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ABSTRACT

The paper includes studying the method of calculating joint design and then building a multi-objective optimiza-
tion problem model using the weighted sum and Taguchi methods. The research object is the joint between the
gantry crane leg and the beam. Due to the characteristics of the connection bearing large and changing loads, re-
search is necessary to improve safety, longevity, and reliability. The experimental problem model has four design
variables and four value levels. The study uses the orthogonal matrix L16 to calculate the response values for
each objective function at each stage. To apply the weighted sum method, the study selects the objective function
weights for equivalent stress, contact stress, and fatigue strength, transforming the multi-objective problem into
a single-objective problem. The test results identified a new set of parameters meeting the goals. The fatigue cri-
terion was reduced by 8.9%, and the fatigue safety factor increased from 1.36 to 1.39. The equivalent stress was
decreased by 9%, and the safety factor increased from 2.58 to 2.84. Contact stress was reduced by 37%, and the
safety factor increased from 1.29 to 2. Combining these two methods not only solves problems in engineering but
can also solve many problems in different fields.

Keywords: gantry crane, pin connection, multi-objective optimization, Taguchi method, weighted sum method.

INTRODUCTION

Pin connection is a widely used mechanical
structure, especially in lifting machines such as
cranes and gantry cranes. The example in Fig-
ure 1 is the trolley of a heavy-duty shipbuilding
gantry crane we designed. Beam system 1 is de-
signed with a gantry crane leg 2 by joint 3. Joint
3 has the structure shown in Figure 2, designed
as a hinge joint, consisting of two halves con-
nected through a pin shaft. Thanks to this joint,
it is possible to compensate for deviations due
to manufacturing, temperature deformation, or
equipment installation. Due to the characteris-
tics of the connection bearing large and changing
loads, research is necessary to improve safety,
longevity, and reliability.

When researching cranes and lifting equip-
ment, there is a certain focus on optimizing en-
gine power and the crane’s beam. Typically,

the authors in [1] optimized the position of the
crane’s pulling point to reduce capacity. The au-
thors in [2] and [3] designed the crane beam based
on aspects such as assessing the impact of local
stability and optimizing the beam cross-section
according to the goal of minimum weight. Stud-
ies on pin connections on crane structures have
also been presented in [4] and [5]. The analysis
in [4] determined the stress in pin connections
on cranes at the tensile part. The research aims
to collect design information through testing and
analysis using the finite element method, thereby
providing design recommendations. The authors
in [5] described and proposed the design of the
details and components of the lifting beam, espe-
cially the pin connections and connecting compo-
nents. In addition, the design of mechanical de-
tails related to materials, connections, durability,
and fatigue failure conditions has been presented
in [6], which is the basis for performing specific
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application problems. The joint between the gan-
try crane leg and the beam is subjected to com-
pression, only bears a moment in one direction,
and has variable load effects. This is the research
object in this paper.

The rules stated in standards [7-9] have
been used more and more widely in many coun-
tries around the world. In particular, the regula-
tions in [7] are used for the design, manufac-
ture, and inspection of lifting equipment. The
purpose of the rules specified in [7] is to pre-
scribe the loads and load combinations to be
taken into account when designing lifting appli-
ances, and to establish conditions for strength
and stability, and for failure. EN 1993-1-1 is
the basic design rule for steel structures with
material thickness greater than 3 mm, covering
general issues, materials, structural strength,
and general calculation methods [8]. The provi-
sions in standard EN 1993-1-8 provide design
methods for the design of predominantly stati-
cally loaded connections using steels with yield
strengths from 235 N/mm? to 460 N/mm? [9].
The pin connections and the connection part,
the calculation of the contact stress between the
two surfaces, have also been instructed in [9].
The authors in [10] identified two main aspects
that needed to be revised in [9], namely the abil-
ity to design the pin as a shear bolt and verify
the strength of the pin. Based on a thorough re-
view of the literature [9] and experimental tests,
parameter surveys, the study proposed a design
approach to address the above two issues. Many
authors have studied the calculation model of
pin stress, stress on the contact surface between
the pin and the hole, as well as software suit-
able for design solutions [11, 12]. The study in
[13] showed that the stress concentration factor

depends on the tolerance between the pin and
the assembly parts. By finite element analysis,
the contact model in the paper can reduce the
stress concentration factor by up to 18%. It can
be said that the above studies are the basis for
designing connections in mechanical engineer-
ing in general and on gantry cranes in particular.

