consideration, the researcher proposes to apply the Taguchi method to study 
the contribution of different factors to the vibration of the suspension system and obtain the main influencing factors 
that need to be controlled. In the research, the researcher established an active suspension test system and designed a 
scheme which contains four factors and three levels to test the stiffness and damping properties of the front and rear 
suspensions under different parameters by setting the A-level road power spectrum as the input excitation of the sus-
pension system. According to the weighted root-mean-square of acceleration, the researcher conducted the optimized 
calculation and analysis. It is found that the vibration contribution of each influencing factor is: the suspension stiffness 
is 46.81%, the front suspension damping is 15.87%, the front suspension stiffness is 4.30%, and the influence of the 
rear suspension damping is negligible. Results of tests and analysis offer an accurate and reliable reference for evolving 
suspension systems and improving the NVH.
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1  Introduction

Comfort driving is the main target of NVH research, as 
well as a comprehensive index to measure the quality of 
automobiles [1–3]. The first step to improving the com-
fort of car driving is to identify the vital influencing parts 
and analyze key impacting factors in these components. 
After then, reducing the negative influence of those key 
impacting factors in pivotal parts by targeted controls to 
improve the comfort of car driving. There are many influ-
encing parts and factors of vehicle ride comfort. Besides 
interactions among those influencing factors, the factors 
of each part also have different effects on the comfort of 
vehicles. Therefore, it is particularly critical to search for the 
key influencing factors in each part [4].

The suspension system is the general term for all force 
transmission connection devices between vehicles and 
wheels, which usually consists of elastic elements, damp-
ing elements and guide members. The system is the cen-
tral affecting part of car driving comfort. Its performance 
directly affects the NVH of vehicles, and it also works as a 
key role in vehicle riding comfort, handling stability and 
safety [5].The basic principle of the system working pro-
cess: when the automobile tire is impacted, the elastic 
element buffers the impact and the damping elements 
attenuate the vibration quickly. Meanwhile, the guide 
mechanism controls the direction while transmitting the 
force. The main functions of the suspension system are to 
transfer the supporting force, traction force, braking force 
and lateral reaction force of the road surface acting on the 
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wheels and subsequent forces to the car body, absorb-
ing and relieving the impact caused by the uneven road 
surface. Meanwhile, it could also attenuate the vibration 
caused by the elastic system to ensure normal driving and 
excellent comfort of vehicles [6–8].

Robustness optimization analysis refers to carrying out 
targeted tests on various influencing factors of the system, 
calculating and analyzing according to the test results, so 
as to obtain the degree of influence of various influencing 
factors on the system, find out the factors that have great 
influence on the system, and accurately control them, so as 
to improve the system’s insensitivity to the influencing fac-
tors. Based on this idea, the paper carries out the related 
research on vehicle suspension system vibration.

2 � Related work

Many researchers took optimization analysis, virtual simu-
lation and tests or other methods to study the formation, 
conduction and control mechanism of vibration, which 
provides reliable technical and methodological support 
for improving the NVH of the suspension system.

Otherwise, to improve the acoustic quality of the sus-
pension system, researchers obtained the most effective 
parameter combination by constructing a multi-body 
dynamic simulation model of the suspension system and 
conducting the optimization and analysis of the mechani-
cal performance, stiffness and damping parameters of the 
suspension system sleeves. Meanwhile, the effectiveness 
and accuracy of this method are verified through the test 
[9, 10]. Some scholars proposed to add regenerative parts 
to the suspension system and optimize their structure and 
size parameters in order to enhance the vibration absorp-
tion of the suspension systems and car driving comfort [11]. 
Many scholars also proposed to adopt the active suspen-
sion system to improve the handling stability of the active 
suspension system in the vehicle. The simulation test based 
on the model control strategy shows that the stability and 
vibration of the active suspension system have been greatly 
raised. However, the difficulty of this method lies in the 
design and implementation of the active suspension control 
strategy [12–17]. Other researchers applied the 1/4 model to 
optimize the stiffness and damping parameters of the sus-
pension system and obtained excellent vibration through 
simulation analysis for the structure and parameters of the 
optimized system[18–21]. In other tests, scholars adopted 
the whole vehicle model to conduct random road simulation 
on the passive suspension system and optimized analysis of 
multi-objective parameters, which remarkably improved the 
acceleration of the vibration and the riding comfort of the 
vehicle [22].In order to further understand the improvement 
of the active suspension system on the vehicle ride comfort, 

