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1. INTRODUCTION

In response to tightening environmental and fuel 

economy regulations, the manufacturers of complete 

vehicles have recently been increasingly conducting 

research to lightweight the car body, increase the 

efficiency of the engine and drivetrain, and reduce 

running resistance. Reduction in curb weight by 5% can 

improve fuel economy and power performance by 1.5% 

and 4.5%, respectively. Additionally, improvement in
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ABSTRACT

In this study, an optimal stiffness model of the C-frame, which was supporting the mold and tool load, was 

proposed to obtain quality self-piercing riveting (SPR) joining. First, the load path acting on the C-frame structure 

was identified using topology optimization. Then, a final suggested model was proposed based on the load path 

results. Stiffness and strength analyses were performed for a rivet pressing force of 7.3 [t] to compare the design 

performance of the final proposed model with that of the initial model. Moreover, to examine the reliability of 

continuous and repeated processes, vibration analysis was performed and the dynamic stiffness of the final proposed 

model was reviewed. Additionally, fatigue analysis was performed to ascertain the fatigue characteristics due to 

simple repetitive loading. Finally, stiffness test was performed for the final proposed model to verify the analysis 

results. The obtained results differed from the analysis result by 2.9%. Consequently, the performance of the final 

proposed model was superior to that of the initial model with respect to not only the SPR fastening quality but also 

the reliability of continuous and repetitive processes.
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Fig. 1 Various light-weight technology for BIW[1,2]

Fig. 2 SPR joinning process for multi-material 

plates[3]

Fig. 3 C-Frame for SPR joinning process[3]

collision performance by 4.5% and reducing inertial 

load can improve the durability of autobody parts. 

Therefore, the application of multi-materials, such as 

advanced high strength steel, aluminum, magnesium, 

and carbon fiber reinforced plastics (CFRP), is growing 

(Fig. 1).[1,2]

  The task of joining the parts with disparate 

mechanical properties has arisen with the increase in 

multi-materials usage. Welding is the conventional 

joining technology for a car body; Additionally, laser 

welding, point welding, and arc welding have also been 

widely used. However, welding methods involve 

welding gas release; therefore, it may be difficult to 

meet the environmental regulatory standards. It is a 

challenge to use welding technology to join the 

multi-materials, each having different mechanical 

properties. There may be quality defects due to thermal 

distortion. Additionally, the use of non-ferrous materials, 

such as polymer, has increased, where the traditional 

welding methods are not involved. 

Furthermore, mechanical joining using bolts, nuts, 

and rivets is disadvantageous because it requires 

creating holes, adding an extra manufacturing process. 

Moreover, automatizing the manufacturing process is a 

challenge due to possible problems associated with 

misalignment between holes and bolts. Additionally, 

joining requires post-processing, increasing the total 

processing time. 

  Self-piercing rivet (SPR) is the commonly used 

joining method for multi-materials, such as aluminum. It 

is a mechanical method, which does not require 

stopping the manufacturing. In this method, a 

tooth-shaped rivet is pressed by force using a puncture 

inside the top holder after joining the multi-materials, 

as shown in Fig. 2.[2,4-6] Rivet can be fastened by 

press-fit molding; hence, thermal distortion does not 

occur between the materials with different mechanical 

properties. Rivet fastening can replace point welding, 

the traditional molding-based method the rivet —

penetrates the top plate, and then its leg conforms to 

the shape of the mold beneath the bottom plate to join 

the target materials. SPR does not require separate hole 

manufacturing. Its automation is possible because its 

processing time is short, and the process does not 

create a useless byproduct. Its shape is the same as the 
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C-frame of point welding equipment, replacing the 

traditional facility. Moreover, SPR has high fatigue

Fig. 4 Original design of C-Frame for SPR joining

(a) Simplified model for topology optimization

(b) Definition of Design/Non-Design Space

Fig. 5 Design space for topology optimization

properties and a similar fastening strength as point 

welding. However, the stiffness of the C-frame 

determines the fastening quality due to press-fit force 

because C-frame supports the fit force of a rivet (see 

Fig. 4). Furthermore, the joint should be robust against 

the vibrational load in continuous operation, and the 

fatigue properties of the press-fit force should be tested. 

Specifically, it requires stiffness design optimization due 

to these differences.[7-8] This study focuses on 

conducting a topology design optimization of the 

C-frame supporting the loads of the mold and tools to 

obtain SPR fastening quality. Additionally, we 

performed the C-frame design optimization for the 

stiffness and strength due to the press-fit force. 

Furthermore, we intend to establish the reliability of the 

C-frame design for continuous repetitive manufacturing 

via vibrational and fatigue analysis of the proposed 

C-frame structure.

