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Abstract The present study explores the trajectory opti-
mization of a double-rocker four-bar mechanism to mini-
mize the amplitude of its trajectory. A numerical model of
the levelluffing crane (LLC) is first developed to describe
the trajectory mechanism, and the optimal trajectory is then
identified after selecting dominant design variables in the
context of design of experiments. The numerical optimiza-
tion solution obtained is compared with measured data. The
optimized trajectory design is then applied to the strength-
based deterministic optimization (DO) to minimize the
weight of a double-rocker structure under the constraints of
stress and deflection. To carry out approximate optimiza-
tion, a response surface method based on a second-order
polynomial is used. Due to the existence of design uncer-
tainties in an actual environment, reliability based design
optimization (RBDO) is explored to assess the probabili-
ties of failure in stress and deflection. For the design safety,
DO and RBDO solutions are evaluated under severe loading
conditions.

Keywords Double-rocker · Level-luffing crane ·
Trajectory mechanism · Design of experiments · Response
surface method · Deterministic optimization · Reliability
based design optimization

1 Introduction

This paper discusses a method to optimize the trajectory
of a double-rocker four-bar mechanism in its application
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of the level-luffing crane (LLC). First, a numerical model
(Cabrera et al. 2002; Acharyya and Mandal 2009) is devel-
oped to determine the trajectory. For the structural aspects
in the curved trajectory of a double-rocker, its vertical
amplitude should be as small as possible with satisfying
the tolerance range over the horizontal moving distance
between vessel and port. Second, the optimal curved trajec-
tory should be identified by considering both the moving
distance and amplitude of trajectory. The aim is to deter-
mine the actual model on the basis of the length of each
link obtained through kinematic optimization. Afterwards,
the model is applied to the level-luffing crane, a type of
harbor equipment used for loading and unloading portage
between the vessel and the ground, as shown in Fig. 1 (a)
shows how the equipment has been operated for more than
20 years since its installation at the Mokpo Coal Quay,
Jeonnam, Korea 2013. The LLC specifications include a
rated capacity of 10 ton, a total weight of 350 ton, a height
of 35 m, a maximum operating radius of 38 m, and a mini-
mum operating radius of 14 m. Fig. 1(b) is a computer-aided
drawing of the equipment, including the name of each part.
The study of this equipment may be divided into a study of
the composition of the links and a structural evaluation.

The composition of this double-link equipment has been
described in previous studies (Moon et al. 2009; Hur et al.
2011), with changes in the link composition analyzed in
terms of changes in the parameters that describe the design
of the LLC equipment. Next, fatigue analysis and evalua-
tion of the design’s reliability (Xie et al. 2010) as well as its
structural soundness (Kim et al. 2008) have been assessed
in structure-related studies. In the fatigue analysis, first the
design cycle spectrum is calculated, and then the stress
spectrum of the structural block is evaluated using the load
combination of fatigue in each cycle territory. The remain-
ing life of the structure has been predicted by calculating
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Fig. 1 Structure of level luffing
crane

(a) General view of level luffing crane [3]

(b) Computer-aided drawing model

the damage from accumulated fatigue using the reservoir or
rainflow method (Baek et al. 2008). In addition, the reliabil-
ity calculation of the crane has been performed by counting
the number of fatigue defects found after a non-destructive
inspection.

In the present study, dominant design variables to be
used in the structural size optimization are extracted via

an orthogonal-array-based sensitivity analysis. Response
surface models are first established using a central compos-
ite design (CCD) in the context of design of experiments
(DOE). An approximate deterministic optimization (DO)
solution is obtained using such response surface method
based on a second-order polynomial. Further, to accommo-
date uncertainties in the design, such as material properties,
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dimensional tolerance, and external loading conditions,
reliability based design optimization (RBDO) is conducted
to assess the probability of failure in terms of stress and
defection constraints. Optimal design solutions calculated
from DO and RBDO are compared, including an evalua-
tion of the DO and RBDO solutions under severe loading
conditions.

2 LLC mechanism analysis

Herein the trajectory motion is considered of the four-bar
planar structure that describes the operation of the LLC.
All the geometric magnitudes of a four-bar mechanism are
shown in Fig. 2. A positional analysis of the four-bar mech-
anism can be performed using the closed equations shown
below.

r2 sin θ2 + r3 sin θ3 = r4 sin θ4 (1)

r2 cos θ2 + r3 cos θ3 = r1 + r4 cos θ4 (2)

The unknowns in (1) and (2) are θ3 and θ4, which can be cal-
culated from an input angle θ2 and Freudenstein’s equation.
Then, the coupler coordinates (CXr, CYr) can be expressed
as in (3) and (4) on the basis of the reference coordinate of
Fig. 2:

CXr = r2 cos θ2 + rx cos θ3 − ry sin θ3 (3)

CYr = r2 sin θ2 + rx sin θ3 + ry cos θ3 (4)

As just mentioned, the value of θ3can be calculated from an
input angle θ2and Freudenstein’s equation:

θ3 = 2 tan−1

(
−E ± √

E2 − 4DF

2D

)
(5)

D = cos θ2 − k1 + k4 cos θ2 + k5 (6)
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Fig. 2 Four-bar mechanism of double-rocker

E = −2 sin θ2 (7)

F = k1 + (k4 − 1) cos θ2 + k5, (8)
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4 −r2

1 −r2
2 −r2

3
2r2r3

.
Next, the position of the target point based on the ref-

erence coordinate system is given as follows; θC can be
obtained by using the law of cosines:

TXr = CXr + r5 cos(θ3 + θC) (9)