the road sine excitation was used to simulate the active sus-
pension with linear quadratic Gaussian controller and the 
traditional suspension. The results showed that the vibra-
tion speed indexes of the active suspension system were 
better than the traditional suspension, and the vehicle ride 
comfort was greatly improved [23–25]. The method of nega-
tive stiffness and hydraulic electric device was proposed in 
the suspension system. Numerical simulation of various 
suspension systems showed that the vibration amplitude 
and acceleration value were greatly reduced, and the ride 
comfort of the vehicle was improved [26, 27]. Fuzzy neural 
network, particle swarm optimization and time delay esti-
mation were used to optimize the control strategy of the 
active suspension system. The simulation results showed 
that the vibration attenuation performance of the active 
suspension system and the ride comfort of the vehicle were 
improved [15, 28–31].

Based on the above research status and progress, schol-
ars mainly carried out the research on suspension system 
parameter optimization and model construction from 
aspects of active suspension system control and multi-body 
dynamics modelling. Most of them focus on the impact 
analysis of vibration under the action of a single factor, the 
source and influencing factors of suspension vibration are 
explored, but there are few quantitative studies on the con-
tribution of each influencing factor to vibration. Therefore, 
the engineering designers cannot grasp the contribution of 
the vibration influencing factors. When controlling the vehi-
cle vibration, it is impossible to control all the influencing 
factors of vibration for economic reasons, so the control of 
key vibration influencing factors will be omitted to reduce 
the effect of vehicle vibration control. Taguchi Design selects 
experimental parameters based on orthogonal table, eval-
uates the influence of parameters on products through a 
small number of experiment combinations, and then selects 
the best parameter combination with stable test results and 
small fluctuation from controllable and uncontrollable fac-
tors, so that the function and performance of products are 
insensitive to the cause of deviation, thus improving the sta-
bility and anti-interference ability of products themselves.

Therefore, applying Taguchi methods to carry out 
optimization analysis on the structural parameters of the 
vehicle suspension system is of great significance for pro-
moting the theoretical research of NVH engineering and 
improving the quality of vehicle ride comfort.

3 � Methodology

3.1 � Research Equipment

For the sake of improving comfort and stability during 
car driving, the active suspension system has been widely 
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applied. To verify the research method which is referred 
to in the paper, the researcher built up the test bench of 
the active air suspension system. The test equipment is 
shown in Fig. 1.

The specific parameters of the active suspension system 
are shown in Table 1.

Main components of the active suspension system are 
shown in Table 2.

The working principle of the vehicle test bench of the 
active suspension system: when the compressor presses 
air into the spring, the closed gas is compressed, and the 
rigidity gradually increases; when the compressor extrudes 
the air in the spring, the rigidity gradually decreases so 
that the active suspension system could approach the 
ideal dynamic elastic state.

The suspension electronic control unit in the compo-
nent will command the height control valve according to 
the received signal and the command of control mode. 
This signal is transmitted by the gantry height sensor. The 
bench height control valve is opened when the height of 
the vehicle body needs to be adjusted, which increases the 
air in the main gas cell of the spring and rigidity so that the 
vehicle body gradually rises; when the researcher would 
like to keep the bench height constant, the researcher just 
needs to close the height control valve so that the air com-
pression amount in the main gas cell of the spring remains 
unchanged.

When the vehicle would like to lower the height accord-
ing to traffic, the compressor motor in the system stops 
working, simultaneously, the control system switches on 
the height control valve and the exhaust valve so that 
the air in the gas cell of the bench suspension system is 
discharged through the exhaust valve, and the height of 
the bench is lowered. The principle of control is shown in 
Fig. 2.