Mathematical models of optimization prob-
lems often include design variables, constraints,
objective functions, and problem-solving meth-
ods [14-20]. Depending on the problem, these
factors are different. In studies [15-18], the
optimal shaft design variables were geometric
parameters, the ratio between the shaft and the
hole, and the constraint conditions were stress or
local stress, and displacement. The parameters
of the gear train were the design variables in the
study [19]. The objective function can be single-
objective or multi-objective. In [14-21], the ob-
jective functions were single-objective, and in
[23-25], they were multi-objective. The objec-
tive function for the problems in [15, 16, 18] was
minimum weight, in [17] was minimum local
stress, and in [20] was minimum force. Multi-
objective functions have two or more objectives;
for example, in [24], the multi-objective func-
tion was profit maximization and travel time
minimization. In [25], the objective functions
were for different load cases. The above studies,
most of which use numerical methods to solve
the problem.

An optimization problem in engineering of-
ten has to accept some limitations, such as the
found solution is not necessarily the best, and
some issues have to be simplified [14]. In stud-
ies [3, 19-22], the Taguchi method was used to
design optimal applications for engineering prob-
lems such as optimizing overhead crane beams,

Fig. 1. The trolley of a heavy-duty shipbuilding gantry crane: 1 — beam system, 2 — gantry crane legs with joints,
3 — linked joints, 4 — rigidly linked gantry crane legs
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optimizing production processes, and optimizing
crane pulling force. The Taguchi method has the
advantage of being simple and can be quantitative
or qualitative. These studies also show that this
method has the disadvantage of having discrete
data, being unable to provide constraints, and be-
ing difficult to solve multi-objective problems
[19-22]. A simple way to perform multi-objective
optimization is to use the weighted sum method.
The weighted sum method combines multiple
objective functions by adding them together,
along with a weight for each function. This is a
multi-objective optimization method widely used
in many different fields [23-26]. In engineering,
the study in [25] used the weighted sum method
for multi-objective optimization of a structure
that bears multiple loads under different working
conditions. The results show that the severity of
the load case is less affected by different weight-
ed summation functions. It can be seen that the
above studies do not mention the combination of
these two methods. The combination of the Ta-
guchi and weighted summation methods will be
a suitable idea for solving a multi-objective opti-
mization problem in engineering. An application
example for the problem is the pin connection on
a gantry crane (Figure 1).

The research object in this paper is the con-
nection joint between the gantry crane leg and
the beam, as described in Figures 1 and 2. Based
on the analysis of the above studies, the basis for
the study of calculating the design of this joint
is the studies in [6—20]. Due to the application
characteristics, the design of this joint must con-
sider many factors, so it is necessary to study
and optimize the parameters to improve safety,
service life, and reliability. In this study, the geo-
metrical and material parameters of the joint will
be optimized to increase the safety factor. There-
fore, in this study, the design variables are the
parameters of shaft and hole relationship, shaft
diameter, and strength of manufacturing materi-
als. The multi-objective functions are equivalent
stress, minimum contact stress, and minimum
fatigue failure criterion.

Therefore, this paper will present the design
basis of the joint between the gantry crane leg
and the beam, then build a multi-objective opti-
mization problem model using the weighted sum
method and the Taguchi method. The initial data
set for the multi-objective optimization design
problem is the joint on the 500-ton trolley of the
gantry crane serving the 1,500-ton shipbuilding.

The research results will give the optimal param-
eters such as pin diameter, material yield limit
of connecting parts, size correlation ratios, and
other geometric parameters. Minitab software is
a tool to support numerical experiments. The ef-
fectiveness of combining these two methods will
be demonstrated by solving a specific problem of
pin connection on a gantry crane.

