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Abstract 

This paper proposes a lightweight design method for a link used 

as the connecting member of the tailgate lift in transportation 

machinery. A topology optimization method is applied to the 

typical link to obtain the cross sections of three press link 

structures. A finite element analysis is performed to compare 

them and determine the models satisfying the allowable stress 

range. Optimization is conducted to compare the selected 

models and develop an optimal lightweight model. 
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INTRODUCTION  

Recently, not only high strength but also light weight is 

emerging as an important design issue for mechanical 

structures. Structural optimization based on computer-aided 

engineering (CAE) is widely applied to transportation 

machinery including automobiles [1][2]. In the automobile 

industry, the weights of many components are reduced to 

comply with environmental regulations and improve fuel 

efficiency. The link of a tailgate lift and other such components 

of a multi-purpose vehicle, which are subjected to combined 

loads, are included in this trend [3]. 

Myung et al. [4] studied various shapes of links subjected to 

combined loads with the objective of improving the strength 

and reducing the weight. Lee et al. [5] optimized the topology 

of an arm subjected to combined loads to obtain various shapes. 

Moreover, they optimized the dimensions and proposed an 

optimal model, thereby examining the issues of weight 

reduction and stability. 

Previous studies show that the weight of an automobile could 

be reduced by modifying the material, dimensions, or shape. 

However, structure or shape optimization, considering mass 

production, has not been sufficiently applied. Besides mass 

production, press products have many advantages including 

cost reduction, design flexibility, and improved strength and 

durability of components based on the cross section. Hence, the 

press products are used in most automobile components and are 

actively studied [6][7]. 

In this study, a press product is applied to a link subjected to 

combined loads. For this purpose, this study proposed an 

optimal design for which the topology and size optimizations 

were applied. Hyperworks, which is a CAE software, was used 

to optimize the topology. The cross sections of the link were 

obtained based on the derived shape. A finite element analysis 

was then conducted to compare the cross sections and 

determine a model satisfying the allowable stress of the 

material. Using the central composite method in the design of 

experiment (DOE), the optimization was conducted by 

determining the cross-sectional dimensions of the selected 

models as design variables. Finally, an optimal model was 

determined from the selected models. 

 

OPTIMAL DESIGN 

Structure of the tailgate lift  

Fig. 1 shows the structure and components of the tailgate lift. 

The lift link assembly comprises an actuator, a link module, and 

a drive lift. The link module is in the form of a parallelogram 

four-bar link to satisfy the leveling movement, which is a 

constraint condition of the tailgate function. A strong and 

lightweight link is developed satisfying the eccentric load 

based on the location of the payload. 

 

Figure 1: Lift structure of pick-up truck 
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Table 1: Parts of the lift components 

No Name No Name 

1 Deck 5 Input link 

2 Bracket 6 Drive lift 

3 Actuator 7 Output link 

4 Base link 8 Tailgate 

 

Topology optimization 

To optimize the topology, the model was simplified by 

focusing on the link part, and Ansys was used to apply the 

reaction force to the joints of each link. A load condition was 

applied to the edge of the tailgate to consider the eccentric load. 

The load was set to 200 kg to reflect the payload. Fig. 2 shows 

the load conditions for the simplified model.  

 

Figure. 2 Reaction force of joints 

 

Table 2: Results of reaction force of the joints 

Symbol Force [N] 

x y z 

1 7223.6 1690.3 −21.6 

2 −5328 198.7 295.8 

3 3433.2 −128.12 9.8 

4 −5328.1 198.7 −294.8 

 

As listed in Table 2, when an eccentric load is applied, the 

largest reaction force acts on joint 1, the impact of which along 

the x direction is the greatest. Hence, the topology was 

optimized for the driving link, which exhibited the largest 

reaction force subjected to a high load for driving. 

Minimize design space volume 

Subject to stress 〈 250MPa 

Minimize V, where V = AƖ                [1] 

A: beam design section area, Ɩ: length of the beam, 

𝞂u: 250 MPa (in the case of structural steel) 

 

(a) Type 1          (b) Type 2      (c) Type 3 

Figure. 3 Design space and non-design space 

 

The basic dimensions, i.e., 4t, for applying the press working 

was selected not as a design domain but as a part, and the design 

domains were set for the breadth, thickness and breadth, and 

thickness by considering the same area for the three types. The 

constraint condition and the objective function, which are 

presented in Equation (1), were set to minimize the volume by 

cancelling any phase that does not satisfy the allowable stress 

of the structural steel, i.e., 250 MPa, under the eccentric loading 

condition, as shown in Fig. 2. 

 

Figure. 4 Boundary condition for phase optimization 

 

Fig. 4 shows the boundary condition of the topology optimization. 

The combined loads for the x, y, and z axes, which were derived 

from Table 2, were applied to the joint directly connected to the 

lift. All the degrees of freedom, except the axial rotation, at each 

joint were constrained except for the joint to which the load 

condition was applied. Table 3 lists the property, mesh type, and 

size of the materials applied to the topology optimization. 

