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Abstract

This research introduces an innovative passive vibration control methodology employing
acoustic black hole (ABH) structures to mitigate vibration transmission in electric automo-
tive steering machines—a prevalent issue adversely affecting driving comfort and vehicle
safety. Leveraging the inherent bending wave manipulation properties of ABH configura-
tions, we conceive an integrated vibration suppression framework synergizing advanced
computational modeling with intelligent optimization algorithms. A high-fidelity finite ele-
ment (FEM) model integrating ABH-attached steering machine system was developed and
subjected to experimental validation via rigorous modal testing. To address computational
challenges in design optimization, a hybrid modeling strategy integrating parametric de-
sign (using Latin Hypercube Sampling, LHS) with Kriging surrogate modeling is proposed.
Systematic parameterization of ABH geometry and damping layer dimensions generated
40 training datasets and 12 validation datasets. Surrogate model verification confirms
the model’s precise mapping of vibration characteristics across the design space. Subse-
quent multi-objective genetic algorithm optimization targeting RMS velocity suppression
achieved substantial vibration attenuation (29.2%) compared to baseline parameters. The
developed methodology provides automotive researchers and engineers with an efficient
suitable design tool for vibration-sensitive automotive component design.

Keywords: automotive steering machine; vibration control; acoustic black hole; kriging
surrogate model; multi-objective optimization

1. Introduction
The steering machine, as a crucial component of electric automobiles, is directly re-

lated to the personal comfort and safety of the driver and passengers. When vibration and
noise occur in the steering machine, the driver’s control stability can be easily affected.
Therefore, reducing vibration and noise in the steering machine is an important measure
to ensure driving safety. Most existing studies have shown that the causes of vibration
and noise in the steering machine are complex and involve numerous influencing fac-
tors. An [1] established a vibration control model for the motor-driven power steering
(MDPS) system, providing a solution for high-frequency noise control in electric vehicles.
Pietrusiak [2] established a model of the electric power steering assembly, concluding that
nonlinearity and damping contact stiffness models can more accurately simulate dynamic
responses. Chen [3] established an X-EPS steering machine model, with experimental
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verification showing an error of less than 5%, meeting design standards. Lin [4] established
a variable transmission ratio model for steer-by-wire (SBW) systems, improving vehicle
handling stability and safety. In terms of control effectiveness, active vibration control has
good application prospects in automotive steering machines. However, active vibration
control systems are complex, costly, and difficult to maintain. Haas [5] has employed a
combination of virtual passive absorber technology and a damping connection joint (DCJ)
compensation method. The integration of these two approaches significantly improves the
control accuracy and stability of the steering test bench, providing an effective solution
for testing and validation in automotive development. However, passive vibration control
has limitations in its control range, and usually causes an increase in the weight of the
machine, which is not conducive to the lightweight design of the structure. The acous-
tic black hole (ABH) structures, as an emerging wave manipulation technology, feature
lightweight design, high integration, and strong constructability, making them a promising
passive vibration and noise reduction technique. At the structural design, ABHs can be
categorized as one-dimensional [6] or two-dimensional [7]. In 1D structures, gradient
attenuation of bending wave speed is achieved through power-law thickness tapering. 2D
structures are extended to planar waveguide manipulation, with their energy-focusing
capability being enhanced. Regarding the vibration characteristic analysis methods for
ABH structures, three primary approaches are typically employed: the semi-analytical
method [8,9], the transfer matrix method [10], and numerical methods [11,12]. At present,
ABH technology has not been widely applied in engineering practice by researchers, and
is mostly at the level of theoretical research. Ma [13] optimized the thickness distribution
of an ABH using a genetic algorithm and a Daubechies wavelet model, reducing vibra-
tion and acoustic radiation. Xu [14] employed the finite element method to establish an
ABH-embedded viscoelastic damping material (ABH-VDM) model, which extended the
vibration reduction bandwidth (by 900 Hz) and lowered vibration levels by 1.4 dB. Fu [15]
applied neural networks and simulated annealing to optimize a segmented ABH beam,
improving vibration suppression by reducing reflection coefficients. Jia [16] investigated a
thin-walled structure combining embedded ABH with distributed dynamic vibration ab-
sorbers (DVAs), demonstrating significant vibration attenuation across the entire frequency
spectrum. Sheng [17] used the transfer matrix method (TMM) to establish a dynamic
model of a double-power-law ABH (DP-ABH) beam; comparison with the finite element
method (FEM) validated the DP-ABH’s ultra-low-frequency broadband gap performance.
Some researchers [18,19] use the NSGA-II algorithm to optimize the ABH structure in
order to achieve maximum vibration reduction effect. Huang [20] optimized the geom-
etry and topology of the damping layer, proposing the upper bound of kinetic energy
as the objective function. The optimized damping significantly improved the broadband
energy dissipation performance of the ABH plate. Xiao [21] adopted the Rayleigh–Ritz
method and 3D FEM to construct a rail-mounted P-ABH vibration absorber model; this
design achieved a broader vibration reduction bandwidth compared to traditional methods.
Han [22] proposed a metamaterial double-beam (MDB) structure combining ABH with
local resonators (LR). By analyzing a periodically arranged double-beam unit-cell model,
they demonstrated excellent low-frequency broadband vibration reduction characteristics.
Besse [23] established the motion equation model for a three-layer sandwich plate using
Hamilton’s principle and zigzag theory. Experimental results confirmed that ABH can
effectively achieve passive vibration control in sandwich plates. Zhang [24] established a
multilayer composite sandwich panel structure incorporating filled imperfect acoustic black
holes (F-IABH), which outperformed conventional ABH structures in broadband vibration
and noise reduction. Zhao [25] created a partitioned ABH (PABH) dynamic vibration
absorber (PABH-DVA) model using the PABH design method. Comparative experiments
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revealed the superior vibration reduction performance of PABH-DVA. Bu designed four
novel fluid-conveying pipeline configurations [26] and a drill-string pipeline structure [27]
by integrating phononic crystal and ABH techniques. Theoretical and numerical analyses
demonstrated that these four pipeline configurations effectively suppress vibrations under
rotational operating conditions. The drill-string pipeline structure creates low-frequency
broadband band gaps for autonomous vibration suppression. Furthermore, the engineered
periodic ABH wedge configuration [28] enables effective vibration energy absorption at
the wedge edges. These findings provide new perspectives for vibration mitigation in
engineering pipeline systems.