RESEARCH METHODS

Research based on joint design

The structure of the connection between the
gantry crane leg and the gantry crane beam, as
well as the force diagram, is given in Figure 2.
The forces acting on the joint connection halves
include the compressive force F' and the moment
M determined according to [7]; these values vary
from the minimum value (¥ , M )atno load to
the maximum value (F_, M__); the values (M,
F) represent the average values of the moment
and force acting on the joint; (M_, F ) represent
the amplitude values of the moment and force act-
ing on the joint.

Convert the maximum force acting on the
contact surfaces of the upper half joint ¢ and
the lower half joint b according to the follow-
ing formula:

Fa+ Fm + Ma+ Mm
2 A

where: 4, B — the distances of the contact seg-
ments corresponding to the upper and
lower half-joint surfaces shown in Fig-
ure 2; (M, F)) — the average values of the
moment and force acting on the joint; (M _,
F ) — the amplitude values of the moment

(1)

max _
Fo =

and force acting on the joint; F,;™ — the
maximum force acting on the contact sur-
face of the pin with the lower half of the

joint; F;™ — the maximum force acting on
the contact surface of the pin with the up-
per half of the joint.

The pin of the joint has a solid structure,
circular cross-section, and the dangerous cross-
section at location 5 is subjected to bending mo-
ment and shear force. At this local point, there is
a normal stress due to the bending moment and
a shear stress due to the shear force. Combining
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Fig. 2. Joint and force diagram acting on the pin connection: 1 — pin shaft; 2 — upper half joint;
3 — lower half joint

these stresses according to the theory of strength
of materials, von Mises stress for the rotating cir-
cular solid pin corresponds [6]. Formulas (2), (3),
(4) are the basis for calculating stresses for static
strength and fatigue failure conditions.

Average stress o, :
. ) .
0, = (0q +3713)2 =

_ [(32:,;1;4ia)2 +3 (41(7{;(;%:1)2]1/2

Stress amplitude o, :

2

. 1
O = (04 + 3T)2 =

1/2
B md3 nd?

Maximum stress o,

3)

'[(Um"'aa)z +3(Tm+7q)
max

32K:Myy,  32Kp Mg\ ?
( md?3 d?3 )
3 (4KfsQim 4KfsQia)2
wd? wd?
where: 6, 6 — the average stress values and

stress amplitude values due to bend-
ing moment; T, T . the average stress

2]1/2

1/2

4)
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values and stress amplitude values due to
shear force; Kf, K o the fatigue stress con-
centration coefficients corresponding to
the stress; d — the pin diameter; M, , M,
— the average values of bending moment
and bending moment amplitude; Q,, O,
— the average values of shear force and
shear force amplitude.

Fatigue failure criteria using Goodman curve
[6] by equation (5):

==Ze e 5)

where: n — the design safety factor due to fatigue;
S, — the allowable strength at the local lo-
cation, which depends on the shape and
conditions of use; S — the tensile strength
of the pin material.Substitute formulas
(2), (3) into (5) to get equation (6):

1 _[ 32Kf La 3(4KfsQia)2]§+

Cmd3 d?

(6)
N <32KfMl-m)2 ' <4KfSQim)2 1z
Sut md3 md?

According to the diagram in Figure 2, the
maximum shear force and bending moment are
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concentrated at location 5. The average values
and amplitudes of shear force and moment at po-
sition 5 are as follows:

0 —F M, _E M, ;
Sa 2 2 A ()

M,
+ ) itom =

—(05a+c)< +%)

where: a, ¢ — the contact length and clearance are
shown in Figure 2.

F,
a=(0.5a+c) (?
®)

Let the minimum ratio between the contact
length @ and the distance 4 of the lower half joint
be ¥ =a/A, formula (8) is transformed:

Fq M
o= 5P A+ ) (2 +52); Mgy, =
9)

—(05¢1A+c)< +%)

The maximum moment and shear force are at
position 5, so the functions representing the de-
sign parameters according to the maximum stress
o’ and fatigue failure criteria are rewritten as
formula (10):

[y

oS otz

1/2
1 <32KfM5m) +3 <4KfSQ5m)2]

+S_ut nd?3 mwd? * (10)
(32KfM5m 32K Mo\ ]1/ 2
d3 d3 )
L@=|"
2 |+3 (4KfsQ5m 4KfsQ5a>2|
| ks d?