This suspension bench test system could change the 
damping value through four red position regulators 

Fig. 1   Test Bench of Active Suspension System

Table 1   Parameters of Test Bench

technical specifications Parameter index

Overall dimensions 1200 × 1000 × 1700 mm 
(long × wide × high)

External power supply AC 220 V ± 10% 50 Hz
working voltage DC 12 V
working temperature -40℃ + 50℃

Table 2   Main Components of 
the Active Suspension System

No. Item Function

1 Suspension ECU Suspension control and control display panel
2 Air Compressor Pressurize air in the spring to increase or decrease the stiffness
3 Height Control Valve Switch for height change
4 Left and Right Front and 

Rear Suspension Actua-
tors

The execution of suspension related actions

5 Left and Right Front and 
Rear Suspension Control 
Sensors

The transmission of suspension related signals and instructions

6 Air Spring Instrument for testing suspension stiffness and elasticity
7 Damping Regulator Suspension system damping adjustment
8 Mobile Frame Bear and place the whole test assembly instrument
9 Guide Guide the movement of the platform
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shown in Fig. 3. and adjust the stiffness value through the 
middle black air compressor shown in Fig. 3.

The bench test system changes the damping and stiff-
ness of the suspension through four red position regula-
tors and the middle black air compressor shown in Fig. 3 
to detect the vibration data of the suspension system 
under the front and rear stiffness and damping changes. 
And research could analyze the robustness of its vibra-
tion influence. The speed is shown in Fig. 4, and the input 
and adjustment of the road analogue signal are obtained 
through the data interface in Fig. 5.Figure 4 is the speed 
interface module, which mainly displays and controls 
the speed parameters adjusted during the bench test to 

meet the speed parameter requirements of the bench test. 
Figure 5 is the signal input and output interface module. 
Through this interface test bench, random road excitation 
signals can be obtained, bench test can be carried out, 
and finally the test results are output to the terminal for 
display.

Fig. 2   Control Principle of the 
Active Suspension System Battery

Park Switch

Starter

Button

Park Lamps
Electronic controlled

suspension
Throttle Position

Sensor
Engine ECU

Front Left Front Right Left Rear Right Rear

Speed Sensor

Starter

Neutral Switch

Steering Sensor

Actuator

Fig. 3   Adjustment Structure of Stiffness and Damping

Fig. 4     Suspension System Speed Led.

Fig. 5   Analog Signal Input SurfaceRETRACTED A
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3.2 � Experimental scheme

When selecting the factors that affect the vibration test 
of suspension system, it is necessary to focus on the main 
factors affecting the vibration, while the secondary factors 
need to be ignored. If too many factors are considered, 
the difficulty of test scheme design will increase greatly, 
even the bench test cannot be realized. If it is necessary 
to obtain more accurate test data and calculation analy-
sis results of suspension system vibration, the number 
of vibration influencing factors and their corresponding 
levels must be increased in the experimental process, but 
this will bring great difficulties to the test scheme design, 
and also bring a lot of work to the process of calculation. 
Therefore, whether it is necessary to improve the accuracy 
of the test method and calculation should be determined 
according to the actual situation.

In this test, the researcher adopted the design of four 
factors and three levels. Four factors are the stiffness 
and damping of the front suspension and the stiffness 
and damping of the rear suspension. Three levels are the 
increase of 20%, the original value and the decrease of 
20% of the stiffness or damping parameter value. Accord-
ing to the orthogonal test design rules, part of the tests 
is carried out. The test scheme is shown in Table 3 [32, 
33]. Since the main purpose of the test is to analyze the 
influence of front and rear stiffness and damping on the 
vibration of the suspension system, the vehicle speed and 
road excitation are constant external factors during the 
bench test, and the corresponding test conditions are as 
follows: the vehicle speed is kept constant at 100 km/h in 
the bench test of each group of suspension systems; the 
A-level road model of the Gq(n) in the road power spec-
trum density is applied as the road excitation input sources 
of the bench suspension system for the test excitation, and 
the test is carried out under the same road power spec-
trum excitation.