TYr = CYr + r5 sin(θ3 + θC) (10)

θC = cos−1 r2
x + r2

5 − r2
y

2 × rx × r5
(11)

Thus, the position of target point T , if the translational
motion and the rotational motion are added on the basis of
the world coordinate system, is defined as:

∣∣∣∣ Tx

Ty
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13, 200
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(12)

Now, the trajectory as a function of the path generation of
the target point in (12) is to be prescribed. The planar mech-
anism of the double-rocker has a two-dimensional motion
undergoing both translation and rotation as shown in Fig. 2.
The double-rocker rotates 68 deg clock-wise to create 292
(= 360-68) deg; the position of yo is translated 13,200 mm
in the y-direction and does not move in the x-direction,
which is described as a vector of [0, 13,200]T in (12). In the
present study, a total of seven links, denoted r1˜r5, rx , and
ry are used to prescribe the trajectory mechanism with θ2 as
an input angle. The initial baseline values used herein are
r1 = 14,200 mm, r2 = 23,000 mm, r3 = 6300 mm, r4 =
27,400 mm, r5 = 13,200 mm, rx = 5900, ry = 1500 m,
based on the real LLC structure and input angles ranging
from 92 to 128◦. The trajectory path using these values is
shown in Fig. 3, and the results of the path generation are
listed in Table 1.

3 LLC trajectory design

3.1 Design sensitivity

The purpose of the LLC trajectory optimization is to mini-
mize the range in the vertical amplitude of a linkage. Seven
links (r1 ∼ r5, rxry) are necessary to generate the trajec-
tory. These links become the design variables, and out of
these, r1 is established as the ground. Therefore, there are
effectively six variables (r2 ∼ r5, rxry) to be used in
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designing the trajectory. The present study further conducts
the DOE based sensitivity analysis to extract more domi-
nant design variable from initial six design candidates. The
design level is established in Table 2, and orthogonal array
data results are given in Table 3. The factor effects of anal-
ysis of means (ANOM) based sensitivity analysis (Lee and
Kwon 2013) are shown in Fig. 4, wherein two parameters
of r5 and rx has relatively less influence on the moving dis-
tance and the amplitude of trajectory; thus, these variables
were excluded from further consideration, and the optimiza-
tion was carried out using the remaining four variables,
r2 ∼ r4 and ry .

4 Formulation of trajectory optimization

The objectives of this study are to reduce the amplitude of
the trajectory and to optimize the length of the links of the
four-bar linkage As the ‘amplitude in the y-direction’ (i.e.,
the vertical distance) of a LLC mechanism gets increased,
the repeated loading to a structure becomes more cumu-
lative and the operating time is increased as well. In this
consequence, the vertical amplitude of the trajectory is to
be minimized in the present study. The objective func-
tion and design constraints for length optimization are as
follows:

Minimize Amplitude in y-direction (13)

Subject to 35, 798 mm ≤ x-direction ≤ 40, 398 mm for loading to vessel (14-1)

13, 759mm ≤ x-direction ≤ 15, 759mm for unloading from port (14-2)

22, 500 ≤ r2 ≤ 23, 500, 6, 100 ≤ r3 ≤ 6, 500(unit: mm)
26, 800 ≤ r4 ≤ 27, 800, 1, 300 ≤ ry ≤ 1, 700

The LLC structure is moving based on the double-
rocker mechanism and its trajectory is generated according
to an input angle. The objective function in the trajec-
tory optimization is the vertical amplitude during the
loading/unloading trajectory between vessel and port.
Constraint conditions of (14-1) and (14-2) are allowable
positions for the loading to vessel and the unloading from
port as shown in Fig. 1 (b). As mentioned before, the initial
design has r2 = 23,000 mm, r3 = 6300 mm, r4 = 27400
mm, and ry = 1500 mm. The trajectory including three

Fig. 3 Target point trajectory: an initial design

important points is shown in Fig. 5; in addition to the mov-

the y-direction as shown in Fig. 5. Here, the three points
A, B and C correspond to the loading point, the highest
point between loading and unloading, and the unloading
point, respectively. The point A corresponds to the load-
ing/unloading position at the vessel. Since the vessel can
be movable due to the wave, it is possible for the point A
to move to the right and upward. Movement to the left and
right from the bottom is possible because this is the position
to load and unload to the ground at point C. The tolerance
range has been selected to be from 2,300 to +2,300 mm for
loading to the vessel and -1,000 to +1,000 mm for unload-
ing from the port. Also, movements to left right and down
are possible from point B.

The trajectory optimization is conducted via full facto-
rial design (FFD) based kinematic analysis such that design
variable values are selected as r2 = (22500, 23000, 23500),
r3 = (6100, 6300, 6500), r4 = (26800, 27400, 27800),
ry = (1300, 1500, 1700) as shown in Table 2. That is, this
is a FFD with four-factor and three-level resulting in a total
of 34 = 81 evaluations. An optimal solution is finally iden-
tified as the objective function value is minimized under
constraint conditions satisfied.

ing distance (x-distance) of the trajectory, the constraints on
the movement points A and C are presented in the figure.
In the Cartesian coordinate system, the trajectory curve is
created according to an input angle of the double-rocker
mechanism. The moving distance is the horizontal range
between points A and C in the x-direction, and the ampli-
tude is the vertical distance between points A and B in
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Table 1 Result of target point trajectory

Classification Min. (mm) Max. (mm) Max – Min (mm)