Functions f,(X), and f(X) are the objective
functions for fatigue failure criteria and static
strength conditions. In addition, these functions
are subject to fatigue criterion constraints, values
less than the allowable stress. Stress on contact
length b, determined according to [9]:

o, = 0591, /% (11)

where: b — the length of the contact section of the
upper half joint with the pin (mm); D— the
hole diameter (mm); £ — the elastic modu-
lus of steel (N/mm?); F,, — the force act-
ing on the contact section (N); f, — the al-
lowable contact stress (N/mm?).

Let the minimum ratio between the contact
length b and the distance Bbe ¥, =b /B, and the
ratio between the hole and pin diameter is £ = D
/d . Local position 5 on the contact length has the
largest equivalent stress; the contact condition is
ceqS f.. Substitute the material data as v = 0.3,
and E = 2.1*10° (N/mm?), and from formula (11)
we have formula (12):

f h2 v, Bd,,

o, =059 | Fz (51 .
oo dy ,B 0.35EF™

where: f, — the allowable contact stress (N/mm?)
th = 2.5 fy v, Y\ — the safety factor re-
lated to the conditions of use [8]; fy — the
yield strength of the hole material (with
a value smaller than the pin material) (N/
mm?); d . — minimum diameter of the pin
(mm).

1(12)

The stress on the contact length a, determined
according to [9]:

EF?*(¢-1
c,, = 0.591 ER"(-1) (13)
dy, A

The functions represented by the design pa-
rameters are the maximum contact stresses, after
transformation from formulas (12) and (13):

EF(&-1
f,(X)=f,=0.591 Efy (&)
dsz

v,Bd., (14)

h
n-1
e CossErm 035EF”‘”‘ )

dy, A

f,(X)=0.591

Functions f;(X) and f,(X) are the objective
functions for the contact stress of the upper and
lower half joints. In addition, these functions are
also subject to constraints on allowable contact
stress conditions.

For longitudinal dimensions of the pin, to
ensure the structural conditions as shown in
Figure 2, the dimensions must satisfy the for-
mula (15):

[s(X)= Ay, =D +2(y,B+c)<0  (15)

The f(X) function determines the structural
constraints of the joints on the gantry crane. The
joint supports have the parameters described in
Figure 3. Minimum width is W > D +2e, dimen-
sions e and h meet the requirements in [9].
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Fig. 3. Joint support: (a) joint supports of the lower half joint, (b) joint supports of the upper half joint

Required joint support size for the upper half
of the joint [9]:

2t tw 2 P e 4O
2bf, 3 26, 3

y

Required joint support size for the lower half
of the joint [9]:

2af, 3 2af, 3
where: y, — a coefficient determined according
to [8].

Optimization problem model
using the weighted sum method
and the Taguchi method

The purpose of the problem is to optimally
design the joint structure as shown in Figure 2.
The design variables X are chosen as aspect ra-
tios ¥, =a/A, ¥,=b/B, the yield strength of
the material for the support is fy , the minimum
diameter of the pin is d. The given parameters
X, include the corresponding fatigue stress con-
centration factors for normal and shear stresses,
the mean values, load force and moment ampli-
tudes, bearing spacing, and pin material. The
joint structure is as shown in Figure 2, because
the pin is smooth, so Kf= Kfs = 1. The struc-
ture of the joint consists of the pin and the half
joints, which must ensure the conditions of
durability, service life, and structural require-
ments. The optimization problem is set with the
goal of selecting the optimal multi-objective
parameters, including the objective functions
of equivalent stress and contact stress, and the
criterion of fatigue failure is the smallest. The
optimization problem using the weighted sum
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method and the Taguchi method in this study
is depicted in Figure 4. Mathematically, a multi-
objective optimization problem is as follows.

e Independent factors X :

X,={4,B.K,,K,,F,.F,,M, M, .} (18)
e Design variables X:
X={y,.y,.f,.d} (19)
e Objective function f'(X):
JX)=min(£,(X), £,(X).£(X).£,(X)) (20)
e Constraints:

l//lmin Sl//l SV/lmax;l/ll >0
V/Zmin SWZ < l//2max;l//2 > O
o= Las fised

d,<d<d, ;d>0 (21)
f0S1f0s
£, < f,(0:,(X) <0

where: ¥, ¥, ¥, ¥, - thelargest and

smallest ratios it is determined according
to the structural conditions of the joint;
]j — strength data of the material intended
for manufacture; d , d — the largest

min max

and smallest diameter of the pin.