4 � Results and discussion

4.1 � Experimental outcome

According to the bench test scheme conditions, the 
researcher adjusted the front and rear suspension stiffness 
and damping values and tested the vibration acceleration 
response curves under various influencing factors. The test 
results are shown in Figs. 6, 7, 8, 9, 10, 11, 12, 13 and 14.

Calculate the measured data and obtain the RMS (Root, 
Mean, Square) value of suspension system bench vibration 
weighted acceleration in different test results, as shown in 
Table 4.

4.2 � The calculation of horizontal Sum

According to the test data corresponding to the bench test 
number and the horizontal number of factor A, complete 
the level sum calculation. The calculation formula of the hori-
zontal sum is, T1A = y1 + y2 + y3 , and its calculated results 
are as follows:

The horizontal sum calculations of other factors B,C,D are 
as follows:

T1A = 238 + 257 + 257 = 752

T2A = 264 + 245 + 264 = 775

T3A = 254 + 264 + 271 = 789

T1B = 238 + 276 + 264 = 746

T2B = 257 + 252 + 264 = 783

T3B = 254 + 264 + 271 = 789

Table 3   Test scheme Test NO: Conditions for stiffness and damping parameters of suspension bench test

Front Suspension 
Stiffness A

Front Suspension 
Damping B

Rear Suspension 
Stiffness C

Rear suspen-
sion Damp-
ing D

1 + 20% + 20% + 20% + 20%
2 + 20% 0% 0% 0%
3 + 20% − 20% − 20% − 20%
4 0% + 20% 0 − 20%
5 0% 0 − 20% + 20%
6 0% − 20% + 20% 0%
7 −20% + 20% − 20% 0%
8 −20% 0% + 20% − 20%
9 −20% − 20% 0% + 20%
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Fig. 6   Test 1. Acceleration 
Response Curve

Fig. 7   Test 2. Acceleration 
Response Curve

Fig. 8   Test 3. Acceleration 
Response Curve

Fig. 9   Test 4 .Acceleration 
Response CurveRETRACTED A
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Fig. 10   Test 5. Acceleration 
Response Curve

Fig. 11   Test 6. Acceleration 
Response Curve

Fig. 12   Test 7. Acceleration 
Response Curve

Fig. 13   Test 8. Acceleration 
Response CurveRETRACTED A
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LE



Vol:.(1234567890)

Research Article	 SN Applied Sciences             (2023) 5:4  | https://doi.org/10.1007/s42452-022-05236-0

4.3 � The calculation of Horizontal Mean Value

According to the horizontal sum value of the bench test, 
the research obtain its corresponding horizontal mean 
value, the calculation formula of factor A, is RiA =

TiA

3
 , and 

results are as follows:

The horizontal mean value of other influence factors in 
the bench test are as follows:

T1C = 238 + 264 + 261 = 763

T2C = 257 + 264 + 271 = 792

T3C = 252 + 243 + 254 = 731

T1D = 245 + 254 + 271 = 770

T2D = 257 + 252 + 254 = 763

T3D = 254 + 271 + 261 = 789

R1A =
T1A

3
= 250.7

R2A =
T2A

3
= 258.3

R3A =
T3A

3
= 263

4.4 � Influence Trend of factors

According to the data of the bench test, the horizon-
tal value of each factor is taken as the abscissa of the 

R1B =
T1B

3
= 249

R2B =
T2B

3
= 261

R3B =
T3B

3
= 263

R1C =
T1C

3
= 254.3

R2C =
T2C

3
= 264

R3C =
T3C

3
= 243.7

R1D =
T1D

3
= 256

R2D =
T2D

3
= 254.7

R3D =
T3D

3
= 262.3

Fig. 14   Test 9. Acceleration 
Response Curve

Table 4   The RMS Values of 
Weighted Acceleration

No: 1 2 3 4 5 6 7 8 9

RMS Values of Weighted Acceleration 238 257 252 276 245 264 254 261 271
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coordinate system, and the horizontal mean value of fac-
tors is taken as the ordinate of the coordinate system. The 
broken line connection diagram shows the influence trend 
of each factor on the vibration of the suspension system, 
as it is shown in Fig. 15.