Moving distance (x) 14,758.8 38,098.2 23,339.4

Amplitude (y) 13,607.2 14,768.1 1,160.9

Table 2 Trajectory design parameters: factors and levels

Level r2 r3 r4 r6 rx ry

0 22,500 6,100 26,800 12,700 5,700 1,300

1 23,000 6,300 27,400 13,200 5,900 1,500

2 23,500 6,500 27,800 13,800 6,100 1,700

Table 3 Orthogonal array data for trajectory design

Run r2 r3 r4 r6 rx ry Moving distance (X-dir. mm) Amplitude (Y-dir. mm) Gradient (dy/dx)

Max Min Max-Min Max Min Max-Min Max Min

1 0 0 0 0 0 0 36,609 15,791 20,818 14,146 13,065 1,081 0.057 –0.124

2 0 0 1 1 1 1 38,316 14,622 23,694 15,259 14,211 1,048 0.126 –0.067

3 0 0 2 2 2 2 39,723 15,379 24,344 16,197 14,334 1,862 0.209 –0.017

4 0 1 0 0 2 2 37,441 15,218 22,224 14,555 13,572 983 0.108 –0.127

5 0 1 1 1 0 0 37,860 12,113 25,747 15,494 14,395 1,099 0.112 –0.126

6 0 1 2 2 1 1 39,295 13,809 25,486 16,168 14,667 1,501 0.174 –0.075

7 0 2 0 0 1 1 36,998 15,675 21,323 14,883 13,263 1,620 0.094 –0.189

8 0 2 1 1 2 2 38,628 15,098 23,530 16,012 14,876 1,136 0.167 –0.132

9 0 2 2 2 0 0 38,846 12,196 26,649 16,359 14,999 1,360 0.164 –0.133

10 1 1 0 1 1 2 37,537 17,585 19,952 13,592 12,508 1,084 0.077 –0.141

11 1 1 1 2 2 0 38,386 14,113 24,273 13,730 12,575 1,156 0.066 –0.125

12 1 1 2 0 0 1 38,065 14,569 23,496 16,412 15,144 1,268 0.128 –0.148

13 1 2 0 1 0 1 37,087 15,465 21,622 13,964 12,251 1,713 0.065 –0.205

14 1 2 1 2 1 2 38,929 16,534 22,396 14,944 13,805 1,139 0.133 –0.141

15 1 2 2 0 2 0 37,958 11,948 26,010 15,997 14,103 1,894 0.100 –0.193

16 1 0 0 1 2 0 36,870 15,631 21,239 12,541 11,316 1,225 0.013 –0.129

17 1 0 1 2 0 1 38,565 16,597 21,967 14,179 13,511 668 0.096 –0.076

18 1 0 2 0 1 2 38,499 16,357 22,142 16,149 15,210 939 0.138 –0.086

19 2 2 0 2 2 1 37,336 14,886 22,451 12,247 10,451 1,796 0.018 –0.204

20 2 2 1 0 0 2 37,664 15,849 21,815 15,314 13,515 1,799 0.094 –0.224

21 2 2 2 1 1 0 38,071 13,998 24,073 15,072 13,033 2,039 0.066 –0.209

22 2 0 0 2 1 0 36,802 16,104 20,697 11,665 10,166 1,499 -0.015 –0.142

23 2 0 1 0 2 1 37,501 16,022 21,479 13,841 12,597 1,244 0.037 –0.140

24 2 0 2 1 0 2 38,706 16,019 22,687 15,152 14,316 836 0.108 –0.098

25 2 1 0 2 0 2 37,625 18,115 19,510 12,547 11,403 1,143 0.050 –0.152

26 2 1 1 0 1 0 37,038 16,196 20,843 14,265 12,327 1,938 0.024 –0.201

27 2 1 2 1 2 1 38,543 16,102 22,441 14,710 13,377 1,333 0.078 –0.148
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(a) Max in x-direction

(b) Min in x-direction

(c) Amplitude

Fig. 4 Sensitivity analysis for trajectory optimization

4.1 Results of trajectory Optimization

When optimizing the length of the link to reduce the ampli-
tude of the trajectory while satisfying the constraints on
the range of the moving distance, the objective function
value should become smaller than the standard length for
trajectory generation because the stress and the deflection
increases later when the structural analysis is implemented
on the basis of this length Therefore, if the length of r2

were decreased while holding the remaining three variables
at their baseline values, the trajectory would move upward.
Conversely, decreasing the lengths r3, r4, and ry as much

B

A

C

Fig. 5 Target point trajectory and moving constraints of points
A, B, C

as possible moves the whole trajectory to the bottom. Here,
ry has been excluded as a design variable because its basic
length is small; also, the choice between r2 and r4 is arbi-
trary because reducing both these lengths simultaneously
has no effect on the trajectory. Accordingly, r2 and r3 have
been selected as the final design variables. Reducing the
length of r2 and r3 to optimize the length of the symmet-
ric parabola while staying within the constraints imposed on
points A and C yields the values r2 = 22,875 mm and r3 =
6165 mm. The graph is shown in Fig. 6 and the resulting
values are listed in Table 4. As a result of the optimiza-
tion, the values are in the error range (min: 3.18 %, max:
0.2 %) of the target point viewed from the side of the mov-

Fig. 6 Results of curve. (o): initial; (*): optimal
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Table 4 Comparison of initial, optimal and measured results

r2 r3 r4 ry Moving distance (mm) Amplitude (mm) Rotation angle (deg)

Min Max Max-Min Min Max Max-Min

Initial 23,000 6,300 27,400 1,500 14,758.8 38,098.2 23,339.4 13,607.2 14,768.1 1,160.9 92 ∼ 128