The weighted sum multi-objective optimiza-
tion method is a method of converting multiple
objectives into a single scalar objective function.
We assign a weight coefficient to each objective
function and then sum all the contributing fac-
tors to obtain the overall objective function. By
using the weighted sum method, each objective
is assigned a weight to distinguish its relative im-
portance in the synthesis of the overall objective
function [23], [26].
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Step 1: Select design parameters and

Step 2: Design the parameter levels and
variation ranges, create an orthogonal

identify independent variables

matrix according to the Taguchi method

Unsatisfied

Step 7: Check
the constraints,
analyze and
evaluate the

Satisfied

Step 8: Optimization parameters and
other parameters

- frmmca |

Step 3: Conduct simulation and collect
response value data for each function

H(X), f5(X), [(X), £,(X)

Step 4: Set the objective function /(X))

according to the weighted sum method in
the multi-objective optimization problem

I

Step S5: Taguchi design analysis for
response function f(X) and other analyses

l

Step 6: Determine the optimal parameter set
according to the function f(X)

Fig. 4. Research method

min F(x)= 4N &b (X | afi®) 4/,

a Ay Ay Ay

(22)

where: a, — the weights of the objective func-
tions 2a, = I; a, — scalar parameters to be
equated.

The problem now becomes optimizing an
objective f{X), which is to find the value that
minimizes the function. In this study, the Taguchi
method is used to optimize the function f(X) by
evaluating the influencing factors to achieve the
highest efficiency by detecting and eliminating
the maximum influence of disturbances. A design
variable affects the result in two directions; the
effect that makes the result closer to the target is
a useful signal, abbreviated as “Signal”, the ef-
fect that makes the result farther from the target
is “Noise”. For the problem of minimizing the re-
sponse function described by (22), the S/N ratio is
as follows [19-22]:

S/N=—101g(iZFi,fj (23)
m -

where: k£ — the test sequence number, m — the
number of tests, F, — the response value
according to function (22).

Building a problem model using the Taguchi
method will include determining the given fac-
tors (18) and influencing variables (19), and the
objective function (22). Then select the original
matrix to conduct the Taguchi method, carry out
the method according to the selected matrix, and
evaluate the results. The parameter is reasonable
when the S/N ratio is the largest value. Minitab
software is used to support calculations using the
Taguchi method.

Numerical testing

This study applies the weighted sum optimi-
zation method and combines the Taguchi method
to improve the existing design. The initial data
set is based on the 500-ton trolley design of the
1,500-ton shipbuilding gantry crane designed by
the Institute of Electromechanical Science and
Technology, Vietnam. The gantry crane has been
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Table 1. Given factors

No Parameter Symbol Value Unit
1 Distance between the two lower half joint supports A 480 mm
2 Distance between the two upper half joint supports 280 mm
3 Average value of the force acting on the joint F, 1360000 N
4 Amplitude value of the force acting on the joint F, 663000 N
5 Average value of the moment acting on the joint M, 762000000 Nmm
6 Amplitude value of the moment acting on the joint M 762000000 Nmm
7 Fatigue stress concentration factor with normal stress K. 1
8 Fatigue stress concentration factor with shear stress K 1
9 Allowable strength at the local location of the pin S, 236 N/mm?
10 | Tensile strength of the pin S, 690 N/mm?
11 Minimum safety factor according to the static strength condition of the pin k 1.5
12 | The gap between the two halves of the joint c 5 mm
13 | Poison Coefficient v 0.3
14 Modulus of elasticity of steel E 210000 N/mm?

