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Abstract: The multi-objective optimization design of hydraulic climbing mechanism (the core mechanism of
gantry crane) was realized by using the method of combining central composite design (CCD), Kriging and
multi-objective genetic algorithm (MOGA). Firstly, the hydraulic climbing mechanism model was established
and the appropriate design variables were selected. The mass, maximum deformation and maximum
equivalent stress of the hydraulic climbing mechanism was taken as the optimization objectives. Through the
comparative analysis of the parameters of wedge block, anchor block, anchor plate, baffle, the parameters that
have the greatest impact on the optimization objectives are selected as geometric constraints. Then, according
to the results of experimental design, Kriging model was used to establish the response surface optimization
model of objective function. Finally, the optimal results were obtained by using MOGA method. The
experimental results show that the optimization strategy is reliable, and the mass of the optimized model is
reduced by 10.28%. While meeting the actual production requirements, the lightweight design of the hydraulic
climbing mechanism is realized, which saves the design cost and improves the material utilization rate.

Keywords: hydraulic climbing mechanism; lightweight design; multi-objective; optimization; kriging

Introduction

With the progress of science and technology, the related technology of hydraulic climbing
hoisting system has been vigorously developed, and it has played an important role in modern
industrial production such as petrochemical, construction, port and hoisting transportation industry
[1-2]. At the same time, in the process of realizing intelligent manufacturing, it is urgent to further
upgrade the lifting equipment, which requires the lifting capacity of the lifting equipment to be
further improved. The 160M ultra-high gantry hydraulic climbing and hoisting system is currently
the largest lifting equipment utilized in global petroleum and petrochemical systems. However, there
is limited research conducted on this topic worldwide [3]. as shown in Figure 1. The mechanism is
mainly composed of wedge block, anchor block, anchor plate, square steel, etc. It can be combined in
different ways, such as single door type and double door type. The bearing capacity of each climbing
rod is 410t, which can be used for a climbing jack. Through different combinations, it can achieve
different lifting capacities (up to 4920t), and can realize the horizontal and vertical lifting of the
maximum height of 162m. The core load-bearing component of the system is the hydraulic climbing
mechanism, which mainly uses the friction between the climbing track and the wedge clamp block
to realize the alternating lifting of the hydraulic jack, so the hydraulic climbing mechanism will be
stressed and deformed.

The research on hydraulic climbing mechanism optimization is crucial for the development of
the hoisting industry. The main challenges faced by the current research are the large stress,
deformation, and geometric structure mass problems during the hoisting process, which can affect
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the stability of the hoisting system. To address these issues, researchers have proposed various
optimization methods based on reliability design and multi-objective optimization algorithms.

Figure 1. Hydraulic climbing system.

One approach is to use advanced agent modeling technology to study the reliability design of
the crane bridge system. This involves establishing a Kriging agent model of the crane system
performance function and applying it for reliability-based design optimization. Additionally, a local
search mutation ant colony optimization algorithm is used to calculate the reliability index of
probability constraints at each design point. This method has been applied to actual crane structures
to obtain global optimal solutions [4]. Another strategy is to combine discrete imperialist competitive
algorithms with inverse reliability strategies based on performance measurement approaches [5].
This significantly improves the convergence speed of the reliability-based design optimization
method at the optimization level. At the reliability analysis level, the inverse reliability strategy is
used to determine the feasibility of each probabilistic constraint at each design point by calculating
its a-percentage performance. This helps avoid convergence failure, calculation errors, and
disproportionate computational effort incurred using conventional motion and simulation methods
[6].

Genetic algorithm (GA) and particle swarm optimization (PSO) combined with ACAM
algorithm have also been used to optimize the crane metal structure and achieve optimal girder
design [7]. Light cranes have been optimized using the Taguchi method under variable dynamic load
conditions to meet stiffness and strength requirements [8].

Fault tree analysis (FTA) has been transformed into a Bayesian network topology model to
evaluate the reliability of the entire crane [9]. A hierarchical fuzzy tuning multi-objective optimization
control scheme has been proposed, designed a multi-objective optimization controller, and
transformed the control problem of the gantry crane into a state tracking optimization problem. This
allows for simultaneous optimization of multiple performance indicators through weight matrix
configuration [10].