Optimal 22,875 6,165 27,400 1,500 14,289.3 38,174.0 23,884.7 13,928.9 14,733.1 804.2 92 ∼ 128

Measured 22,875 6,165 27,400 1,500 14,246.1 38,131.6 23,885.5 13,754.7 14,533.9 779.2 92 ∼ 128

ing distance compared with the existing fourbar mechanism
structure. The final amplitude (804 mm) decreases by nearly
31 % from the baseline amplitude (1161 mm) according
to the kinematic movement. This optimization result could
be advantageous when it is applied to the actual structure.
The shipment location of a vessel may either decrease or
increase due to external factors (waves, the position of the
vessel’s berth, etc.) when the portage is loaded and unloaded
using the real structure (i.e., the LLC). This locational tol-
erance can be satisfied if the moving distance increases In
addition, if the amplitude decreases as the length of each
link decreases, then the length of optimized link becomes
significant in this situation since the deflection and stress
decrease for the same load. Strengthbased size optimization
based on the result of this trajectory optimization will be
discussed after the numerical optimization result in the tra-
jectory design is compared with actual LLC measurement
in the next section.

Methods by E. J. Haug, et al. [10-12] have conducted
position, velocity and acceleration analysis using the kine-
matic equations (i.e., cost function). Once the constraint
function is provided, the optimal solution can be obtained
through a traditional nonlinear programming. Also, the
variation of state variables is available via the sensitiv-
ity analysis. While such mathematical process has an
advantage of the integrated kinematic analysis, design and
optimization, it requires the difficulty in formulating and

solving differential-algebraic equations. Instead the present
study identifies an optimized trajectory design simply using
orthogonal array data, ANOM based sensitivity analysis and
additional 81 function evaluations of full factorial design,
without depending on complex differential-algebraic
equations.

4.2 Verification with real model measurement

In this section, the trajectory design solution obtained from
the numerical mechanism analysis and optimization pro-
cess is compared to the trajectory of the LLC to which the
actual length of link has been applied The actual model is
the LLC equipment installed and used at the Mokpo port
in Korea, and the length of the optimized link is applied
and installed in the fly jib, back stay, and main jib sec-
tions In the trajectory test, a three-dimensional light wave
instrument GPT-7502 2011 is used to measure the LLC
trajectory under unloading operating conditions. The value
of the coordinate transformation is measured based on the
angular change by establishing the center of the lower hinge
pin of the main jib as the starting point and establishing the
target at the center of hinge pin of the end point of the end
jib as shown in Fig. 7 The test model for the measurement
is the same as the actual LLC depicted in Fig. 1 a. The mea-
surement interval of the end point is a 5 deg input angle. The
numerical trajectory optimization result is compared with

Fig. 7 Three-dimensional
coordinate positions for
measurement

(a)  measured position (b) detail of target point

global (0, 0)

target point

X

Y
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Fig. 8 Results of curve. (o): optimal; (*): measured

measured data by using the target point value obtained from
the three-dimensional light wave instrument. The graph of
the numerical optimization result and its test measurement
is shown in Fig. 8, and the data are listed in Table 4. The dif-
ference between the optimized and actual measured values
of the length is only 42.4 mm (= 38174.0 mm – 38131.6
mm) for the maximum moving distance and 199.2 mm
for the amplitude Such deviation appears high due to the
deflection by the dead load; as identified in finite element
analysis, the pure deflection by the dead load is 176.4 mm.
Despite this difference between the measured value and the
numerical optimization result, it may be understood that the
configuration of two trajectory results is similar.

4.3 Design process

To implement actual loading conditions, finiteelementbased
structural modeling and analysis is conducted to evaluate

stress and deflection of the LLC structure both when it is
in service and out of service. Then, the DO is formulated
such that the weight of the LLC structure is minimized sub-
jected to inequality constraints on structural strength such
as von Mises stress and deflection. Prior to this size opti-
mization, a design sensitivity analysis is employed to extract
the dominant design variables from candidate design vari-
ables. In the numerical optimization process, to carry out
approximate optimization, a response surface method based
on a second-order polynomial is used. Further, because of
the design uncertainties present in an actual environment,
reliability based design optimization (RBDO) is explored to
assess the probability of failure in terms of stress and deflec-
tion. Finally, the solutions obtained by using DO and RBDO
are evaluated under severe loading conditions to examine
their design safety.

4.4 Loading conditions

The load acting on the LLC may be classified into two main
types First, there is a lifting load and a horizontal load on
the LLC when it loads and unloads the portage (the sand,
the iron mineral, etc.), moving it between the vessel and the
ground. Second, there are external forces such as wind load
and seismic load that do not originate from the basic loading
and unloading processes International standards concerning
the application of wind load and earthquake load are applied
herein Here, the codes JIS B 8821 2004 and BS 2573 1983
are observed, and various loads are determined as shown in
(15) through (19):

Self − weight = 1.0 × (acceleration of gravity) (15)

Lif ting load = 10ton (16)

Level luff ing load = β × (lif ting load) (17)

Wind load = Fw = γ × A × q × Cf × φ(n−1) (18)

Table 5 Comparison of initial, optimal and measured results

Load In service Out of service

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Self-weight 1 1 1 1 1 1

Lifting 1 1 – – – –

Level luffing motion 1 1 – – – –

Wind (v=25m/s, x-dir.) 1 – – – – –

Wind (v=25m/s, z-dir.) – 1 – – – –

Wind (v=60m/s, x-dir.) – – 1 – – –

Wind (v=60m/s, z-dir.) – – – 1 – –

Seismic (x-dir.) – – – – 1 –

Seismic (z-dir.) – – – – – 1



Structural design of a level-luffing crane 523

Fig. 9 structural models for
in-service and out of-service

(a) In service (b) Out of service

Main jib rotation

where β = 0.01
√

V (where, V = 20 meter/minute), Fw is
the wind load, γ is a factor related to the design application
of the calculated wind load (for structural calculation, γ =
1.0), A is the effective frontal area, qis the wind pressure
corresponding to the appropriate design condition, Cf is the
force coefficient in the direction of the wind, and φ is a
shielding factor that is determined by the solidity ratio of
the front frame and the spacing ratio. Also, the load com-
bination conditions for each individual load are listed in
Table 5.