To optimize vibration reduction in steering machines with attached ABH plates, the
geometric parameter ranges for both the ABH and damping components must first be
determined. However, the combinations formed within these ranges are infinite, making it
impossible to obtain all results through finite element methods alone. The function values
corresponding to all design variables across their value ranges can be accurately fitted by the
surrogate model using limited sample training data, providing a new approach for solving
such problems. Extensive research on structural optimization using surrogate models
has been conducted by scholars across various fields. Several researchers have employed
Kriging models for optimization, achieving significant improvements in prediction accuracy,
training efficiency [29], vibration reduction performance [30], and bandgap characteristics of
elastic metamaterials [31]. Yang [32] adopted a parallel adaptive enhancement (PAE)-based
surrogate modeling approach, which substantially enhanced both prediction precision
and training efficiency. Cheng [33] utilized an integrated surrogate model combining
SDAE, SA, and GRU with the D-MOHOCD-ELS algorithm to optimize the safety and
vibration reduction properties of rail transit structures. Song [34] applied the KSM-CPSO
method to optimize suspension parameters for high-speed electric multiple units (EMUs),
resulting in improved critical speed, running indexes, safety indexes, and overall dynamic
performance. Other researchers have implemented multi-objective genetic algorithms
(MOGA) to enhance vibration transmissibility [35] and structural performance [36].

To address the steering machine vibration issue, a vibration reduction scheme assisted
by a surrogate model with ABHs is proposed in this paper. This scheme combines the
surrogate model with the FEM to construct a vibration characteristics database of a steering
machine attached with an ABH plate. The database is then used to optimize the key param-
eters of the ABH and damping, aiming to achieve the best performance in vibration control
for the steering machine. The proposed methodology provides automotive researchers and
engineers with an efficient suitable design tool for vibration-sensitive vehicular systems.
The structure of this paper is as follows. Section 2 describes the optimization flowchart
for the ABH and damping parameters, as well as the modeling of the steering machine
attached with an ABH plate. Section 3 presents the FEM model and analyzes the vibration
response. Section 4 validates the accuracy of the model through experimental test. Section 5
focuses on constructing the surrogate model for the vibration characteristics of the steering
machine attached with an ABH plate. Section 6 optimizes the key parameters of the ABHs
and damping layers using the MOGA method based on the established surrogate model
and compares the results with the unoptimized combination. Conclusions close the paper
in Section 7.