Parametric design using ANSYS software has also been employed to analyze the structure of
gantry cranes and realize reliability optimization design [11-14]. Stress spectrum and fatigue damage
have been calculated by analyzing the mechanical model of lifting processes, and a reasonable
maintenance strategy has been proposed for the steel structure of gantry cranes [15]. The analytical
solution of mid-span deflection of portal structure beams has been deduced and verified through
experimental models designed according to dimensional analysis methods [16]. Weight optimization
of main beams with asymmetric box sections has also been proposed using water evaporation
optimization (WEQ) algorithm and lightweight design concept [17].

In conclusion, while there is significant research on structural design optimization of cranes,
there is less focus on optimizing the parameters of hydraulic climbing mechanisms. Therefore, further
research in this area is essential for the development of the hoisting industry.
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Multi-Objective Optimization

In this study, the hydraulic climbing mechanism is chosen as the in this study, the hydraulic
climbing mechanism is chosen as the research subject, and the focus is on how anchor plate and
anchor block parameters affect the mass, maximum stress, and deformation of the hydraulic climbing
mechanism. The optimization objective is to propose a multi-objective structural optimization
scheme based on the force of the original model.

Response surface optimization method is employed due to its fast calculation speed and high
accuracy. The algorithm mainly consists of CAE and mathematical modeling, Kriging model, and
multi-objective optimization. The specific steps are as follows:

1.Parametric modeling of the hydraulic climbing mechanism in SOLIDWORKS, a three-
dimensional modeling software.

2.Establishment of the finite element model of the hydraulic climbing mechanism in ANSYS
Workbench, a finite element analysis software, followed by static analysis.

3.Design of DOE experiments in AYSYS response surface optimization module to obtain initial
sample points. Simulated data are calculated, and a Kriging model is established and verified for
accuracy.

4.Construction of an optimization system to refine design variables. MOGA algorithm is used to
obtain the optimal solution set, and the selected optimization parameters are verified to determine
their rationality.

Start

s

—
Establishing a Parametric Model in
Solidworks
4
Finite Element Analysis

Define design variables,
constraints, objective functions,
establish mathematical models

!
DOE experimental design obtains |
initial sample points |

!

Perform simulation calculation data

Figure 2. Optimization design flowchart.

The design exploration module in ANSYS Workbench allows for the investigation of parameter
changes and the analysis and storage of data, providing a fast way to optimize designs. This is widely
used in engineering analysis. The module contains various parameters to be analyzed and designed
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during the analysis process, which is beneficial for optimization analysis and other designs. Kriging
requires experimental design, where each random sampling point in the sample interval is selected
reasonably, and the response value of the sample point is obtained through experimentation. This
provides the original data for establishing the response surface. There are many methods for
experimental design, with central composite design being the most commonly used second-order
design in response surface. The response surface is then established using input parameters to
represent a complex function of output parameters. By solving a certain amount of known
experimental data, an approximate solution is obtained, and then the approximate relationship of all
experimental parameters is obtained. This reduces workload and obtains a high-accuracy parameter
relationship. The energy efficiency of the Kriging method is based on its internal error estimator's
ability to improve the mass of the response surface by generating refinement points and adding them
to the area that needs improvement most. Additionally, it evaluates the relative error of prediction in
the entire parameter space while updating the response surface. Design Explorer uses predicted
relative error instead of predicted error because it allows the same value to be used for all output
parameters, even if they have different variation ranges. While providing improved response mass
and fitting high-order changes of output parameters, Kriging also provides a refinement function for
continuous input parameters.Kriging [18] response surface model is defined as follows:
y(x) = f(x)+2z(x) (D

Where y(X) is the unknown function of the optimization objective; f (x) is a polynomial function

of X,and E[ f (x)] = f (X)

k k
f(x):ﬁo+z_: ,Bixi+z_: B X2
SIS A

K is the number of design variables, and k = 4 is the undetermined coefficient of each formula.
Z(X) is a random function obeying Gaussian normal distribution, when its mean is zero and has non-

(2)

zero covariance, that is

E[Z(x)]=0 (3)
V[Z(X)]=0" (4)

f (x) is a polynomial model in response surface, f (X) provides a "global" model of design space.
When z(X) "global" approximates the design space, the "local" deviation is created, which satisfies
equation (3) and has the smallest variance, and the best estimation of the response surface can be

obtained, so that the Kriging model can interpolate n sample data points. The covariance matrix of 4
is derived from the following formula:

Cov[Z(X),Z(x))] = a?R([r (X', x})]) (5)

Where R is a symmetric positive definite correlation matrix of N x N ; Is a Gaussian correlation
function, which can represent the spatial correlation of any two sample points x'and x'. The
expression is as follows:

o) =exn-3 " 1x X! )
- (6)

Where 6 is the unknown parameter for fitting; M is the number of design variables.

