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Optimization of Clinching Tools by
Integrated Finite Element Model and Genetic Algorithm Approach
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Abstract: Clinching is a convenient and efficient cold forming process that can join two sheets without any addi-
tional part. This study establishes an intelligent system for optimizing the clinched joint. Firstly, a mathematical
model which introduces the ductile damage constraint to prevent cracking during clinching process is proposed.
Meanwhile, an optimization methodology and its corresponding computer program are developed by integrated
finite element model (FEM) and genetic algorithm (GA) approach. Secondly, A16061-T4 alloy sheets with a thick-
ness of 1.4mm are used to verify this optimization system. The optimization program automatically acquires
the largest axial strength which is approximately equal to 872 N. Finally, sensitivity analysis is implemented, in
which the influence of geometrical parameters of clinching tools on final joint strength is analyzed. The sensitivity
analysis indicates the main parameters to influence joint strength, which is essential from an industrial point of

view.
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0 Introduction

Clinching is a convenient and cheap mechanical pro-
cess which makes it more and more attractive for many
applications such as automobile parts, agricultural ap-
paratus and household electric appliances. However,
there are many factors to limit the use of the clinch-
ing technology. One of the most important factors is
joint strength. Therefore, the primary task is to de-
sign a clinching tool which can acquire a clinched joint
with the biggest strength. There are many methods to
design clinching tools. Numerical simulation is gradu-
ally used to investigate clinching process. For example,
Varis and Lepist!!) investigated the suitability of nu-
merical simulation for clinching process. The numeri-
cal simulation can reduce the amount of testing, but the
testing cannot be fully eliminated since some verifica-
tions have been always needed to assure the correctness
of the results. Hamel et al.?) developed a 2D axisym-
metric model of joining process, using a re-meshing pro-
cedure to deal with the large deformation. The results
show that numerical simulation is appropriate for es-
timating the feasibility of clinching process, and it is
also suitable for further investigating the influence of

Received date: 2017-04-05

Foundation item: the Fundamental Research Funds for the
Central Universities of China (No. CDJZR14130006)

*E-mail: cquwmh@163.com

tools’ geometry on final joint geometry. Coppieters et
al.l4 conducted the comparison between experimen-
tal and numerical results. These results indicate that
numerical simulation is very effective to reproduce the
clinching process. However, these numerical simula-
tions do not consider material damage. Lambiase and
Tliol®! developed a numerical model describing the evo-
lution of the ductile damage to predict the onset of
fracture.

Some scholars turned their attention to strength opti-
mization. For instance, Coppieters et al.[ investigated
the possibility of predicting shear and pull-out strength
of a sheet metal assembly using finite element model
(FEM). According to their investigation, shear and
pull-out strength of clinched joint can be accurately cal-
culated by FEM but it is very time-consuming. More-
over, Oudjene and Ben-Ayed[” investigated the effects
of tools’ geometry on feature parameters of clinched
joint. In that study, the method for Taguchi’s design of
experiments (DoE) was used to optimize joint strength.
In order to further optimize the strength, researchers
introduced many optimization measures in numerical
simulation field as the control method to seek out the
best combination of process parameters. For instance,
an optimization model of clinching tools, based on ar-
tificial intelligence techniques and FEM, was developed
by Lambiase and Iliol®). In that model, the effect of
process parameters on joint strength was calculated by
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finite element simulation, and the joint character-
istic under different processing conditions was pre-
dicted by artificial neural network (ANN). Hence, the
joint strength has been optimized by integrating op-
timization algorithm and ANN approach. Roux and
Bouchard[® optimized a clinched joint using the opti-
mization algorithm based on Kriging meta-model. The
mechanical strength of the clinched joint has been in-
creased by 13.5%. Sun and Khaleell!?! performed an
optimization of the self-piercing rivets through analyz-
ing rivet strength estimation. Oudjene et al.l'!l op-
timized the clinching tools by means of response sur-
face methodology (RSM) combined with moving least-
square approximation and Taguchi method. Lebaal et
al.'? proposed a modified Kriging meta-model. The
use of the Kriging meta-model is an effective way to
improve the convergent performance.

However, almost all of the studies have used an ap-
proximate method (RSM, ANN, and Kriging meta-
model) to obtain the relationship between design vari-
ables and design objective rather than using direct com-
munication between FEM and optimization algorithm.
Global optimization solution is lost easily via approx-
imate methods, because the complicated relationship
usually cannot be accurately approximated, especially
for those multi-parameters’ clinching process. In this
study, a dynamic optimization system based on direct
communication between FEM and genetic algorithm
(GA) is proposed. The system is applied to identify
the best geometric parameters of clinching tools with-
out any manual intervention. The optimization results
indicate that the optimization method based on direct
communication has a good feasibility and robustness.