2. Optimization Process Flowchart and Modeling of the Steering
Machine Attached with 2D ABH
2.1. Flowchart of Modeling and Optimization Design

Figure 1 illustrates the optimization design process for ABH parameters and damping
materials in the steering machine with attached ABH plates. First, a dynamic model of
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the steering machine with attached ABH plates is established to analyze its vibration
characteristics, with the model’s accuracy being verified through modal testing. The
geometric parameters of the ABH and damping materials requiring optimization are
then determined, along with their upper/lower limits and optimization objectives. These
parameters are sampled algorithmically to obtain different combinations of ABHs and
damping materials. Modeling and finite element analyses are subsequently performed to
construct a high-precision surrogate model, thereby establishing a vibration characteristics
database. Finally, the MOGA is employed to obtain the optimal combination of ABH plates
and damping materials, achieving maximum vibration reduction for the steering machine
model. The subsequent sections of this paper follow this workflow.

 

Figure 1. The process of multi-objective optimization of acoustic black hole based on surrogate model.

2.2. Geometric Modeling of Steering Machine Attached with ABH Plate

A specific automotive steering machine was selected as the research object, as shown
in Figure 2a. 3D modeling and necessary geometric simplification were performed using
Creo software 8.0. During the modeling process, the following specific operations were
conducted: the structural features with minor influence were removed, including fillets,
chamfers, small ribs, minor protrusions, and small-diameter holes. For more complex
components, reconstruction was performed to ensure high accuracy of critical geometric
dimensions such as inner/outer diameters, lengths, offset angles, and mounting platform
positions. The reconstructed main housing model was then assembled with other simplified
component models to obtain the complete 3D steering machine model (Figure 2b). The
final assembly consists of 21 internal components with a total length of 846 mm.

If the ABH structure is formed on the steering machine by removing materials, it will
seriously weaken the strength of the steering machine. Therefore, an externally attached
ABH structural design is proposed. A semi-circular ABH plate is designed, with its geo-
metric configuration illustrated in Figure 3. Considering the actual dimensional constraints
of the steering machine, the maximum side length and uniform thickness of the ABH plate
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are restricted to 130 mm and 4 mm, respectively. The geometric parameters of the ABH
region satisfy Equation (1), where the key parameters are set as follows:

h =

{
εxm + h0 0 ≤ x ≤ R

H R ≤ x
(1)

 
(a) (b) 

Figure 2. Steering machine model: (a) Physical picture of steering machine; (b) Simplified diagram of
the steering machine model.

 

(a) (b) 

Figure 3. The proposed semi-circular ABH plate: (a) three-view diagram; (b) Sectional schematic diagram.

The parameter ε in the equation is a constant, and the maximum diameter of ABH
can be achieved by changing ε. m is a power exponent and must satisfy m ≥ 2, h0 is the
truncation thickness, and R is the radius of the ABH.

The semi-circular ABH plate was assembled to the right side of the steering ma-
chine outer shell using the 3D modeling software Creo 8.0, with the ABH plate surface
perpendicular to the Z-direction, as shown in Figure 4.

Figure 4. The 3D model of the steering machine attached with the designed ABH plate.
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3. Establishment of FEM Model and Vibration Characteristics Analysis
3.1. Establishment of FEM Model

Preprocessing was performed on the simplified steering machine model attached with
the ABH plate. For complex geometric features such as intersecting cylinders in the shell
structure, second-order tetrahedral elements (C3D10M) were used for meshing: A mesh
size of 2 mm was adopted in the intersecting regions, with local refinement to 0.4 mm in
high-curvature areas. A base size of 5 mm was applied to the remaining regions, with local
refinement to 0.8 mm. All transition zones were assigned a feature angle of 30◦ to ensure
mesh quality. The FEM models of the original steering machine and the steering machine
attached with ABH are shown in Figure 5. Critical components such as the lead screw
and steering wheel were defined as steel. The shell structure and ABH plate were set as
aluminum. The properties of all materials are presented in Table 1.

  
(a) (b) 

Figure 5. The established FEM models: (a) FEM model of the original steering machine; (b) FEM
model of the steering machine attached with ABH plate.