Table 2. Design variables and value levels
Design variables Symbol ] 2Va|ue fevel 3 7 Vz:ari:]a;i;)n
Ratio ¥, =a/A X, 0.1 0.14 0.18 0.22 0.12
Ratio ¥,=b/B X, 0.3 0.35 0.4 0.45 0.15
Material yield strength f;)r joint supports f, X 240 290 340 390 150
(N/mm?) 3
Minimum pin diameter d (mm) X, 210 220 230 240 30

calculated and designed according to the regula-
tions in [7]. Given the optimization problem pa-
rameters as in Table 1, the designed gantry crane
hasx, =¥ =a/A=0.22,x,=¥,=b/B=0.35, x,
=1, =390 N/mm’, x, = d =230 mm.

The optimization problem determines four
design parameters to optimize the multi-objective
relationship between four objective functions:
minimum stress and best fatigue failure criterion.
The constraints (24) are given based on the struc-
ture of the designed gantry joint and common
manufacturing materials.

0.1<x <0.22;Ax, =0.12
0.3<x, <0.45;Ax, =0.15
240 < x, <390; Ax, =150
210 < x, < 240;Ax, =30

where: x, Ax,— the design variables and ranges.

24)

The study uses the L16 orthogonal matrix
according to the Taguchi method for four design
variables and four value levels. Table 2 is the

136

design variables and value levels. Table 3 is the
response value from formulas (10) and (14) of the
orthogonal matrix test.

RESULTS AND DISCUSSION

Research results

In this design, the importance level related to
contact stress and equivalent stress is considered
to have the same role; these values are considered
the maximum value in the stress cycle. In this nu-
merical test, the optimal design weights for these
objective functions are the same a, = a, = a, =
0.3, 2a, = 1, so the weights related to the fatigue
strength criteria should be optimized a, = 0.1. The
scalar conversion parameter a, is determined
based on Table 3:

a,, =max f,(X) =1

a,, =max f,(X) =339
a,, =max f;(X)=975
a,, =max f,(X)=1270

(25)
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Table 3. Orthogonal matrix and response values of objective functions

No X, X, X, X, f.(X) £,(X) £,(X) 7.(X)
1 0.1 0.3 240 210 0.73 248 600 638
2 0.1 0.35 290 220 0.66 223 725 833
3 0.1 0.4 340 230 0.6 202 850 1044
4 0.1 0.45 390 240 0.54 183 974 1270
5 0.14 0.3 290 230 0.65 220 725 652
6 0.14 0.35 240 240 0.59 200 600 1012
7 0.14 0.4 390 210 0.81 275 975 1012
8 0.14 0.45 340 220 0.72 245 850 936
9 0.18 0.3 340 240 0.65 218 850 674
10 0.18 0.35 390 230 0.72 243 975 835
1" 0.18 0.4 240 220 0.8 271 600 550
12 0.18 0.45 290 210 0.9 305 725 704
13 0.22 0.3 390 220 0.88 300 975 700
14 0.22 0.35 340 210 1 339 850 659
15 0.22 0.4 290 240 0.71 240 725 600
16 0.22 0.45 240 230 0.79 267 600 527

Table 4. Objective function design of the weighted sum optimization method
No X, X, X, X, % Z(}ﬁ % % F(X)

1 0.1 0.3 240 210 0.73 0.73 0.615 0.502 0.628

2 0.1 0.35 290 220 0.66 0.66 0.744 0.656 0.683

3 0.1 0.4 340 230 0.6 0.6 0.872 0.822 0.747

4 0.1 0.45 390 240 0.54 0.54 0.999 1 0.816

5 0.14 0.3 290 230 0.65 0.65 0.744 0.513 0.637

6 0.14 0.35 240 240 0.59 0.59 0.615 0.797 0.66

7 0.14 0.4 390 210 0.81 0.81 1 0.797 0.863

8 0.14 0.45 340 220 0.72 0.72 0.872 0.737 0.771

9 0.18 0.3 340 240 0.65 0.64 0.872 0.531 0.679

10 0.18 0.35 390 230 0.72 0.72 1 0.657 0.784
11 0.18 0.4 240 220 0.8 0.8 0.615 0.433 0.634
12 0.18 0.45 290 210 0.9 0.9 0.744 0.554 0.749
13 0.22 0.3 390 220 0.88 0.88 1 0.551 0.819
14 0.22 0.35 340 210 1 1 0.872 0.519 0.817
15 0.22 0.4 290 240 0.71 0.71 0.744 0.472 0.648
16 0.22 0.45 240 230 0.79 0.79 0.615 0.415 0.624