Seismic load = 0.2 × (self weight) (19)

Based on the provisions of the Korean Harbor Act and the
international codes (JIS and BS), the load combination con-
ditions listed in Table 5 are classified as either in service or
out of service. The wind load is separated in the X and Z
directions because the area acting on the wind power varies
according to direction, thereby causing the wind load to
vary with direction The seismic momentum force is also
accounted for in terms of the X and Z directions because the
applied load differs with direction. The value of 1 in Table 5
is the scaling factor The worst case load is varied according
the coordinate system. The present study conducts the struc-
tural analysis and design based on KS (Korea Standard),
JIS (Japan Industrial Standard) and BS (British Standard).

Fig. 10 Analysis result of von
Mises stress for in-service

Max. von Mises stress
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Max. deflection

Fig. 11 Analysis result of deflection for in-service

Such standards recommend applying the same value(s) of
the worst caseload.

5 Strengthbased LLC design

5.1 Structural modeling and analysis

The finite element method (FEM) program used for the
structural analysis is STAAD.PRO (STAAD.PRO 2004),
which has been developed for the structural analysis of
harbor equipment such as steel structures and cranes.
This program is widely used in many countries for struc-
tural analysis. The beam configuration modeling applied
to implement the structural analysis and the configurations
for in-service and out-of-service conditions are shown in

Fig. 9. Implementing the structural analysis, including the
classification of in service or out of service according to the
load combination conditions, results in the maximum stress
shown in Fig. 10, and the maximum deflection shown in
Fig. 11; the data resulting from final analysis are listed in
Table 6. The moving mechanism of a LLC structure con-
sists of main jib, back stay and fly jib as shown in Fig. 1(b).
The main jib supports the LLC structure. The back stay
that is connected with the fly jib allows the fly jib to move
via motor rotation. The fly jib unloads the portage at the
specified position such as vessel and/or port (ground). In
the structural analysis result for each of load cases, stress
and deflection are found to be maximized when the luffing
angle is at its maximum; Case 2 has the maximum stress
and Case 1 has the maximum deflection. Accordingly, the
optimization is implemented under these two cases (i.e.,

Table 6 Summary of FEA result for each load case

Load case Location Stress (N/mm2) Location Deflection (mm)

Case 1 Main jib 130.667 Main jib 208

Case 2 Main jib 134.457 Main jib 204

Case 3 Main jib 96.915 Back stay 36

Case 4 Fly jib 114.116 Back stay 7

Case 5 Fly jib 32.711 Main jib 29

Case 6 Fly jib 59.868 Back stay 7
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C
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Fig. 12 Positions of three cross-sections

Case 1 and Case 2) to accommodate the risks in this design
environment.

5.2 Formulation of strength-based optimization

The design variables are established for the cross section for
the double-rocker structure; the designated position of the
cross section and a detailed drawing are shown in Figs. 12
and 13 respectively Therefore, the total number of design
variables for each becomes eight If the weight of the struc-
tural section of the double-rocker configuration increases in
all LLC models, the weight of the counterweight will also
increase.

Therefore, the stress and deflection are established as the
constraints by designating the minimization of weight as an
objective function

Minimize W(xi) i = 1, 2, 3, ......, 8 (20)

Subject to g1(xi)=von Mises stress−180 N/mm2 ≤0

(21)

g2(xi)=def lection−
(

span

500
= 27, 400mm

500
=54.8mm

)
≤0

1, 823≤x1 ≤1, 863, 1, 747≤x2 ≤1, 787(unit : mm)

11.0 ≤ x3 ≤ 13.0, 498.0 ≤ x4 ≤ 518.0

8.0 ≤ x5 ≤ 10.0, 380.0 ≤ x6 ≤ 400.0

556.0 ≤ x7 ≤ 576.0, 7.0 ≤ x8 ≤ 9.0 (22)

The amount of deflection in (22) is the constraint on
the applied external load excluding the dead load of the
structure. The dead load (i.e., self-weight) is considered
during the structural analysis as shown Table 5. However,
the dead load is not included in the deflection constraint
in order to accommodate only the elastic behavior of LLC
structure. That is, the present study does not consider the
plastic behavior due to both applied loading and dead
weight. Since the amount of deflection of the main jib is
the highest in the doublerocker structure the main jib is
employed for the deflection constraint. Here, the applied
span of the main jib is 27,000 mm. The values of deflec-
tion are classified as the total deflection, the dead load and
the external load. The dead load is related to the amount of
deflection by the pure dead load, the external load is related
to the amount of deflection by the load excluding the dead
load and the total deflection is associated with the sum of
these two weights.