Table 1. Material Properties.

Material ρ(kg/m3) E(Pa) Poisson’s Ratio Damping Factor

Fe 7.8 × 103 2.1 × 1011 0.3 0.005
Al 2.7 × 103 6.9 × 1010 0.33 0.005

Damping 1.18 × 103 1.2 × 107 0.4 0.4

3.2. Modal Simulation of the Steering Machine

A constrained modal analysis was performed on the established FEM model. The
boundary conditions were applied to three installation holes, with fixed constraints in the x,
y, and z directions as illustrated in Figure 6. The analysis step was configured to extract the
first six modes. The natural frequency values are shown in the Table 2, with the first order
frequency being 83.202 Hz and the sixth order frequency being 269.22 Hz. The vibration
modes of the steering machine are shown in the Figure 7, with dominant bending and
torsional deformation observed. Significant deformation was identified in the steering
housing at the 1st, 3rd, and 6th modes, while the motor exhibited noticeable deformation
at the 2nd, 3rd, 4th, 5th, and 6th modes.

Figure 6. Schematic diagram of boundary conditions for the FEM simulation.
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Table 2. Computed natural frequencies of the original steering machine.

Vibration Mode Order 1st 2nd 3rd 4th 5th 6th

Frequency (Hz) 83.20 136.50 166.05 223.50 251.33 269.22

  
1: Value = 2.73291 × 105 Freq = 83.202 Hz 2: Value = 7.35625 × 105 Freq = 136.50 Hz 

  
3: Value = 1.08855 × 106 Freq = 166.05 Hz 4: Value = 1.97205 × 106 Freq = 223.50 Hz 

  
5: Value = 2.49378 × 106 Freq =251.33 Hz 6: Value = 2.86131 × 106 Freq = 269.22 Hz 

Figure 7. Natural frequency and vibration mode of steering machine.

3.3. Vibration Response Analysis of the Steering Machine Attached with ABH Plate

This section presents the vibration response analysis, in which the ABH and damping
parameters are set as follows: the radius of the ABH is 59.2 mm, the m is 2.3, the h0 is
0.12 mm, and the damping layer dimensions are 60.5 × 60.5 × 1 mm. The 1N harmonic
excitation in the Z-direction was applied to the left end of the screw, and a frequency sweep
analysis from 1 to 1000 Hz was conducted, as illustrated Figure 8a. Finally, the harmonic
response characteristics of the structure were computed using the Lanczos solver in Abaqus.
Five monitoring points were distributed across the entire range of the steering machine,
with their locations shown in Figure 8b.

Figure 9 shows the vibration response of five monitoring points. Figure 9 exhibits
multiple peaks, with the vibration velocity being significantly higher in the 0–250 Hz
frequency range and less pronounced in other frequency bands. Among the measured
points, RP1 demonstrates the lowest vibration velocity, whereas RP4 shows the highest.
At the first peak, the vibration velocity of RP4 reaches up to 20 mm/s. All peak vibration
velocity magnitude at this location is taken as the optimized comparison group to verify
the optimization effect. In this study, the effectiveness of the ABH and damping parameters
for vibration reduction in the steering machine will be evaluated from the perspective of
kinetic energy. To characterize the effects of the ABH and damping, the average velocity at
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the frequency of interest will be calculated based on the results of the monitoring points,
and the equation is as follows: the average of the sum of the squares of all velocity peaks
will be used for parameter optimization design.

(
V
)
=

1
N

N

∑
i=1

v2
i (2)

 
(a) (b) 

Figure 8. Schematic diagram of exciting and monitoring point locations: (a) the exciting point; (b) the
monitoring points.

Figure 9. Vibration velocity of five monitoring points.

4. Accuracy Validation Experiment of FEM Model of Steering Machine
To verify the computational accuracy of the established FEM model, vibration modal

testing of the original steering machine was conducted in this paper. Firstly, the total of
42 measurement points were designed and arranged for the tested steering machine. The
spatial coordinates of all measuring points are referenced to the center of the steering
machine, which is set as the coordinate origin. Furthermore, in the modal analysis module
of the M + P Smartoffice Analyzer software 4.0, the spatial coordinates of 42 measurement
points were entered, and each measurement point was connected to form a 3D rough
configuration for steering machine modal testing, as shown in Figure 10.