1 Optimization Model for Joint

Strength

A clinched joint is easy to be failure under an axial
load. In other words, axial strength is a weak aspect,
compared with shear strength(7'%13l. Therefore, the
axial strength of the clinched joint is mainly discussed.

1.1 Analytical Formula

Typical joint failure modes in axial direction are but-
ton separation and neck fracture, as shown in Figs. 1(a)
and 1(b). The joint strength in axial direction can be
calculated by numerical simulation as well as by analyt-
ical formula. Considering accuracy and time cost, ana-
lytical formula based on Tresca yield criterion has been
developed to calculate axial joint strength. A clinched
joint is characterized by the following parameters: neck
thickness (t,), interlocking length (¢,), inner diameter
(d) and inclination angle (#), as shown in Fig. 1(c). In
fact, joint strength can be defined as a function of ¢,
ty, d and 6.

(¢c) Feature parameters

Fig. 1 Two basic failure modes and feature parameters

1.1.1  Button Separation Mode

Button separation mode is the separation of upper
sheet and lower sheet due to insufficient geometrical
interlocking (Fig. 1(a)). Under axial loading, the upper
sheet is separated vertically from the locking location
to the outside of the joint. The analytical formula for
calculating the separation load is!®!

F, = gcrs[(d Lot — dﬂtaﬂe#f, (1)

where

_u
(d_|_ tn)tn tan @

t=1-
(d+tn+ta)(tn + ta)

)

0y is the critical failure strength of the upper sheet, u is
the frictional coefficient between upper sheet and lower
sheet, and Fy represents the axial virtual strength of the
button separation mode. Other parameters have been
illustrated in Fig. 1(c). According to elasticity theory,
the equivalent stress of the joined component must be
not more than the initial yield strength. Thus, oy is
assigned as the initial yield strength of the upper sheet
to ensure the safety of the joint during the period of
service.
1.1.2  Neck Fracture Mode

Neck fracture mode is a failure of mechanically
clinched joint by fracture of the upper sheet in the
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thin neck, as shown in Fig. 1(b). Obviously, the joint
strength of this failure mode is equal to the product of
the cross-sectional area and the tensile strength of joint
material. Therefore, the calculating formula is

Fr=0.5 = gas[(d +2tn)? — 7, 2)
where S is the area of neck region, and F} represents
the axial virtual strength for the neck fracture mode.
According to elasticity theory, the equivalent stress of
the joined component must be less than or equal to the
initial yield strength. Thus, o is assigned as the initial
yield strength of the upper sheet to ensure the safety
of the joint without any plastic deformation during the
period of service.

1.2 Optimization Model
1.2.1  Objective Function

The real strength of clinched joint in axial direction
is

F = min(F, Fy). (3)

The reason is that only one failure mode is triggered in
axial loading. In order to understand the relationship
between two kinds of failure modes easily, the virtual
and real strength surfaces for two failure modes are dis-
played in Figs. 2(a) and 2(b), respectively.

ot
(Fs=

O?“

Fo)

(b) Real strength surface

Fig. 2 Virtual and real strength surfaces for two basic
modes (u = 0.3, d = 4mm)

The surface of F, a quadric surface, is very approx-
imate to a plane. The surface of Fy is a complicated
and arched surface (Fig. 2(a)). The intersecting curve
between two surfaces is the optimum curve at Fy = Fy,
as shown in Fig. 2. It is extremely difficult or even
impossible to make ¢, and t, reach a big value syn-
chronously. Due to the intricate relationship between
joint’s shape and tools’ shape, ¢, and ¢, cannot be di-
rectly controlled.

The goal of this study is to maximize F. Therefore,
the objective function can be defined by

Finax = max(min(Fy, Fy)), (4)

where F,.x is the maximal real strength. As deduced in
Subsection 1.1, F; and Fy are defined as the functions
of the joint feature parameters, such as t,, t, and 6.
However, the design variables cannot be defined as ¢y,
ty and 0. The reason is that the controllable param-
eters are not the feature parameters of clinched joint
but the geometry parameters of clinching tools, such as
{x1,22, - ,212}, as illustrated in Fig. 3. According to
Ref. [14], the main factor affecting the mechanical prop-
erties of clinched joint is the geometrical parameters of
clinching tools. In fact, t,, ¢, and 6 are the intricately
unknown functions of {1, 2, -+ ,212}. Fortunately,
these functions can be determined by FEM.