5.3 Sensitivity analysis

The calculation time increases when the optimization uses
all eight design variables, but it can be decreased by select-
ing more significant design variables based on DOE based
ANOM as used in the trajectory optimization. The level
and factor for design of experiments (DOE) are shown in

(a) section A-A(main jib) (b) section B-B(back stay) (c) section C-C(fly jib)

Fig. 13 Thickness dimensions of each cross section
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Table 7 Structural design variables: factors and levels

Level x1 x2 x3 x4 x5 x6 x7 x8

1823 1747 11 498 8 380 556 7

1 1843 1767 12 508 9 390 566 8

2 1863 1787 13 518 10 400 576 9

Table 7, and the corresponding FEM results of von Mises
stress and deflection using an orthogonal array are listed
in Table 8. The ANOM used to determine sensitivity is
based on the table of orthogonal arrays and the result of
the structural analysis, as shown in Fig. 14. Thus, x3 and
x8are selected as the final design variables. x1 and x2are
also selected because section A-A(main jib) is the most
important section supporting the entire load of the LLC’s
doublerocker structure. Therefore, from the total of eight

candidate design variables, the four variables x1, x2, x3, and
x8 are selected as the actual design variables to be studied

5.4 Deterministic optimization

The response surface meta-models (Myers and Montgomery
2009) have been generated using the CCD (Sacks et al.
1989) to find the approximate optimal solution(s). In this
study, the second-order regression model is used as the

Table 8 Orthogonal array data for structural design

Run x1 x2 x3 x4 x5 x6 x7 x8 Weight Stress Total deflection

Ton N/mm2 mm

1 0 0 0 0 0 0 0 0 60.274 131.853 201

2 0 0 1 1 1 1 1 1 63.929 130.448 213

3 0 0 2 2 2 2 2 2 67.644 129.457 225

4 0 1 0 0 1 2 2 2 64.257 143.928 221

5 0 1 1 1 2 0 0 0 62.138 124.02 203

6 0 1 2 2 0 1 1 1 65.803 121.072 212

7 0 2 0 0 2 1 1 1 62.397 136.716 211

8 0 2 1 1 0 2 2 2 66.131 132.627 220

9 0 2 2 2 1 0 0 0 64.023 115.227 203

10 1 0 0 1 0 0 1 2 63.789 142.365 219

11 1 0 1 2 1 1 2 0 62.503 125.056 205

12 1 0 2 0 2 2 0 1 65.803 122.815 215

13 1 1 0 1 1 2 0 1 62.397 136.684 211

14 1 1 1 2 2 0 1 2 65.664 133.529 221

15 1 1 2 0 0 1 2 0 64.387 115.802 205

16 1 2 0 1 2 1 2 0 60.961 131.019 203

17 1 2 1 2 0 2 0 1 64.281 126.063 210

18 1 2 2 0 1 0 1 2 67.557 123.480 220

19 2 0 0 2 0 0 2 1 62.397 136.629 211

20 2 0 1 0 1 1 0 2 65.664 133.086 220

21 2 0 2 1 2 2 1 0 64.387 117.893 208

22 2 1 0 2 1 2 1 0 60.961 130.929 203

23 2 1 1 0 2 0 2 1 64.281 127.888 213

24 2 1 2 1 0 1 0 2 67.557 123.485 220

25 2 2 0 2 2 1 0 2 64.111 140.012 219

26 2 2 1 0 0 2 1 0 62.855 120.479 202

27 2 2 2 1 1 0 2 1 66.184 118.763 213
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model of the response surface The objective function and
constrained function values obtained by the CCD and cor-
responding to four design variables are listed in Table 9.
Response surface models can be obtained for the weight, the
stress and the amount of deflection using (23) through (25)
as follows:

Wweight = 1.3720E−6 + 1.6025E−2x1 + 1.6401E−2x2

+4.5552E−2x3 + 1.6998x8 − 3.7881E−6x2
1

−4.0271E−6x2
2 −2.4074E−3x2

3 −4.7789E−3x2
8

−1.1203E−6x1x2 + 4.8901E−4x1x3

−9.4107E−6x1x8 + 4.8296E−4x2x3

−3.0303E−6x2x8 + 1.1677E−4x3x8 (23)

gstress = 3.3760E−5 + 2.8586E−1x1 + 1.3875E−1x2

−33.840x3 + 20.592x8 − 8.9868E−5x2
1

−6.3684E−5x2
2 + 6.3124E−1x2

3

−4.5056E−2x2
8 − 1.0290E−5x1x2

+3.0552E−3x1x3 − 2.0997E−3x1x8

+4.7913E−3x2x3 − 3.5027E−3x2x8

−4.0539E−1x3x8 (24)

gdef lection = 3.2127E−5 + 2.7376E−1x1 − 1.6373E−2x2

−16.005x3 + 17.889x8 − 6.8596E−5x2
1

−4.3748E−6x2
2 + 2.3094E−1x2

3

−4.3978E−2x2
8 − 2.5244E−5x1x2

+2.0765E−3x1x3 − 3.8651E−4x1x8

+5.2061E−3x2x3 − 3.5085E−3x2x8

−1.8144E−1x3x8 (25)

Regarding the accuracy of these approximate metamod-
els, R2 values are higher than 99.0% for all three metamod-
els. The optimization with (20) through (22) using 8 design
variables is now replaced by an approximate optimization
with (23) through (25) using 4 design variables of x1, x2, x3,
and x8. A method of feasible direction (MFD) (Vanderplaats
1084) has been employed as a gradient based optimizer. The
final results are listed in Table 10. It can be seen that the
response surface based approximate deterministic optimal
solution and its corresponding FEM solution quite similar
when the resulting values are compared.