The experiment was conducted using the modal testing module in the M + P vibration
testing and analysis system. The modal test used a fixed force hammer excitation point
position and a moving accelerometer (ICP type) method to obtain the steering machine
modal array. The actual test is shown in Figure 11a. We collected vibration acceleration
response signals of the structure through parameter settings, with a sampling rate of
12,800 Hz and an effective bandwidth of 5000 Hz, as shown in Figure 11b.
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Figure 10. 3D composition diagram for modal testing of steering machine.

 

 

(a) (b) 

Figure 11. Modal testing setting conditions: (a) Physical image of the original steering machine
vibration mode test. (b) Acceleration response signal acquisition parameter setting diagram.

Through the acquisition of test signals from 42 measurement points, the acceleration
response signals across the full frequency range can be observed in the software. Based on
the modal simulation results obtained from the preceding finite element analysis, the signal
within the 0–300 Hz frequency range was chosen to analyze the low-frequency modal
characteristics of the steering machine. According to the settings, the data were subjected
to feature extraction by the SO Analyzer software 4.0, and six modal orders were identified
within the specified interval.

A comparison between the simulation and experimental modal results is presented in
the Table 3. It can be observed that good agreement was achieved across all six modal orders,
with the minimum deviation being 0.1% and the maximum deviation not exceeding 3.7%.
The modal test results have verified that the FEM models of the steering machine vibration
characteristics established in this paper have high computational accuracy, which can
provide support for the subsequent construction of surrogate models and multi-objective
optimization design.

Table 3. Comparison of natural frequencies between simulation and experiment results.

Vibration Mode Order 1st 2nd 3rd 4th 5th 6th

Simulation result 83.20 136.50 166.05 223.50 251.33 269.22
Experiment result 83.36 137.34 164.13 217.14 260.86 275.81

Deviation 0.1% 0.6% 1.1% 2.9% 3.7% 2.5%
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5. Construction of Surrogate Model for Vibration Characteristics
5.1. Design Variables and Optimization Objectives

To optimize the vibration reduction performance of the ABH and damping material on
the steering machine model, four key geometric parameters of the ABH and damping layer
were selected as design variables: the side length of the damping layer, the ABH radius, the
truncation thickness, and the power-law exponent. The value ranges for these parameters
are listed in Table 4. The design objective was defined as the mean square velocity at the
nodal points, as specified in Table 5.

Table 4. Geometric Parameters of ABH and Damping Layers.

Variables Physical Quantity Lower Bound Upper Bound Continuity Unit

X1 Ddamping 30 70 Consequent mm
X2 R 40 60 Consequent mm
X3 h0 0 1 Consequent mm
X4 m 2 6 Consequent /

Table 5. Optimization Objectives.

Objectives Description Unit

RP1 Mean square velocity of monitoring point 1 mm2/s2

RP2 Mean square velocity of monitoring point 2 mm2/s2

RP3 Mean square velocity of monitoring point 3 mm2/s2

RP4 Mean square velocity of monitoring point 4 mm2/s2

RP5 Mean square velocity of monitoring point 5 mm2/s2

The Latin Hypercube Sampling (LHS) method was employed to conduct spatial sam-
pling of the four design variables (X1, X2, X3, X4), resulting in the construction of a design
space comprising 40 parameter combinations. As illustrated in Figure 12, all initial sam-
pling values were parametrically configured. Based on these training samples, 40 FEM
models of the steering machine attached with ABH plates were established, each with
distinct parameter combinations. All models were simulated following the vibration char-
acteristic analysis procedure described in Section 3, where the meshing criteria, excitation
force parameters (location and amplitude), and monitoring point arrangements were main-
tained consistently. Through systematic finite element analysis, the mean square velocity
response values at five monitoring points were ultimately obtained and used to construct
the surrogate model.

Figure 12. Cont.
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Figure 12. Distribution of points obtained through sampling in space.

5.2. Construction of Surrogate Model Based on Kriging Method

The Kriging surrogate model is used to establish a mathematical model between design
variables and output responses using numerical simulation results from 40 sampling points.
The Kriging surrogate model assumes that the input variable x and the output variable y
satisfy the following equation:

y = ∑p
j=1 β j f j(x) + Z(x) (3)

where f j(x) is the basis function, β j is the coefficient of the basis function, and Z(x) is the
Gaussian process. Let the following:

F =
(

f1(x1), f2(x2), . . . fp(xn)
)T

=


f1(x1) . . . fp(x1)

...
. . .