Y
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Fig. 3 Schematic representation of clinching tools with
geometry parameters

1.2.2  Constraint Conditions

In order to improve the efficiency of the optimization
algorithm, the feasible region of the design variables
should be defined as

B, < {z1,x2, - ,z12} < Buy, (5)

where By, and By are the upper and lower boundaries,
respectively.

In many applications, the upper surface of the joint
is used as the functional surface which requires that
the surface should not be convex!'®. Hence, the joint
shape illustrated in Fig. 4(a) is the undesirable joint.
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The constraint of the joint shape should be adopted to
acquire the perfect joint, as shown in Fig. 4(b), and this
shape constraint is

h <0, (6

~—

where h is also a function of the geometry parameters
of clinching tools.

N

=

(a) Bad joint

(b) Perfect joint

Fig. 4 Shape constraint of clinched joint

The most important constraint is the damage con-
straint. In order to obtain high-integrity joint, the
damage of material must be limited. Otherwise, the
fracture of the joint may take place in the clinching
process. Therefore, the damage constraint is

~—

g %
D:/ T ar<C, (7
0 g

where C'is the damage threshold, D is the damage value
of clinching material, £ is the equivalent strain, & is
the equivalent stress, o* is the maximum tensile stress
at material fracture, and & is the equivalent strain of
material fracture. Hambli and Reszkal'®l used inverse
technique method to identify suitable fracture criteria
in blanking experiments. The purpose of this constraint
is to ensure that high-integrity joint can be acquired in
the optimization process.
1.2.3 Mathematical Optimization Model

The optimization model for the strength of clinched
joint can be established as

min(— min(Fy, Fy)), (8

~—

which is subject to {t,,tu,0,d,h,D} = FEM(zq,
Ta,+++, T12), Eq. (1), Eq.(2), Eq.(5), Eq.(6) and

Eq. (7). Here, FEM includes numerical simulation sub-
module and feature extraction sub-module. These mod-
ules will be discussed in the next section. In fact, oy
does not affect the optimization process, because it is
shared by Fy and Fs.

2 Solution Strategy For Optimization
Model

The purpose of the optimization model is to seek out
a combination of clinching tools such that it can ob-
tain the strongest joint. There are many algorithms
which have been developed to solve this type of prob-
lem, such as simulated annealing algorithm (SAA), par-
ticle swarm optimization (PSO) and GA.

2.1 Algorithm Structure

It is very easy for GA to obtain the optimization solu-
tion in global design space without any understanding
of the relationship between objective value and design
variables. In order to solve this complex minimization
problem defined in Eq. (8), GA module and strength
calculation module have been developed. In the previ-
ous studies, Roux and Bouchard!) used ANN to replace
the finite element simulation module. Lebaal et al.['?]
employed RSM to replace the simulation module. How-
ever, the more accurate way to obtain the relationship
between clinched joint and clinching tool is FEM.

The algorithm structure consists of two main mod-
ules which are GA module and fitness calculation mod-
ule, as shown in Fig. 5, where T7 and T, are the previ-
ously set thresholds, and F; is the mechanical strength
of the modified configuration using the parameter x;.
The process of fitness calculation is divided into two
stages which are forming stage (I, II) and strength cal-
culation stage (IIT). FEM has been adopted to simu-
late forming process in forming stage, and analytic for-
mula has been used in strength calculation stage. There
are several sub-modules in fitness calculation module,
such as FEM sub-module (I), feature extraction sub-
module (IT), strength calculation sub-module (IIT) and
constraint sub-module (IV), as shown in Fig. 6.

Rational combination of fitness calculation module
and GA module makes it possible to maximize axial
strength of clinched joint without any manual inter-
vention. The process of algorithm execution can be
summarized as follows.

(1) GA module generates initial population, decodes
gene of design variables and sends decoded design vari-
ables to fitness calculation module.

(2) CATTA V5R20 updates geometric model and out-
puts geometric model to Deform-2D. Deform-2D sim-
ulates clinching process and sends joint shape data to
feature extraction sub-module.