It can be seen from the Fig. 15 above that when the 
level of rear suspension stiffness C and front suspension 
damping B changes, it will have a significant impact on 
the weighted acceleration RMS Value. When the level of 
front suspension stiffness A and rear suspension damp-
ing D changes, the response trend of influencing factors 

is stable, the influence on the weighted acceleration RMS 
Value of the suspension system is not obvious.

4.5 � Range calculation of influencing factors

T h e  r a n g e  c a l c u l a t i o n  o f  Fa c t o r  A  i s , 
max

(

R1A, R2A, R3A
)

−min
(

R1A, R2A, R3A
)

,and the process of 
calculati, n is as follows:

The range calculation of other factors:

RA = max{250.7,258.3,263} −min{250.7,258,263} = 12.3

RB = max{249,261,263} −min{249,261,263} = 14

RC = max{254.3,264,243.7} −min{254.3,264,243.7} = 20.3

RD = max{256,254.7,262.3} −min{256,254.7,262.3} = 7.6

4.6 � Intuitive analysis of influencing factors

The large range value indicates that the change of the 
parameter value of this factor will have a great impact on 
the vibration of the suspension system. Researchers need 
to be careful when changing the parameter value of this 
factor. It could be seen that the range of suspension stiff-
ness C is the largest, followed by the range of front sus-
pension damping B. Meanwhile, the range value of front 
suspension stiffness A and rear suspension damping D are 
smaller. Therefore, under the change of various influenc-
ing factors, the influence degree of bench test vibration is:

4.7 � The analysis of contribution of determinants

Through the variance analysis of the test data, the 
researcher could determine the contribution of the front 
and rear suspension stiffness and damping to the vibra-
tion of the suspension system. That means the contri-
bution rate of stiffness and damping to the vibration of 
the suspension system could be calculated through the 
quantitative variance analysis of different test data under 
the change of these factors. Meanwhile, the primary and 
secondary positions of these factors could be accurately 
defined through quantitative methods. While consider-
ing the optimal combinations of suspension stiffness and 
damping parameters, researchers should put emphasis on 
main factors with significant contributions and conduct 
the appropriate adjustment and control. For the minor 
influencing factors, the restrictions could be liberalized 
according to reality to gain a feasible economic plan.

According to the test date, the calculating process and 
outcome of the total square sum ST are as follows:

RearSuspension

StiffnessC
>

FrontSuspenison

DampingB
>

FrontSuspension

StiffnessA
>

RearSuspension

DampingD

ST =

9
∑

i=1

y2
i
−

1

9

(

9
∑

i=1

yi

)2

= (238)2 + (257)2 + (252)2 + (276)2 + (245)2 + (264)2 + (254)2 + (261)2

+ (271)2 −
1

9
(238 + 257 + 252 + 276 + 245 + 264 + 254 + 261 + 271)2

= 56644 + 66049 + 63504 + 76176 + 60025 + 69696 + 64516 + 68121

..... + 73441 −
1

9
5373124

= 598172−597013.78

= 1158.22
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The process and results of the total degree of freedom fT 
calculation are as follows:

The calculation process and results of the square sum of 
each single factor SA are as follows:

fT = 9 − 1 = 8

S
A
=

1

3

3
∑

i=1

T
2
iA
− CT

=
1

3

{

(752)2 + (775)2 + (789)2
}

− 597013.78

=
1

3
(565504 + 600625 + 622521) − 597013.78

= 597316.75 − 597013.78

= 302.94

S
B
=

1

3

3
∑

i=1

T
2
iB
− CT

=
1

3

{

(763)2 + (783)2 + (789)2
}

− 597013.78

=
1

3
(556516 + 613089 + 622521)

− 597013.78 = 597575.33 − 597013.78

= 561.45

The calculation process and results of each single factor 
degree of freedom fAare as follows:

Since there is no empty column in this test, the sum of 
SA, SD which have a smaller fluctuated square sum is Se , the 
sum of fAandfD is the error square sum, the degree of free-
dom fe.