Based on the unbiased property of Z(X) and the minimum variance of the estimation, it is
obtained that the relevant parameters are given by the maximum possible estimation, that is, when
0 >0, the following equation (7) is maximum.

[n, In(e®) +i[R(:)]
2

A=— 7
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Where, N, is the number of response values; o?is the variance estimate; R(x) is the correlation

value between the point to be tested and the sample point. That is, the minimum value is obtained

instead
1

min o(x) = R(x) |" o (8

Main Structure and Parameterization

In accordance with the design specifications, a three-dimensional model of the hydraulic
climbing mechanism has been created in SolidWorks. The hydraulic climbing mechanism is
comprised of a wedge block, anchor block, square steel, anchor plate, oil cylinder, and other
components. The structural design of this mechanism is depicted in Figure 3.

Upper anchor plate Lower anchor plate
—— Square steel

527cm
| ST :
76cm . — 60cm N ] F— —,
-
374em I
—‘ —‘ Anchor block

L~
S— el
: . Baffle

Wedge 559cm

Hydro-cylinder

Figure 3. Structural diagram of hydraulic climbing mechanism.

As an essential component, the hydraulic climbing mechanism bears all the loads of the hoisting
system. Therefore, this paper primarily concentrates on the modeling and analysis of its mechanical
structure. Simultaneously, in order to enhance the efficiency of analysis and the mass of mesh
generation, it is necessary to simplify or eliminate parts or details (such as process holes, chamfers,
etc.) that have minimal impact on the analysis results in the model.

In this study,anchor block width (P1), anchor block thickness (P2), baffle thickness (P3), upper
anchor plate thickness (P4), upper anchor plate width (P5), lower anchor plate thickness (P6), and
lower anchor plate width (P7) have been selected for parametric definition.Following completion, the
key dimension parameter names within the model (preceded by "Ds_") were modified and imported
into the DM module of ANSYS Workbench to seamlessly connect the model with design variables.
The parameter settings and optimized design scope are presented in Table 1.

Table 1. Parameter setting and optimization range.

Initial
Number variable Optimization parameter range
value/mm
Anchor block width
1 559 503.1~614.9

P1
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Anchor block
2 thickness 374
P2
Baffle thickness
3 374
P3
Thickness of upper
4 PP 60
anchor plate P4
Width of upper
5 PP 527
anchor plate P5
Thickness of lower
6 76
anchor plate P6
Lower anchor plate
7 559
width P7

336.6~411.4

336.6~411.4

54~66

474.3~520

68.4~83.6

503.1~614.9

Model of Hydraulic Climbing Mechanism

The hydraulic climbing mechanism's square steel material is Q345, while the wedge material is
W18Cr4V, and the remaining components are made of 42CrMo. The mechanical properties of these
materials are detailed in Table 2. Tetrahedron meshing is primarily used for the wedge, while
hexahedron meshing is employed for the other structures. An element size of 20mm is set, with a
high mesh mass definition. To refine the mesh, a 10mm mesh size is applied at the wedge area. The
overall finite element model of the hydraulic climbing mechanism is depicted in Figure 4, comprising

139,508 units and 713,806 nodes.

Table 2. Material parameters of hydraulic climbing mechanism.

Young's . . .
Material Mass/kg/m? modulus/ P01ss9n ) Yield Allowable
ratio strength/MPa stress/MPa
10'"'Pa
W18crdv 8260 2.25 0.29 1500 392
Q345b 7800 2.06 0.3 345 235
42CrMo 7850 2.12 0.28 1047 805

Figure 4. Overall finite element model of hydraulic climbing mechanism.
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Analysis of Simulation Results

The hydraulic climbing mechanism's original model underwent static analysis and calculation,
resulting in the deformation Cloud Diagram and stress Cloud Diagram depicted in Figure 5 (original
model stress Cloud Diagram) and Figure 6 (original model deformation Cloud Diagram).

ype: Equivalent bron-Mises) Stre
Unit: MPa
Tirme: 1

292 87 Max
280,33

227.79

135.25

16271

13017

97.624

65083

32541
1.549e-8 Min

1.54%e-8 Min

Figure 5. Original model stress Cloud Diagram.