5.5 Reliability based design optimization

The objective in this study is to minimize the weight while
satisfying the constraints on stress and deflection of the

) von Mises stress

(a) Weight

(b

(c) Deflection

Fig. 14 Sensitivity analysis for structural optimization

doublerocker structure. However, because there are inher-
ently uncertain parameters (e.g., material properties, dimen-
sional tolerance, and external loads), reliability based design
optimization can be used to determine the reliability by
regarding these factors as the probability that a design
variable is applied. A method of RBDO seeks the value
of the optimal design that satisfies either the reliability
index approach (RIA) or the performance measure approach
(PMA) [20-22] depending on the analysis technique used
Here, the PMA method is applied; it is excellent in terms of
calculation speed and convergence.
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Table 9 Central composite design data

Run x1 x2 x3 x8 Weight Stress Deflection (mm)

Ton N/mm2 Dead load External load Total

1 1823 1787 13 9 67.138 127.507 182.2 38.0 220.2

2 1863 1747 13 9 67.138 128.775 186.4 35.5 221.9

3 1863 1787 11 9 63.867 141.866 183.2 34.8 218.0

4 1863 1787 13 7 64.189 116.924 173.4 31.1 204.5

5 1823 1747 13 9 66.884 130.5 186.4 35.5 221.9

6 1823 1787 11 9 63.651 143.803 183.3 34.9 218.2

7 1823 1787 13 7 63.933 118.452 173.4 31.1 204.5

8 1863 1747 11 9 63.651 145.218 184.7 35.4 220.1

9 1863 1747 13 7 63.934 119.616 174.4 31.5 205.9

10 1863 1787 11 7 60.663 131.371 170.9 30.7 201.6

11 1823 1747 11 9 63.436 147.214 184.8 35.5 220.3

12 1823 1747 13 7 63.679 121.19 174.4 31.5 205.9

13 1823 1787 11 7 60.447 133.136 170.9 30.8 201.7

14 1863 1747 11 7 60.447 134.43 172.1 31.3 203.4

15 1823 1747 11 7 60.232 136.248 172.2 31.4 203.6

16 1863 1787 13 9 67.393 125.833 185.3 34.9 220.2

17 1883 1767 12 8 64.032 129.002 178.6 33.1 211.7

18 1843 1807 12 8 64.032 127.761 177.5 32.6 210.1

19 1843 1767 14 8 67.279 117.483 181.4 33.5 214.9

20 1843 1767 12 10 66.987 140.52 190.8 37.0 227.8

21 1803 1767 12 8 63.563 132.486 178.7 33.1 211.8

22 1843 1727 12 8 63.562 133.805 179.9 33.7 213.6

23 1843 1767 10 8 60.306 149.272 177.4 33.2 210.6

24 1843 1767 12 6 60.579 120.824 166.4 29.1 195.5

25 1843 1767 12 8 63.797 130.715 178.6 33.1 211.7

The present study employs second-order polynomials
as response surface models. It is practically effective to
reduce the number of design variables and use RSM based
approximate optimization in the industrial application prob-
lem. The weakness of this response surface method based
approximate RBDO is such that once the original engi-
neering design problem is highly nonlinear, it is likely for
the second-order polynomial based RSM to result in the
premature convergence on the optimized solution and to
miscalculate the most probable point (MPP) during the
RBDO process.

The mathematical statement of RBDO problem is now
written as follows:

Minimize W(Xi)i = 1, 2, 3, 8 (26)

Subject to P [(G1(Xi)=g1)≤0]≥ Reliability of 97.7%

(27)

P [(G2(Xi) = g2) ≤ 0] ≥ Reliability of 97.7%

(28)

XL
i ≤ Xi ≤ XU

i

Table 10 Deterministic approximate optimization result and its validation with FEM

x1(mm) x2(mm) x3(mm) x8(mm) Weight (ton) Stress (N/mm2) Deflection(mm)

Total Dead load (staad.pro) External load

DO 1863 1787 12.44 7.0 63.203 120.439 203.5 173.8 203.5 – 173.8 = 29.7

FEM 63.102 118.517 201.7 173.8 201.7 – 173.8 = 27.9
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Table 11 Probabilistic design variables for RBDO

Mean (DO solution) Lower Upper Standard deviation Distribution type

x1 1,863 1,853 1,873 3.33 Normal

x2 1,787 1,777 1,797 3.33 Normal

x3 12.44 11.44 13.44 0.33 Normal

x8 7.00 6.00 8.00 0.33 Normal

Limit state functions of G1(Xi) and G2(Xi) in RBDO are
the same as constraints of g1(xi) and g2(xi) in deterministic
optimization, respectively. The stress and the amount of
deflection are the probabilistically constrained conditions,
with minimum reliability of 97.7%; this reliability figure is
determined based on the provisions in BS 5400 (5400 1980).
Even though the service life varies depending on the type of
the harbor equipment used this equipment generally needs
to have a useful life of more than 20 years and thus must be
highly reliable

The parameters for the RBDO performance analysis
are listed in Table 11, wherein a set of design variable,
X = {x1, x2, x3, x8} is considered as probabilistic vari-
ables whose types are normal distribution described with
mean and standard deviation. The crane is mainly designed
based on BS (British Standards Institution), FEM (Euro-
pean Federation of Materials Handling) and JIS (Japanese
Standards Association) B 8821 codes, etc. Especially, the
BS code recommends the level of 3-sigma for the con-
sideration of probability of material’s failure. Therefore,
the present study employs the standard deviation values
of 3.33 and 0.33 according to the guidance of BS code.
Functions of gstress and gdef lection are limit state func-
tions in the RBDO formulation. These limit state func-
tions are linearly approximated using the first order second
moment (FOSM) based Taylor series expansion to calcu-
late the probabilistic optimal solution. Results from the
RBDO are listed in Table 12. The RBDO result shows
that the dimension of x1, x2representing the width and the
height of a main jib’s cross section respectively is increased
in order to complement a reduction in strength due to a
material uncertainty, whereas the thickness of x3and x8

is decreased in order to reduce a total weight. For refer-
ence, the amount of deflection by the dead load obtained

through FEM is subtracted from the full amount of deflec-
tion obtained through RBDO to check whether constraints
are violated on the amount of deflection caused by external
forces.