(3) Feature extraction sub-module extracts {t,, tu,
0, h, d} and sends the feature parameters to strength
calculation sub-module.
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Fitness calculation module

ta, tu, 0, h, d, D If h>0 or D> C, fitness=0

Joint outline dat
omb outime data Else, fitness = —min(Fs, Fy)

Fig. 6 The module of fitness calculation
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(4) Strength calculation sub-module calculates F}
and Fy by analytic formula. If the calculation re-
sults meet the requirements of geometric constraint and
damage constraint, — min(Ft, Fy) is returned to GA
module. Otherwise, zero is returned.

(5) GA module receives — min(Ft, Fy) or zero as the
fitness of individual. The individual with smaller fitness
is reserved by GA module. Subsequently, the genes of
the reserved individuals are recombined and mutated.

(6) If the solution has converged, the optimal solu-
tion is output and the optimizing process is terminated.
Otherwise, it returns to Step (2).

2.2 FEM Sub-Module

The key technology of FEM sub-module is paramet-
ric simulation in which modeling and analysis can be
applied automatically. A CATIA script based on Vi-
sual Basic is programed to realize the modeling. The
parametric model of clinching tools is shown in Fig. 3.
There are three tools, such as punch, holder and die.
They are parameterized by {z1, z2, - , 212}, t1 and ta.
In many applications, the thicknesses of upper sheet
and lower sheet are given by manufacturers. Therefore,
t; and to cannot be appointed as the design variables.
In this study, the design variables are {1, 22, -+ ,Z12},
as illustrated in Fig. 3. In addition, fixed constraint in
vertical direction has been applied to the holder. Hence,
the location of the holder is unchanged in vertical di-
rection during optimization process. Since the plas-
tic forming process is a quasi-static process!'”), a small
loading speed should be used. Hence, a speed of 1 mm/s
can be applied to the punch.

2.3 Feature Extraction Sub-Module

The core of feature extraction sub-module is feature
extraction algorithm, in which the feature parameters
{tn,tu,0,h,d} can be calculated by the data of joint
shape (Fig. 7(a)). The outline curve of upper sheet can
be obtained from FEM sub-module. This outline curve,
which is very similar to S-shape, cannot be defined as
a function because there is no functional mapping re-
lationship between = and y. Here, x and y are the
coordinates of the point located in the S-shape curve.
For example, for a given z-coordinate, there are many
y-coordinates mapped to it and vice versa. In order
to overcome this difficulty, v; is introduced to build a
functional mapping relationship, and it is defined as the
arc length from the origin of the coordinate system to
the given point (x;,y;):

vi=y \/(xj —z;1)? + (g ty-)? (9)
j=1

Therefore, there is a functional mapping relationship
between x; and v; as well as y; and v;. The x-coordinate
of the outline curve for the upper sheet can increase,
then decrease and then increase again from the coor-
dinate origin to the right margin. This changed trend

(red curve) is reflected in Fig. 7(b). However, the y-
coordinate can decrease, and then increase.
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Fig. 7 Outline curve and its cumulative chord length
parameterization curves

In order to obtain the feature parameters {t,, tu,
0, h, d} more accurately and quickly, B-Spline curve is
employed to fit the point set (v;, z;) as well as the point
set (v;,y;). Then, the parameterized equation is

T = fm(v)
y= fy(v)} | 10)

where, v is the introduced parameter; f, and f, are
the functions determined by B-spline fitting method,
as shown in Fig. 7(b). The points N; and N; must be
obtained to calculate the feature parameters such as t,,
ty, 6 and d. It is difficult to extract N; and N; from
Fig. 7(a). However, it is very easy to obtain N; and N}
from Fig. 7(b). According to the theory of calculus, the
extreme value points of IV; and N; can be determined
by dz/dv = 0. Substituting vmax and vmin into f,(v)
can yield fy,(vmax) and fy(vmin), respectively. On the
basis of the above deductions, the calculation formula
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of the feature extraction algorithm can be developed as

dz
a =0= Umax; Umin
tu = |fz(vmax) - fm(vmin)|
tu |fw(vmax) - fw(vmin>| . (11)
0=— =
tan H |fy(vmax) - fy(vmin)|
ty = fm(vmin) - g

The formula can be used to extract the feature parame-
ters from the shape data of clinched joint automatically.

3 Optimization Experiment

3.1 Model Definition

Al6061-T4 alloy sheets with a thickness of 1.4 mm are
used in the optimizing process. The material properties
are listed as follows: an elastic modulus of 68.9 GPa, a
Poisson’s ratio of 0.28, a yield stress of 168.1 MPa, a
hardening law of & = 5382172, and a critical damage
of 1.61. The critical damage threshold of Al6061-T4
is 1.61018]. The friction coefficient is assumed to be
between 0.1 and 0.4[13-14],

In this study, the friction coeflicient between tools
and sheet is assumed as 0.1 and the friction coefficient
between upper and lower sheets is assumed as 0.3. The
number of individuals in each generation is set to 40,
the crossover rate is set to 0.9, and the mutation rate
is set to 0.1.