Figure 6. Total deformation Cloud Diagram of original model.

As shown in Figures 5 and 6, the maximum deformation of the hydraulic climbing mechanism
is 23.999mm, which is located on the top of the square steel; The maximum stress is 292.97MPa,
located at the bottom edge of the wedge, which is less than the allowable stress of 392MPa for
W18Cr4V; The maximum stress on the square steel is less than 162.71MPa, which is less than the
allowable stress of Q345B 235MPa. The maximum stress of other parts is less than 205.96MPa, which
is less than the allowable stress of 42CrMo 805MPa. The results show that the strength of the hydraulic
climbing mechanism meets the design requirements.

Design Variables and Objective Functions

In ANSYS Workbench, the optimization target is set as the output parameter. When the
hydraulic climbing mechanism is subjected to a load of 410 tons, the maximum stress plays a crucial
role in the optimization design. Considering the load characteristics of the hydraulic climbing
mechanism, the maximum deformation, maximum equivalent stress, and mass of the mechanism are
chosen as the optimization objectives. The anchor block width (P1), anchor block thickness (P2), baffle
thickness (P3), upper anchor plate thickness (P4), upper anchor plate width (P5), lower anchor plate
thickness (P6), and lower anchor plate width (P7) are taken as the objective functions to constrain the
structure. To reduce computational effort, these parameters are customized within the workbench's
parameter set. Additionally, multiple design variables are simplified to five. The optimal design
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scheme is obtained by minimizing the mass of the optimized hydraulic climbing mechanism while
ensuring its strength and stiffness. The theoretical model for optimal design of the hydraulic climbing
mechanism can be summarized as follows:

Min(M, 8, E) = f (PL, P2, P4, P5, P6)
503.1< P1<614.9
336.6<P2<411.4
54 < P4 <66 9
474.3< P5<520
68.4<P6<83.6

n

Where: P1=P7, P2=P3: [o,] —yield strength; N —safety factor; 0 —strain; M —

mass; E —Equivalent stress.

After defining the parameters the central composite design is chosen as the data analysis method
[19]. This results in the generation of nine groups of design points, and a mathematical model is
constructed to impose the constraint conditions for the calculation. Following the computation, the
data is presented in Table 3.

Table 3. Optimize the design point calculation results.

Maximum  Total
Number  P1 P2 P4 P5 P6  equivalent deformati Mass/t
stress/MPa on/mm

1 559 374 60 497.15 76 293.29 21499  5701.1
2 503.1 374 60 497.15 76 295.51 21.506  5391.9
3 614.9 374 60 497.15 76 293.45 21.5 6010.2
4 559 336.6 60 497.15 76 317.12 21.283  5442.8
5 559 4114 60 497.15 76 293.03 21.544  5960.9
6 559 374 54 497.15 76 293.47 215 5686.1
7 559 374 66 497.15 76 293.36 215 5716
8 559 374 60 474.3 76 291.73 19.873  5693.6
9 559 374 60 520 76 297.78 23.233  5709.2
10 559 374 60 49715 68.4 293.42 215 5677.7
11 559 374 60 49715 83.6 293.4 21.499 57244
12 543.16  363.4 58.3 490.67 78.15 319.82 21.02 5542.5
13 574.84  363.4 58.3 490.67 73.84 319.81 21.022  5699.9
14 543.16  384.5 58.3 490.67 73.84 288.86 21.05 5671.8
15 574.83  384.5 58.3 490.67 78.15 288.3 21.045  5864.9
16 543.16  363.4 61.7 490.67 73.84 319.82 21.028 5538
17 574.83  363.4 61.7 490.67 78.15 319.8 21.022  5721.8
18 543.16  384.5 61.7 490.67 78.15 288.81 21.05 5693.1
19 574.83  384.5 61.7 490.67 73.84 288.43 21.045  5859.7
20 543.16  363.4 58.3 503.62 73.84 327.43 21.977  5533.9
21 574.83  363.4 58.3 503.62  78.15 327.41 21971  5717.8
22 543.16  384.5 58.3 503.62 78.15 289.74 22.001 5689
23 574.83 3845 5823 503.62 73.84 289.04 21.995  5855.6
24 543.16  363.4 61.7 503.62  78.15 327.43 21.977  5555.4
25 574.83  363.4 61.7 503.62 73.84 327.4 21971  5712.8
26 543.16  384.5 61.7 503.62 73.84 289.8 22.001  5684.7