2. Topology design optimization

2.1 Concept design

A lightweight design to obtain high stiffness, high 

strength, and reduced inertial load is the design 

objective with contrasting characteristics. The material 

quantity should be increased to increase the stiffness 

and strength; however, it also increases the inertial 

load, acting as an unfavorable condition due to 

vibration and fatigue. 

In topology, optimization is one of the methods in 

which the material distribution is determined following 

the load path of the structure using the load and the 

boundary conditions. The material outside the load path 

is removed to obtain lightweight, high stiffness, and 

high strength simultaneously. Such optimization is 

discretized to provide design areas, which are expressed 

in density values. The optimized design topology can 

be derived by evaluating the presence or absence of 

each element’s density based on the objective function 

and constraint conditions.[7] Fig. 4 illustrates the 

conventional model of C-frame rivet supporting the
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(a) Original model(left), Topology optimization 

model(right)

(b) Final modification model

Fig. 6 Topology optimization results

press-fit force load of 7.3 tons. 

  For a conventional model containing the H section 

(Fig. 5), the design space was defined by 

oversimplifying the design and a hydraulic damper with 

the top plate fixed as the boundary condition. 

Furthermore, the load transfer pathway acting on the 

C-frame structure was identified with the load point in 

which the load applies to the bottom plate mold. 

  The compliance minimization problem was computed 

for the entire design space with pseudo-density of the 

elements within as a design variable to keep the 

displacement of load point less than the allowed limit 

of 3.0 mm. Fig. 6 shows the result from the load transfer 

path, and the model concept modified based on such 

pathway.

Modulus

[MPa]

Strength [MPa]

Yield Break

SS400 210,000 245.3 480.0

Table 1 Mechanical properties of C-Frame

(a) Stiffness analysis result of original model

(b) Stress analysis result of original model

Fig. 7 Structural analysis results of original design
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(a) Stiffness analysis result of modified model

(b) Stress analysis result of modified model

Fig. 8 Structural analysis results of modified design

Stiffness
[kN/mm]

Stress
[MPa]

Original 21.8 - 218.9 -

Modify 25.4 16.5% 207.2 5.6%

Table 2 Stiffness and Stress results of 2 C-Frame

1st mode 2nd mode 3rd mode

Original 30.2 60.2 92.6

Modify 32.9 58.5 80.5

Table 3 Vibration modes of 2 C-Frames

(a) original model

(b) modified model

Fig. 9 Vibration mode analysis results

3. Performance evaluation of design 

model 

3.1 Review of stiffness and strength 

properties 

The final concept model was designed (Fig. 6(b)) 

based on the transfer pathway of the load acting on the 

C-frame, as discussed in section 2.1 and Fig. 6(a). 

Additionally, stiffness and strength analyses were 

performed to compare the performance with the 

initial-stage design, as shown in Fig. 4. The material of 

the C-frame was SS400; The mechanical properties of 

SS400 are provided in Table 1.

The results of stiffness and strength analyses from 

the initial-stage model and modified concept model of 

the 7.3-ton rivet joined press-fit force are presented in 

Figs. 7 and 8, respectively. Moreover, Table 2 shows 

the result of the comparison of the two models for 

stiffness and strength. The stiffness of rivet joined 

press-fit force was 25.4 kN/mm, 16.6 % stronger than 
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that of the initially proposed design (21.8 kN/mm) 

because the structural reinforcement for load support 

was obtained by redistributing the material outside the 

load transfer pathway, identified through the topology 

optimization, to be on the pathway to reinforce the 

stiffness under the weight fixed to be equal. The 

resulting stress on the area supporting the bending load 

was 207.2 MPa, 5.6% higher than that of the initial 

model (218.9 MPa). The two models had 1.12- and 

1.18-times higher safety ratios per yield stress, 

respectively. However, as described earlier, the stiffness 

of the C-frame to rivet’s fit force determines the joint 

quality. Therefore, the final model excels in joint 

quality after modification with a 16.5% increase in 

static stiffness for an identical weight of 70.1 kg.

3.2 Review of vibration properties

The dynamic stiffness of the C-frame for dynamic 

load should be robust to perform the continuous 

procedures of rivet fastening. Thus, the natural vibration 

mode of the C-frame was analyzed, as shown in Fig. 9 

and Table 3. Fig. 10 shows mobility response for 

fastening load of the rivet through a fitting.

A bending mode in the left or right lateral direction 

appeared as the first mode; moreover, the second mode 

appeared as torsional deformation of the C-frame with 

the vertical axis as reference. Furthermore, the third 

mode appeared as a vertical-axis bending mode, similar

Fig. 10 Mobility response of vertical piercing load

(a) Kinetic Energy of two models

(b) Strain Energy of two models

Fig. 11 Vibration energy contour of two models

Table 4 Equivalent dynamic stiffness of 2 C-Frames

Equi. Dyn. Stiffness

[kN/mm]

Kinetic

Energy

Strain

Energy

Original 22.0 - - -

Modify 26.0 18% 11.3% 63.4

to the static deformation of press-fit force. The natural 

frequency of each mode is enlisted in Table 3. The 

significant deformation for the dynamic behavior of 

press-fit joint strength was the third vertical axis 

bending mode, which was 92.6 Hz and 80.5 Hz, 

respectively, for the initial model and the final model 

after modification.