In order to increase the convergent rate and ensure
that the crack does not occur for optimizing joint in the
clinching process, the constraint condition is defined as

By, ={0°,80°,0.1 mm, 2.7 mm, 0.1 mm,
1mm, 0 mm, 4 mm, 3 mm, 0.6 mm,
0mm, 0.1 mm}

By ={10°,90°,0.6 mm, 3.8 mm, 0.5 mm,
2.5 mm, 2 mm, 6 mm, 5 mm, 1.4 mm,
5mm, 1 mm}

h<0
D <1.61

The initial population can be defined to reduce the com-
putation time of the algorithm in practical application.
However, in order to demonstrate the intelligence of the
algorithm, the initial population has not been defined
in this study.
3.2 Optimization Results and Discussion

In this study, the fitness is defined as the opposite of
the axil joint strength. Then, the individual reserved in
the last generation represents the optimized result. In
order to understand evolutionary process clearly, the
best individual at each generation is shown in Fig. 8,
and the evolutionary curves are shown in Fig. 9.

Figure 8 shows the shapes of clinched joint after form-
ing. The shape change of the joint is of great conspic-
uousness in the 1st, 2nd and 3rd generations, and it
is very small after the fourth generation. This sug-
gests that the joint shape has a big convergence rate in
the former three generations. Moreover, the maximum
damage of the sheets is far less than 1.61 of critical value
at each generation. Therefore, the joint is not cracked
in forming stage. The maximum damage is located in
the lower right of the lower sheet, because the region is
subjected to the tensile loads during forming process!®).

The strength of the joint gradually increases with
the increase of the generation, and the convergence
rate gradually decreases, because the search range is
slowly near to the optimum individual. The objective
function is not necessarily improved at each generation
(Fig. 9(a)). This reason is that the optimization al-
gorithm is global. Therefore, some computations are
dedicated to the exploration of the design space. The
optimization results also indicate that the feature ex-
traction algorithm can automatically extract the fea-
ture parameters of the joint.

According to analytic formula, Fy and Fy can be cal-
culated at each generation. The actual joint strength
is equal to min(Fy, F¢) which is the opposite of the fit-
ness. The evolutionary relationship between two failure
modes is illustrated in Fig. 9(b). In evolutionary pro-
cess, Fy is always less than Fy and |F; — Fy| is very small
(less than 40N) at the 12th generation, which is con-
sistent with the previous inference. This fact indicates
that the global optimum solution has been obtained
under certain tolerance.

The virtual strength distributions of two kinds of
failure modes in some generations are demonstrated in
Fig. 10. With the increase of the generation, the indi-
viduals are gradually gathered in a region of Fy = Ft.
These evolution trends are controlled by previous corol-
lary in which optimum solution should locate in a region
of F; = F; (Fig. 2).

Considering the cost of computation time and the op-
timization efficiency, the optimization program is termi-
nated at the 12th generation although the joint strength
can be further optimized. After 480 times of evolution,
the optimized joint strength is approximately equal to
872N and the optimized design variables are

{I1,$2, T ,I12} =
{0.91°,89.60°,0.17 mm, 3.22 mm, 0.23 mm, 1.58 mm,
0.59mm, 1.67 mm, 4.98 mm, 0.66 mm, 0.29 mm,
0.79 mm}. (13)

The feature parameter are ¢, = 0.47mm, t, =
0.33mm, and 6 = 14.49°. All of these results prove
that the optimization model is very reasonable to opti-
mize the axial strength of clinched joint and the solving
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Fig. 8 Shape evolutionary of damage for the best individual at each generation
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algorithm is suitable to solve this combination opti-
mization problem.
3.3 Sensitivity Analysis

Although it is unnecessary to understand the rela-
tionship between joint strength and design variables in
optimization process, the sensitivity analysis is imple-
mented in this study to show which design variables
having the main influence on joint strength, as well as
to simplify the geometry parameters of clinching tools.
The sensitivity (S;) of each parameter isl%

_ |Fz _ Fref| x;ef

|xi _ $£Cf| Frcf’

S, (14)

where zi°f is the reference value of each parameter,
and F™f is the mechanical strength of the reference
configuration. In order to calculate the sensitivity of
x; (1 =1,2,---,12), the influence of other design vari-
able z; (j #4;¢ =1,2,---,12) needs to be eliminated,

so x; and F™f (872N) should be assigned as the op-
timized values. The reason is that if x; (j # 4;j =
1,2,---,12) is assigned as the inappropriate value, F;
may be equal to zero although the change of x; is very
small or even without changing. Twelve simulations are
performed to evaluate the sensitivity of each parameter.
The twelve computations and the results are shown in
Fig. 11.