...
f1(xn) . . . fp(xn)

 (4)

Then Equation (3) can be written as:

Y = Fβ + Z (5)

where Z = (Z(x1), Z(x2), . . . Z(xn))
T, then from the linear unbiased condition

∧
y(xnew) = c(x)TY,

we can get:
∧
y(xnew)− y(xnew) = (FTc(x)− f(x))

T
β + c(x)TZ − Z(x) (6)

From
∧
y(xnew) = E(ynew), we can get E(

∧
y(xnew)− ynew) = 0, so the following equation

can be got:
FTc(x)− f(x) = 0 (7)

Calculating the mean square deviation of regression function φ(x), the following
optimization problem can be established:

minφ(x) = σ2(1 + c(x)TRc(x)− 2c(x)Trxnew)

s.t.FTc(x)− f(x) = 0
(8)

Then constructing the following Lagrange function:

L(c(x), λ) = σ2(1 + c(x)TRc(x)− 2c(x)Trxnew)− λT(FTc(x)− f(x)) (9)
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Calculating the partial derivative of Equation (11), and the predictive value of x is:

∧
y(x) = rT

x R−1Y + (f − FTR−1rx)
T
(FTR−1F)

−1
FTR−1Y (10)

From Fβ ∼= Y, the optimal prediction of β can be obtained:

∧
β = (FTR−1F)

−1
FTR−1Y (11)

Thus, the output values of the samples xnew to be predicted are as follows:

∧
y(xnew) = f(xnew)

T∧
β + rT

xnew R−1(Y − Fβ) (12)

5.3. Fitting Accuracy Validation of Surrogate Model

Five surrogate models were constructed using the Kriging method to predict the mean
square velocity responses at five monitoring points on both the steering machine model and
the ABH plate. To evaluate the prediction accuracy of the surrogate models, 12 validation
samples were generated through the LHS method, and the coefficient of determination (R2)
was employed to analyze the fitting precision of the models. The parameter combinations
are also ensured not to duplicate those of the training group.

R2 = 1 − ∑n
i=1 (yi −

∧
yi)

2

∑n
i=1 (yi − y)2 (13)

In the Equation (13), yi is the true value of the i test sample,
∧
yi is the predicted value of

the polynomial regression model, y is the mean of the true values of the test samples, and n
is the number of n test samples. The closer R2 is to 1, the higher the model accuracy.

The validation results are presented in Figure 13, where the X-axis and Y-axis represent
the FEM simulation results and surrogate model prediction results, respectively. Data points
closer to the 1:1 reference line (red dashed line in the Figure) indicate higher prediction
accuracy of the surrogate models. As shown in Figure 13, all test sample points were
observed to be tightly distributed near the reference line, demonstrating that all five
surrogate models possess excellent predictive performance. Furthermore, R2 values listed
in Table 6 were all found to exceed 0.8, which further verifies that the established surrogate
models for the dynamic characteristics of the ABH- attached steering machine exhibit high
accuracy and can meet the requirements for subsequent optimization analysis.

 
(a) RP1 (b) RP2 

Figure 13. Cont.
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(c) RP3 (d) RP4 

 
(e) RP5 

Figure 13. Comparison between actual output and predicted output of test points.

Table 6. Determination coefficient R2 values.

Optimization Objectives RP1 RP2 RP3 RP4 RP5

R2 0.831 0.846 0.861 0.865 0.873

6. Design Optimization of ABH Plate Based on MOGA
Based on the high-accuracy surrogate models established in Section 5, the key pa-

rameters of the ABH and damping were optimized. First, the geometric parameters and
their ranges were determined. The optimization objective was specifically defined by the
following equation. 

Findx = [Ddamping, R, h0,m]

min f (x) = 1
N

N
∑

i=1
v2

i

30 ≤ Ddamping ≤ 70
40 ≤ R ≤ 60
0 ≤ h0 ≤ 1
2 ≤ m ≤ 6

(14)

Complex relationships were identified between the four design variables of the ABH
and damping parameters and the optimization objectives, necessitating multi-objective
collaborative optimization. Based on the high-accuracy surrogate models developed in Sec-
tion 5, the MOGA was employed to optimize the ABH and damping layer parameters. The
multi-objective optimization problem is transformed into a single-objective optimization
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problem in this study, where all five optimization objectives are multiplied by a weight
coefficient of 0.2 and summed to obtain a new optimization objective Y. Thus, the optimal
design parameters for the ABH and damping materials can be obtained. Through this
multi-objective optimization process, the optimal parameter combination was ultimately
obtained, as presented in Table 7.