Applying the weights a, and the convergence
parameters a, to calculate the function F(X)ac-
cording to (22) using the orthogonal matrix L16,
we get the calculation results shown in Table 4.

Taguchi analysis with response function F(X)
is performed using Minitab software. The re-
sponse function F(X) has a small value, which is
good. The analysis results according to the S/N
ratio are shown in Figure 5. Table 5 is the result

of response value analysis according to S/N ra-
tio, Table 6 is the result of mean value analysis
according to each level of each variable, Table 7
is the variance analysis of design variables. The
results showed that the most influential factor was
the yield limit of the joint structure material x, =
/, followed by the minimum pin diameter x, = d,
thenx,= ¥, andx, = ¥,. In addition, the regression
analysis results of the F(X) function compared to
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Fig. 5. Main effects plot for SN ratios

Table S. Response table for signal-to-noise ratios

Level X, X, X, X,
1 2.914 3.267 3.925 2.395
2 2.766 2.697 3.376 2.813
3 2.984 2.882 2477 3.164
4 2.837 2.655 1.723 3.129
Delta 0.219 0.611 2.202 0.769
Rank 4 3 1 2

Table 6. Response table for means

Level X, X, X, X,
1 0.7184 0.6905 0.6366 0.7644
2 0.7328 0.7361 0.6794 0.7270
3 0.7117 0.7232 0.7536 0.6981
4 0.7272 0.7402 0.8205 0.7005
Delta 0.0212 0.0497 0.1840 0.0663
Rank 4 3 1 2

x, are shown in Figure 6, and Figure 7 is a graph
representing the relationship £(X), and x,, x,.

For the response function using the weighted
sum method, the regression function determined
by Minitab software is expressed by function
(26). Function (26) will allow to approximate the
function F(X) by an analytical formula.

F(X) =0.720 + 0.013 x; + 0.272 x, +
(26)
+0.001252 x; — 0.002205 x,

The analysis results showed that the best pa-

rameter set was x, = ¥, = 0.18; x, = ¥, = 0.3;
X, =fy = 240 N/mm?; x,=d =230 mm. This
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parameter set gives the largest S/N. The response
values f,(X) = 0.72; f,(X) = 243 N/mm?; f,(X) =
600 N/mm?; f,(X) = 476 N/mm?’ satisfy the con-
straint conditions (21), (27). Table 8 shows other
geometrical parameters of the joint from which
the optimum values were determined.

f,(X)=072<1

f,(X) =243 < 57 = 460N /mm>  (27)

£,(X) =476 < f,(X) = 600N / mm’

DISCUSSION

Combining the weighted sum method and the
Taguchi method for the design of gantry crane
joints has given specific results as reasonable pa-
rameters in Table 8. The higher the mechanical
properties of the joint support material, the more
negative the impact on the objective function.
According to the general rule in single-objective
problems, the large pin diameter will give the
smallest stress; however, if we consider the multi-
objective problem in combination, the above rule
is only true when 210 mm < d <230 mm. All val-
ues obtained are reduced compared to the original
design and increase the safety factor when com-
paring the design variables and response values
before and after optimization (Table 9). The fa-
tigue strength index decreased by 8.9%, increas-
ing the fatigue strength safety factor from 1.26 to
1.39. The maximum equivalent stress of the pin is
reduced by 9%, which increases the safety factor
from 2.58 to 2.84. In particular, contact stresses
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Table 7. Analysis of variance