N
N

574.83  384.5 61.7 503.62  78.15 289.02 21.995  5877.8
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Sensitivity Analysis of Design Variables

Figure 7 illustrates the local sensitivity of each output parameter, indicating the influence degree
of design variables P1, P2, P4, P5, and P6 on the three output parameters. The analysis reveals that
the thickness of the upper anchor plate and the thickness of the anchor block have a more significant
impact on the maximum equivalent stress and total deformation. Additionally, the width and
thickness of the anchor block significantly affect the mass.

1Pl
100 [ P2
&= P3
80 . P4
< 60 Bl PS5
2
2 40
3 20
I
g 0
s
-20
-40
Maximum Total Mass
equivalent deformation
stress

Figure 7. Local sensitivity.

Response Surface Analysis

The optimization algorithm employed in this study employs the Kriging [20] method within the
response surface system. This method combines accurate multidimensional interpolation with a
polynomial model, similar to a standard response surface. The resulting model offers a "global"
representation of the design space with local biases, enabling the Kriging model to interpolate Design
of Experiment (DOE) points. A simulation model is established for Equation 1:

f(x)=AX)"Y (10)
In the equation, A:(ai,az,...,an)T is the balance coefficient vector to be solved;

Y =Y, Y0 ¥y, )T is to optimize the design point data. To achieve high-precision simulation of

T(X ) vs f(X), the following equation needs to be established:

E[f(x)— f(X)]=A"H —h=0 (1D
H = (h(x.),h(x,)...h(x))" (12)
HTA(x) = h(x) (13)
It can be concluded that the variance formed by the surrogate model with ?(X Jas f(X)is:
S(x)=c’(1+A"RA-2Ar) (14)

WhereR:[RiJ]Z[R(C'Xian)]a(i, j=12,..,n);
r=(R(w, x, X)), R(w, x, X,),

(15
o ROW, X, X ))T
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R(w, X, X1) is the correlation function of Gaussian kernel function,
d 2
_ i
r(d;) =exp(-—) (16)
Cj
In equation d j» the distance between the test point and the sample point; C; is the constant

parameter of the kernel function in the ] direction of the sample point.

The aforementioned analysis highlights that the response surface model serves as an
approximate alternative, necessitating the evaluation of its fit. Figure 8 illustrates the fitting analysis
of the established response surface, with the abscissa representing the actual observed values of the
design points and the ordinate representing the predicted values of the response surface. As depicted
in the figure, the maximum equivalent stress, maximum equivalent strain, and mass of the
optimization objective are all closely aligned along the diagonal, indicating a correlation coefficient
R2 approaching 1. This suggests that the mass of the established response surface meets the required

standards.
-
=
=
-
=
2
2 L0 .
T
< [
£
Sos
E ".
)
=
w
@
Z0.6 4
=
-
) /
= A
@
= 0.4
= Y
E
= F
20z .
=1
H] @ = Maximum equivalent stress
- | A .
= '. ®  Maximum deformation
3 0.0 A Mass
%’" 0.0 0.2 0.4 0.6 0.8 L0
2 Numerical calculation results of target variables at design points

Figure 8. Fit curve.

The response surface model is presented in a 3D graphical format. Two design variables are
chosen as the x-axis and y-axis of the input parameters, while an optimization objective function is
selected as the z-axis of the output parameters. The resulting response surface model is depicted in
Figures 9-11, which illustrates the relationship between anchor block width (P1), anchor block
thickness (P2), upper anchor plate thickness (P4), upper anchor plate width (P5), lower anchor plate
thickness (P6), maximum equivalent stress, total deformation, and mass. As observed, maximum
equivalent stress increases with an increase in anchor block width and upper anchor plate width.
Total deformation rises with an increase in anchor block width, anchor block thickness, and upper
anchor plate width. mass increases with an increase in anchor block width, anchor block thickness,
upper anchor plate width, and lower anchor plate thickness. Notably, the width of the anchor block
and upper anchor plate have the most significant impact on the overall system.
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Maximum equivalent stress
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Figure 9. Maximum Equal Force Response Surface Model.
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Figure 10. Total deformation response surface model.
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Figure 11. Mass response surface model