Topology optimization was conducted by applying the conditions, 

listed in Table 3, to the three types presented in Fig. 3. 
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Table 3: Input condition for the finite element model 

Mesh type Mesh size Element 

Hexa 2 mm Psolid 

   

Material Yield 

stress 

[MPa] 

Ultimate 

stress 

[MPa] 

Young’s 

modulus 

[MPa] 

Poisson’s 

ratio 

Density 

[kg/mm3] 

Structural 

steel 

250 460 200.000 0.3 7.85 × 10−6 

 

 

 

(a) Type 1 

 

 

(b) Type 2 

 

 

(c) Type 3 

Figure 5: Cross sections based on phase optimization results 

 

As shown in Fig. 5, a tendency of the cross section was derived 

from the topology optimization. To consider the press products, 

press forming methods such as bending and burring were used; 

however, the rib shape was excluded. To derive the cross 

sections, bending was applied to types 1 and 2, and shape 

modification and burring were applied to type 3.  

Fig. 6 shows the 3D model of the driving link, which was 

redesigned based on the results of the topology optimization. 

The design process was conducted by applying the typical link 

shape to the typical type and cross sections, which are the 

results of the topology optimization, to the remaining types 1, 

2, and 3. 

        

(a) Typical type                          (b) Type 1 

 

        

(c) Type 2                                   (d) Type 3 

Figure 6: Redesigned 3D model of the driving link using 

phase optimization results 

 

Finite element analysis 

A structural analysis was performed using Ansys, which is a 

commercial program, to compare and verify the redesigned 

link. The same load and fixed conditions, as shown in Fig. 4, 

were used. Figs. 7 and 8 show the results of the stress and 

displacement based on the analysis condition. Table 4 presents 

the comparison of the stress and displacement between the four 

types, which were derived from the analysis results. 

 

    

 (a) Typical type                       (b) Type 1 

  

 

(c) Type 2                                   (d) Type 3 

Figure 7: Static analysis of the results (equivalent stress) 
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(a) Typical type                (b) Type 1 

 

 

(c) Type 2                          (d) Type 3 

Figure 8: Static analysis of the results (displacement) 

 

Table 4 Simulation results based on the designed types 

Type Results 

Displacement 

[mm] 

Stress 

[MPa] 

Mass 

[kg] 

Typical type 0.7161 112.86 1.55 

Type 1 1.1941 190.16 0.70 

Type 2 0.8486 152.20 1.00 

Type 3 12.141 636.13 0.60 

 

The analysis results are as follows. The typical type exhibited 

a displacement of 0.7161 mm, a weight of 1.55 kg, and a stress 

of 112.86 MPa, which was below the allowable stress of 250 

MPa. In the cases of types 1, 2, and 3, which were obtained 

using topology optimization, type 1 exhibited a displacement 

of 1.1941 mm, a weight of 0.70 kg, and a stress of 190.16 MPa. 

Type 2 exhibited a displacement of 0.8486 mm, a weight of 

1.00 kg, and a stress of 152.20 MPa. Type 3 exhibited a 

displacement of 12.141 mm, a weight of 0.60 kg, and a stress 

of 636.13 MPa. Type 4 was excluded from the optimization 

model because it exceeded the allowable stress. The results of 

type 4 indicated that the effects of the thickness and breadth of 

the link on the stress were significant. The displacement and 

stress of types 1, 2, and 3 were relatively higher than those of 

the typical type. Nevertheless, as the stresses of types 1, 2, and 

3 did not exceed the allowable stress, they were selected as the 

optimization model. 

 

SIZE OPTIMIZATION 

Setting design variables 

To optimize the cross-sectional shape of the two types selected, 

design factors were determined, as shown in Fig. 9. The link 

thickness (t), joint diameter (d), and link breadth (b) were 

selected as the design factors, and the thickness was set 

between levels 2 and 4, which is below 4t, to conduct the press 

forming. The height, diameter, and breadth of the typical link 

were set to the largest dimensions. The size optimization was 

conducted at level 3. Table 5 presents the levels of each 

variable. Level 3 was selected as the criterion, and the 

dimensions of the typical link were used. 

 

 

(a) Type 1 

 

 

(b) Type 2 

Figure 9: Design variables 

 

Table 5 Levels and design variables 

Level b [mm] t [mm] h [mm] d [mm] 

1 32 2 8 8 

2 36 3 10 10 

3 40 4 12 12 

 

Design of experiment 

To optimize the size in the DOE, the central composite method 

was applied. The DOE was conducted with level 3 or level 4 

variables by applying the design variables, shown in Fig. 9, and 

the levels, listed in Table 5. The result was obtained by 

conducting 25 experiments.  
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Tables 6 and 7 present the changes in each variable over 25 

experiments and the results of the stress and displacement 

based on the change. 