Three important parameters are die radius (zg),
punch radius (z4) and die depth (zg). These param-
eters have a cumulative effect of more than 80% of the
whole parameter sensitivity (Fig. 11). Moreover, gap
between punch and die (x10) and radius of die cavity
(z7) are also very important. The optimized parame-
ters can be directly used in practical applications, the
parameters {zg, x4, Ts, X10, 27} can be first considered
to simplify the tools’ design and manufacturing, and the
parameters {1, 2, 3,211} can be ignored. The sen-
sitivity analysis results are basically the same as those
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obtained from Ref. [9].

Zg=4.98mm 717 =0.29mm

Z19=0.79mm

7,=3.22mm

t,=0.33 mm

75 =0.23mm

[ee]
0
—

g
g
27=0.59mm I

S

23=1.67mm

Damage ( 0.241  0.483 0.724  0.965

(a) Optimized joint shape

3.5 r 3.29

—
o

o-o-©-®-0-0 -]

g

=
=)
T

<
o

3.0t > i
2.5 1082
}E 2.0F 10.6 §
2 L )
g1s 10.4 2
=

=

=

=

O

e
S
T

080.050.039-03) 4]

Ty Ty T Xy V7 T Lo Ty Xy Ty T3 Typ
Geometry parameters

o

(b) Sensitivity analysis

Fig. 11 Optimized results and sensitivity analysis

3.4 Mechanism Analysis

The computation results show that the die radius and
the punch radius are very important than other pa-
rameters. This is because d, t, and t, are determined
directly by the die and punch radii. There is a relation-
ship between these parameters:

Tg =1ty +tu+d+1, (15)

where d is equal to x4 when z; is close to zero and x»
is close to 90°. This relationship is reflected in Fig. 12.
According to the invariable volume theory, [ is mainly
determined by x19 and xg when x9 and x4 have been
given.

Therefore, x9, x4, x¢ and x19 are the major parame-
ters which determine the feature parameters of clinched
joint. The change of x7 has a small influence on the fea-
ture parameters, if it is sufficiently large. The reason
is that z7 affects the flow of material, and there is a
positive correlation between the volume of die cavity
and the volume of interlocking region (Fig. 12) when
the volume of die is changed in a small range. On the
contrary, the increase of the volume of interlocking re-
gion is limited when x7 is very large. Hence, if x7 is

Die cavity

- ‘
Damage 0 0.241 0.483 0.724 0.965

Fig. 12 Relationship between several key parameters

big enough, the influence of x7 can be ignored. In con-
clusion, the influence of these parameters is interactive.
The parameters {{,Cg, T4, Tg, $10} are very important, xr
should be given sufficiently, and other parameters can
be ignored.

4 Conclusion

On the basis of FEM and GA, a global optimization
methodology is developed to optimize joint strength.
The optimized results verify the prediction of the opti-
mization model.

(1) The optimization theory established in this study
has a good feasibility to the optimization of joint
strength. This optimization methodology can be ap-
plied to other optimization problems. The direct com-
munication between FEM and optimization algorithm
is a good way to acquire the correlation between de-
sign variables and design objective. According to this
optimization methodology, an optimization system de-
veloped in this study can be directly applied to obtain
the strongest joint and the corresponding tools without
any manual intervention. This optimization method
overcomes the shortcomings of approximate methods.

(2) The mechanical clinching technology has a great
feasibility because the axial strength of clinched joint
can reach 872N. The optimization system established
in this study can promote the use of the connection
technology.

(3) The sensitivity analysis provides the best way to
simplify the tools’ structure. The parameters {5,212,
xs, T1, %2, T3, 11+ can be ignored, and other parameters
should be assigned as the optimized values. The most
important parameters are die radius (z9) and punch
radius (x4), because these two parameters have a direct
influence on neck thickness (t,) and interlocking length
(tu). Moreover, die depth (x¢), gap between punch and
die (x109) and cavity radius of die (x7) are also very
important.
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