Source DF Adj SS Adj MS F-Value P-Value
Regression 4 0.091860 0.022965 27.76 0.000
X, 1 0.000005 0.000005 0.01 0.938
X, 1 0.003707 0.003707 4.48 0.058
X, 1 0.078422 0.078422 94.80 0.000
X, 1 0.009726 0.009726 11.76 0.006
Error 11 0.009099 0.000827
Total 15 0.100959
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Table 8. Parameters of the joint structure

No Parameters Value Unit

1 Ratio ¥, =a/A 0.18

2 Ratio ¥,=b/B 0.3

3 Material yield strength for joint supports fy 240 N/mm?

4 Minimum pin diameter d__. 230 mm

5 Contact length a 86 mm

6 Contact length b 84 mm

7 Hole diameter D 233 mm

8 Minimum dimension h for the joint supports of the upper half joint 313 mm

9 Minimum dimension h for the joint supports of the lower half joint 254 mm

10 Minimum dimension e for the joint supports of the upper half joint 237 mm

11 Minimum dimension e for the joint supports of the lower half joint 178 mm
Table 9. Comparison of results before and after optimization

Comparison of stress and fatigue criteria
N/mm? N/mm? N/mm?
Value of initial design options 0.22 0.35 390 230 0.79 267 974 755
Optimal solution value 0.18 0.3 240 230 0.72 243 600 476
Rate change % -18% -14.3% -38% 0% -8.9% -9% -38% -37%
Compare safety factors

nitel parameters and safety 022 | 035 | 390 230 126 | 258 1 129
g’étg’r‘a' parameters and safety | 4g 0.3 240 230 1.39 2.84 1.62 2

are reduced by 37% and 38%. In case the joint
support structures have materials with a yield
limit of 390 N/mm?, the safety factor at the con-
tact section is 1.62, and the safety factor at the
contact section increases from 1.29 to 2.

Solving multi-objective problems is com-
plicated. The combination of the weighted sum
method and the Taguchi method in this study, as
shown in Figure 4, has achieved the desired results.
The Taguchi method has the advantage of being
simple, but it is difficult to solve multi-objective
problems. The weighted sum method solves the
multi-objective optimization problem by combin-
ing multiple objective functions by adding them
together, along with the importance weights for
each function. This combination allows for the
promotion of the effectiveness and advantages of
each method. It allows for the expansion of the
survey and can evaluate the influence of each ob-
jective function on design parameters in different
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technical conditions. Combining these two meth-
ods not only solves problems in engineering but
can also solve many problems in different fields.

CONCLUSIONS

The article has studied the reasonable design
calculation of the connection between the gantry
crane legs and the beam to improve safety, ser-
vice life, and reliability. Based on analysis and in-
heritance of related studies, the paper presents the
basis of joint design and a multi-objective optimi-
zation problem model. The optimization method
is a combination of the Taguchi method and the
weighted sum method. This is a new idea suitable
for solving a multi-objective optimization prob-
lem applied to this joint engineering design.

The experimental problem model has four
design variables and four value levels. The study
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uses the orthogonal matrix L16 of the Taguchi
method to calculate the response values for each
objective function. Applying the sum-of-num-
bers method, the study chooses the weight of
the objective function of equivalent stress and
contact stress as 0.3, and the criterion of fatigue
strength as 0.1, thus transforming the multi-ob-
jective problem into a single-objective problem.
The study used Minitab software to evaluate the
influence of parameters on the objective func-
tion, determine the regression function, and ana-
lyze variance. The results found the optimal set
of parameters. The test results of the new set of
parameters were smaller than the original design
parameters, but the safety factors for equivalent
stress, contact stress, and fatigue failure criteria
were higher. Specifically, the fatigue criterion
decreased by 8.9%, and the fatigue safety fac-
tor increased from 1.36 to 1.39; the equivalent
stress decreased by 9%, and the safety factor in-
creased from 2.58 to 2.84; the contact stress de-
creased by 37%, and the safety factor increased
from 1.29 to 2.

The combination of the weighted sum method
and the Taguchi method allows for the promotion
of the effectiveness and advantages of each meth-
od. The combination of the two methods not only
solves problems in engineering but can also solve
many problems in different fields.
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