 

Table 6: Different types proposed using DOE 

No b [mm] t [mm] h [mm] d [mm] 

1 32 2 8 8 

2 40 2 8 8 

3 32 4 8 8 

4 40 4 8 8 

5 32 2 12 8 

6 40 2 12 8 

7 32 4 12 8 

… … … … … 

25 36 3 10 10 

 

Table 7: Different cases proposed using DOE (results) 

No Stress  

[MPa] 

Displacement [mm] Mass  

[kg] 

Type 1 Type 2 Type 1 Type 2 Type 1 Type 2 

1 560 476 4.58 3.21 0.27 0.42 

2 401 300 2.90 1.76 0.32 0.52 

3 327 328 2.36 2.21 0.50 0.62 

4 226 206 1.32 1.18 0.60 0.77 

5 505 449 4.56 2.96 0.32 0.45 

6 440 297 3.18 1.60 0.37 0.54 

7 262 240 1.93 1.60 0.59 0.84 

… … … … … … … 

25 304 252 2.15 1.55 0.47 0.70 

 

The results of the variance analysis for the stress, displacement, 

and weight of types 1 and 2 showed that the P-value was below 

0.05, which indicates significance. The experiment was 

performed randomly through the result of the residual diagram. 

The R-sq value, which reflects the accuracy of the experiment, 

was 98.14% for the stress, 98.90% for the displacement, and 

93.07% for the weight in the case of type 1. The R-sq value for 

type 2 was 98.75% for the stress, 98.90% for the displacement, 

and 93.07% for the weight. Thus, the experiment was well 

conducted. Equation (2) is a regression equation of the response 

based on the results of the variance analysis.  

 

Stress [type1] = 2490 – 38.39b – 488.1t – 62.7h – 0.36d 

 + 54.35 t×t + 2.445 b×t + 1.806 b×h – 3.56 t×h 

 

Displacement [type1] = 27.17 – 0.942b – 2.733t – 0.1856h + 

0.00023d + 0.00899 b×b + 0.2388 t×t + 0.03218 b×t + 0.00566 

b×h – 0.03254 t×h 

 

Mass [type1] = 0.065 + 0.01744b – 0.1056t -0.0520h  

– 0.00206d + 0.02778 t×h                            

            

Stress [type2] = 3510 – 118.7b – 374.4t – 18.8h + 0.50d  

+ 1.140 b×b + 37.61 t×t + 3.906 b×t + 0.786 b×h – 6.70 t×h 

 

Displacement [type2] = 27.17 – 0.942b – 2.733t – 0.1856h + 

0.00023d + 0.00899 b×b + 0.2388 t×t + 0.03218 b×t + 0.00566 

b×h – 0.03254 t×h 

 

Mass [type2] = 0.065 + 0.01744b – 0.1056t – 0.0520h  

– 0.00206d + 0.02778 t×h                              [2] 

  

Optimization result 

A response optimization tool, termed the Minitab, was used to 

derive the optimal conditions. The results show that, in the case 

of type 1, the optimal values of the link breadth, thickness [t], 

height [h], and joint diameter [d] were 40, 2.97, 8, and 12 mm, 

respectively. Type 2 exhibited the same optimal values as those 

of type 1 except that the thickness [t] of thee link was 2.8347 

mm. The derived optimal conditions showed that the effects of 

the link breadth and thickness on the response were the most 

significant. Based on the conventional thickness of the 

structural steel, a thickness of 3.2 mm was employed. 

 

(a) Type 1 
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(b) Type 2 

Figure 10: Optimization conditions 

 

Fig. 10 shows the results of the optimal condition. Table 8 

compares the optimal conditions between the typical link and 

types 1 and 2, which were obtained using topology 

optimization. Type 1 was excluded as it exceeded the allowable 

stress of the material. The displacement and stress of type 2 

were higher than those of the typical link; however, type 1 

satisfied the allowable stress condition and helped reduce the 

weight by approximately 45%. 

 

Table 8: Results of the optimization 

Parameter Initial Optimum 

type 1 type 2 

b [mm] 40 40 40 

t [mm] 4 3 3 

h [mm] 12 8 8 

d [mm] 12 12 12 

Total displacement [mm] 0.72 1.58 1.17 

Equivalent stress [MPa] 112.86 257.31 210.42 

Mass [kg] 1.55 0.46 0.7 

 

CONCLUSIONS 

This paper proposes a method of using press products for the 

link part of a lift structure on which an eccentric load is applied. 

To determine the loading condition of each joint in a link 

structure, the eccentric load was applied based on the location 

of the payload. The topology was then optimized to obtain the 

shape of the press link structure, which reflected the eccentric 

load conditions. Subsequently, two optimization models 

satisfying the allowable stress were selected through a finite 

element analysis. A DOE was used to optimize the dimensions 

of the developed link. Based on the main effects of the DOE 

and the results of the variance analysis, the link thickness [t] 

and breadth [b] were found to be the main variables of the 

objective function. The optimization helped in determining the 

optimal cross-sectional dimensions of the link. The finite 

element analysis showed that, in comparison with the typical 

link, the displacement and stress increased but still satisfied the 

allowable stress range; moreover, the weight was reduced by 

approximately 45%. 
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