Validation of Optimization Results

After Kriging model is established and regarded as objective function, MOGA can be applied to
find Pareto optimal solution. MOGA algorithm is a hybrid variant algorithm, which supports various
types of input parameters and is a fast non dominated sorting method. Set the parameters of MOGA
algorithm, as shown in Table 4. In order to obtain the desired Pareto optimal solution, the response
surface boundary conditions are set during the optimization process according to equation (5). The

Pareto optimal solution as shown in Figure 12 is obtained through multiple iterations, indicating that
the optimization results are feasible [21]

Table 4. MOGA parameters.

Initial
. Maximum
Crossove Mutation sample Convergenc Stable
Name . . allowed
r rate rate quantit e stability/% convergence%
Pareto/%
y
Numerica
0.9 0.1 800 100 70 2
1 value
21.0
= 20.
Ei 20.
&

(Tu)uone

Figure 12. Pareto optimal solution

The optimization objective of the hydraulic climbing mechanism is set as the three state

variables. With the constraint that the strength and stiffness of the hydraulic climbing mechanism
meet the design requirements, optimal solutions for groups A, B, and C are obtained through
calculation, as shown in Table

reprints202403.1148.v1

12
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Table 5. Comparison of numerical variable optimization results.

Maximum Total

equivalent deforma  Mass

Number P1 P2 P4 P5 P6
stress/MP  tion/m /t
a m
A 503.16 33722 54.188 475.33 68.615 291.04 19.754  5127.18
B 503.48 336.64 54.331 479.37 68.795 295.48 20.028 5128.84
C 503.11 336.93 54.001 485.31 68.471 302.11 20.447  5143.56
Before
optimizatio 559 374 60 527 76 292.87 23.999 5712
n
After
] 504 337 54 486 69 279.24 20.45 5125
rounding

As shown in Table 5, the maximum equivalent stress of the hydraulic climbing mechanism after
optimization and rounding is 279.24MPa, which is a 4.7% decrease compared to the initial value. The
total deformation has reduced to 20.45mm, representing a 14.79% decrease from before optimization.
Additionally, the geometric structure mass has decreased to 5125 tons, indicating a 10.28% reduction.
These improvements have significantly enhanced the performance of the hydraulic climbing
mechanism, fulfilling the multi-objective optimization design requirements for the product. The
optimized results are presented in Figures 13 and 14.

Figure 13. Optimize the post-stress Cloud Diagram.

Figure 14. Optimized total deformation Cloud Diagram.
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Conclusions

In this study, the hydraulic climbing mechanism as a whole was chosen as the research subject,
and static analysis was conducted using ANSYS Workbench. The response surface analysis method
was employed to optimize the dimensions of unreasonable parts. With mass, total deformation, and
maximum equivalent stress as objective functions, central composite design was utilized for
experimental design, leading to the establishment of a response surface optimization model based on
the Kriging model. MOGA was applied to perform multi-objective optimization on the optimization
model, and the best optimization result was selected.

The maximum equivalent stress of the optimized and rounded hydraulic climbing mechanism
was found to be 279.24MPa, which was 4.7% lower than that before optimization. The total
deformation had decreased to 20.45mm, representing a 14.79% reduction from before optimization.
Additionally, the geometric structure mass had decreased to 5125 tons, indicating an 10.28%
reduction. After optimization, the maximum equivalent stress appeared at the lower left edge of the
wedge and decreased significantly, falling below the allowable yield strength. Furthermore, both the
total deformation and mass had been considerably reduced. Finally, the hydraulic climbing
mechanism was designed to be lightweight, reduce fabrication cost and improve material utilization
while maintaining strength.

The influence of design variables on the objective function was fitted using response surface
model, and the local sensitivity of the objective function to the design variables was investigated to
verify the reliability of the optimization results. Compared with the traditional method, the
optimized the hydraulic climbing mechanism comes with excellent performance, and the
effectiveness of the optimization strategy is verified through practical production.
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