Fig. 9 shows the deformation geometry of each 

mode. Furthermore, it illustrates mobility responses of 

the two models on press-fit joint load. The equivalent 

dynamic stiffness of the initial model and the final 

와 model after modification were 22.0 kN/mm] and 

26.0[kN/mm], respectively. Moreover, it was 18 % 
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higher in the final model. The kinetic energy at the 

bottom part of the initial model was 11.3 % higher 

than the final (Fig. 11(a)). Moreover, its strain energy 

was also higher by 63.4%, confirming that the 

deformation was most likely to occur due to inertial 

load. 

The topology optimization discussed in section 2.1 

reduced the inertial load. Moreover, it could increase 

the dynamic stiffness of the final model after 

modification by 18% higher than that of the initial 

model through material redistribution towards the area 

in charge of the load. Additionally, the modified model 

was verified to have superior vibration characteristics 

even for continuous processing. 

3.3 Review of fatigue properties 

The fatigue properties of the C-frame were 

investigated for a repetitive load of rivet’s fitting 

fastening strength using the stress states to the press-fit 

fastening strength in the two computed models in 

section 2.2 as in Fig. 6(b) and Fig. 7(b). The S-N 

diagram a fatigue life graph of the material SS400 — —

was compared (see Fig. 12). The red and blue dotted 

lines represent the stress life states of the initial model 

and the final model after modification, respectively. A 

summary of the results is presented in Fig. 12 and 

Table 5. They show that the fatigue life of the final 

model after modification due to simple repetitive load 

showed 78.6% improvement compared to that of the 

initial model.

Fig. 12 Fatigue analysis results of two models

4. Stiffness test of a self-piercing rivet 

C-Frame 

  The deformation of the C-frame subject to the 

press-fit fastening strength was measured, as shown in 

Fig. 13. It was measured to verify the reliability of the 

results of the SPR C-frame proposed based on the 

results from the previous sections. The measurement 

was compared with the results of Fig. 7(a); these 

outcomes are presented in Table 5. The results from 

the test and analysis were 3.53 mm and 3.43 mm, 

respectively. Therefore, the analysis outcome was less 

by 0.1 mm than that of the test. Moreover, it shows 

higher reliability with a 2.9 % difference. 

5. Conclusion

We optimized the topology design of the C-frame, 

supporting the load of the mold and tool, to identify 

the C-frame load pathway due to the press-fit force of 

a rivet to secure the quality of the SPR fastening. 

Based on this, we proposed the optimized model of 

stiffness and strength. We performed the analyses of 

fatigue, stiffness, and strength to secure the joint 

quality of a rivet and to test the reliability of the 

C-frame proposed for continuous and repetitive 

processing. 

Fig. 13 Deformation measurement of a produced 

model
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Table 5 Fatigue analysis results

Fatigue life

Original 1.4E+5 -

Modify 2.5E+5 78.6%

Table 6 Stiffness results between TEST and CAE

Stiffness

[kN/mm]

Deformation

[mm]
ratio

TEST 20.3 3.53 -

CAE 20.8 3.43 2.9%

Fig. 14 Shape comparison of two models; BMT 

model(left), suggested model(right) 

First, topology optimization was done to identify the 

load transfer pathway acting on the C-frame structure. 

The final model was proposed based on this load 

transfer pathway. Additionally, the analyses of stiffness 

and strength were done under7.3 ton press-fit force of 

rivet fastening to compare the design performance of 

the proposed concept model with that of the 

conventional initial model. The stiffness and strength 

improvement of 16.5 % and 5.6 %, respectively, can be 

obtained compared to the initial model. 

Second, we performed a vibrational analysis. We 

found that the proposed final model had 18.0 % 

reinforcement of dynamic stiffness subject to the 

press-fit joint load, reviewing the reliability of 

continuous and repetitive procedures. The fatigue 

properties were improved by 78.6 % due to simplified 

repetitive operations. Finally, a stiffness test was 

conducted using fabrication of the proposed model, 

which showed a 2.9 % difference from the analysis 

result. Therefore, the proposed C-frame was verified to 

have superior performance than the initial model 

regarding SPR fastening quality and the continuous 

repetitive processing. 

Fig. 14 shows the geometry of the C-frame proposed 

in this study. in comparison to the C-frame by 

company “B” the BMT target model. —
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