Table 7. Optimal Combination Geometric Parameters.

Parameter X1 (mm) X2 (mm) X3 (mm) X4

numerical value 42.8 51.8 0.86 3.5

To validate the multi-objective optimization results obtained through MOGA, a FEM
model incorporating the optimized ABH and damping parameters was reconstructed,
and vibration response analysis was conducted. Figure 14 shows the comparison of
vibration velocities at five monitoring points and the average velocity difference in Table 8.
A comparative analysis of vibration velocities across the five monitoring points reveals
that all measured values remain below the unoptimized vibration velocity curve shown
in Figure 9. The maximum reduction in vibration velocity (2.28 mm/s) was observed at
Monitoring Point 4, while the minimum vibration velocity (0.38 mm/s) was achieved at
Monitoring Point 5. At the same time, it also corresponds to a maximum reduction of 29.2%
and a minimum reduction of 11% in the average speed of each monitoring point. These
results demonstrate that the optimized geometric parameters of the ABH and damping
layer can significantly suppress the vibration velocity response of the steering machine.

 
(a) RP1 (b) RP2 

  
(c) RP3 (d) RP4 

Figure 14. Cont.
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(e) RP5 

Figure 14. Comparison of vibration velocity at 5 monitoring points before and after optimization.

Table 8. Comparison between optimized finite element results and unoptimized results.

Monitoring Point RP1 RP2 RP3 RP4 RP5

Unoptimized (mm2/s2) 0.57 1.92 4.77 43.86 5.9
Optimized (mm2/s2) 0.42 1.5 3.81 31.05 5.25

Reduction (%) 26.3 21.9 20.1 29.2 11.0

7. Conclusions
To address the vibration optimization issue in the steering machine, an embedded

ABH structure was introduced. The ABH structure is characterized by its lightweight
nature, high integration, and enabling effective vibration reduction in the low-frequency
range. This study proposed a vibration reduction optimization design method combin-
ing a high-precision surrogate model with the FEM. First, a FEM model of the steering
machine attached with an ABH plate is established, and its vibration characteristics are
analyzed to obtain the dynamic model. The accuracy of the FEM modeling processing is
further verified through modal testing experiments. Then, the LHS method is employed
to generate sample points in the parameter space. FEM models with different parameter
combinations are constructed, and vibration response analyses are performed to obtain
vibration characteristic data for building a high-precision surrogate model. Subsequently,
the accuracy of the surrogate model is evaluated using validation data, and a MOGA is
applied to optimize four key parameters: the side length of the damping plate, the radius
of the ABH, the truncation thickness, and the power-law exponent. Finally, the optimized
results are compared with the non-optimized results to verify the accuracy of the MOGA
algorithm. The research conclusions are as follows:

1. FEM model accuracy verification: The FEM simulation results are compared with
experimental data, showing a minimum deviation of 0.1% and a maximum deviation not
exceeding 3.7%. The established FEM model of the steering machine’s vibration character-
istics is verified to possess high computational accuracy, which can provide support for
subsequent surrogate model construction and multi-objective optimization design.

2. Surrogate modelling accuracy: R2 for the validation dataset is greater than 0.8, and
the predicted values closely match the simulated values, with data points distributed near
the 1:1 reference line. This indicates that the established surrogate model for the dynamic
characteristics of the ABH- attached steering machine has high accuracy and can effectively
support subsequent optimization analysis.

3. Vibration reduction optimization effectiveness of the steering machine: The opti-
mal parameter combination obtained through MOGA optimization is 42.8 mm, 51.8 mm,
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0.86 mm, and 3.5. Finite element simulations confirm that, compared to the unoptimized
structure, the optimized steering machine achieves a maximum reduction of 29.2% and a
minimum reduction of 11% in vibration mean square velocity of monitoring points. The
results demonstrate that the optimization method based on the finite element method and
high-precision surrogate model significantly improves the vibration reduction performance
of the steering machine.
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