According to the calculation rule, the calculation process 
and result of the error square sum Se and its degree of free-
dom fe are as follows:

S
C
=

1

3

3
∑

i=1

T
2
iC
− CT

=
1

3

{

(763)2 + (792)2 + (789)2
}

− 597013.78

=
1

3
(582169 + 627264 + 534361) − 597013.78

= 598264.67 − 597013.78

= 1250.89

SD =
1

3

3
∑

i=1

T2
iD
− CT

=
1

3

{

(770)2 + (763)2 + (731)2
}

− 597013.78

=
1

3
(592900 + 582169 + 622521) − 597013.78

= 597126.67 − 597013.78

= 112.89

fA = HorizontalNumber − 1 = 3 − 1 = 2

fB = HorizontalNumber − 1 = 3 − 1 = 2

fC = HorizontalNumber − 1 = 3 − 1 = 2

fD = HorizontalNumber − 1 = 3 − 1 = 2

200

210

220

230

240

250

260

Factor Level

321 AAA
321 BBB 321 CCC

321 DDD

270

·

· ·
·

·

·
· ·

·

·

·

·

Horizontal Mean Value

Fig. 15   The Response Trend of Weighted Acceleration RMS Value

Table 5   The Variance Analysis 
of Experimental Results

Deviation Square Sum (S) Degree of 
Freedom ( f )

Mean Square(V) Statistics (F) Contribu-
tion Rate 
(%ρ)

A 302.94 2 151.47 1.45 4.30%
B 561.45 2 280.73 2.70 15.87%
C 1250.89 2 625.45 6.02 46.81%
D 112.89 2 56.45 0.54
e 415.89 4 103.97 33.02%
Total Square sum 2228.17 8 100

RETRACTED A
RTIC

LE



Vol.:(0123456789)

SN Applied Sciences             (2023) 5:4  | https://doi.org/10.1007/s42452-022-05236-0	 Research Article

According to related data, the analysis of variance in the 
influencing factors of the suspension system is shown in 
Table 5.

Compared with the intuitive analysis in Chap. 4.6 of this 
paper, the quantitative analysis of variance offers the pre-
cise influence degree of each factor transformation on the 
weighted acceleration, and the contribution degree of each 
factor is shown in Fig. 16.

From the variance analysis, it could be seen that C, B and 
A are significant factors that affect the weighted accelera-
tion of the suspension system. And their contributions are 
46.81%, 15.87% and 4.30%. However, factor D has little 
impact, and it could be ignored. In a word, the key factors 
affecting the weighted acceleration of the suspension sys-
tem are C, B, and A. Factor D is not apparent, which is consist-
ent with the conclusion of the intuitive analysis.

5 � Conclusion

In this paper, the researcher applied the Taguchi method 
to conduct tests and research on influencing factors 
of the suspension system vibration. The A-level road 
power spectrum is wielded as the input source of the 
bench test. The front suspension stiffness, the rear sus-
pension stiffness, the front suspension damping and 
the rear suspension damping are chosen as variable 
factors. By adopting L9

(

34
)

 test design, the researcher 
conducted the root mean square simulation test of the 

Se = SA + SD = 302.94 + 112.89 = 415.83

fe = fA + fD = 2 + 2 = 4

vibration weighted acceleration under four factors and 
three levels. According to the test data, the analysis of 
robust optimization is carried out. Finally, it is concluded 
that the rear suspension stiffness, the front suspension 
damping and the front suspension stiffness are the main 
factors affecting the vibration. The quantitative analy-
sis results of their contribution to the weighted root 
mean square acceleration of the suspension system are 
46.81%, 15.87% and 4.30%. The influence of the rear 
suspension damping on the weighted RMS acceleration 
is negligible. The research method of the paper could 
obtain not only qualitative data but also quantitative 
data. This method offers a reference for further control-
ling key factors of vibration and quantitative research on 
enhancing the comfort of vehicle driving.
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