5.6 Effect of load variations

Depending on the location where the equipment is installed,
some deviations will arise due to the lifting load, the wind
load and the seismic momentum force acting on the LLC
Because the lifting load applies the greatest stress to the
double-rocker structure, external forces that could cause the
equipment to break down need to be estimated by apply-
ing load variations to the solutions of DO and RBDO The
value of the rated lifting load in the LLC is normally 10 ton.
However, such load can be increased as loading/unloading
weights (coil, raw materials, steel/chrome steel plate, heavy
equipments, etc.) are added. The rated lifting load of 10 ton
is a load for coil delivery. Its value is increased to 17˜20 ton
for steel delivery and 25˜26 ton for heavier equipment deliv-
ery. The rated lifting load is originally 10 ton as shown in
(16); here the applied overload weights are 19.5 and 25.5
ton, which are 1.95 and 2.55 times the average load respec-
tively In the present study, RBDO considers design variables
as probabilistic variables under each of fixed loading values
of 10 ton, 19.5 ton and 25.5 ton. That is, structural thickness
is a probabilistic variable and the applied loading is con-
stant. The resulting values are listed in Table 13. It is noted
that the stress should be less than 180.0 N/mm2 and the
deflection should be less than 54.8 mm as stated in (21) and
(22), respectively. The DO solution exceeded all the con-
straints under two overload conditions, whereas the RBDO
solution exceeded only the deflection constraint for the 25
ton condition only.

Table 12 RBDO with reliability of 97.7% its validation with FEM

(mm) x2 (mm) x3 (mm) x8 (mm) Weight (ton) Stress (N/mm2) Deflection (mm)

Total Dead Load (staad. pro) External load

RBDO 1871 1793 12.43 6.98 63.236 119.613 202.0 172.9 202.0 − 172.9 = 29.1

FEM 62.974 117.787 199.5 172.9 199.5 − 172.9 = 26.6
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Table 13 Actual FEM calculations of approximate DO and RBDO solutions

Lifting Method x1 (mm) x2 (mm) x3 (mm) x8 (mm) Weight (ton) Stress (N/mm2) Deflection(mm) Constraint

Load (ton) Total Dead External feasibility

load load

DO 1,863 1,787 12.44 7.00 63.203 120.439 203.5 173.8 29.7 feasible

10.0 FEM (DO) 1,863 1,787 12.44 7.00 63.102 118.517 201.7 173.8 27.9 feasible

RBDO 1,871 1,793 12.43 6.98 63.236 119.613 202.0 172.9 29.1 feasible

FEM (RBDO) 1,871 1,793 12.43 6.98 62.974 117.787 199.5 172.9 26.6 feasible

19.5 FEM(DO) 1,863 1,787 12.44 7.00 63.102 142.456 228.9 173.8 55.1 infeasible

FEM (RBDO) 1,871 1,793 12.43 6.98 62.974 141.368 226.6 172.9 53.7 feasible

25.5 FEM(DO) 1,863 1,787 12.44 7.00 63.102 180.323 295.5 173.8 121.7 infeasible

FEM(RBDO) 1,871 1,793 12.43 6.98 62.974 179.286 292.9 172.9 120.0 infeasible

Bold face (with underlined values) means infeasibility in the constraint feasibility in Table 13

6 Concluding remarks

In this study, numerical trajectory optimization in the ampli-
tude of a double-rocker mechanism is explored and the
solution of the numerical optimization is compared with
the actual measured result. First, the length of the link is
reduced compared to an existing structure as the result of
optimizing the trajectory of the double-rocker In addition,
the amplitude is reduced by about 31%, and the straight-line
moving distance is extended The meaning of this opti-
mized solution can be interpreted in two ways. First, if
the amplitude is reduced at the same time that the length
of the link is reduced, it can be expected that the stress
and the amount of deflection will both be reduced rel-
ative to when the same external force is applied to the
actual structure Second, regarding the increase in straight-
line moving distance if the portage is loaded and unloaded
from the vessel to the ground by the LLC, the position of
loading and unloading may be moved by external factors
(e.g., the height of waves or changes in the position of the
berth) Therefore, increasing the moving distance is advan-
tageous in allowing the structure to be able to cope with this
variable.

When this LLC is manufactured based on the optimized
link length, uncertain parameters such as material proper-
ties, dimensional tolerance and external loads should also
be considered in an actual structure. In a method of RBDO,
such uncertain parameters are accommodated through prob-
abilistic design variables in terms of mean and standard
deviation and the probability of failure of constraints in
terms of performance measure of target reliability. In a com-
parison of this RBDO solution to that of the DO approach,
the use of the DO solution results in damage under over-
loaded conditions, but the corresponding RBDO solution

leads to relatively less undamaged and more stable solu-
tions. Therefore, the present study would suggest that it
is necessary to consider the uncertain factors during the
structural analysis and design optimization of the level-
luffing crane for the design safety and reliability.
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