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a b s t r a c t

Automotive structures include thousands of spot welds whose design must allow the

assembled vehicle to satisfy a wide variety of performance constraints including static,

dynamic and crash criteria. The objective of a standard optimization strategy is to

reduce the number of spot welds as much as possible while satisfying all the design

objectives. However, a classical optimization of the spot weld distribution using an

exhaustive search approach is simply not feasible due to the very high order of the

design space and the subsequently prohibitive calculation costs. Moreover, even if this

calculation could be done, the result would not necessarily be very informative with

respect to the design robustness to manufacturing uncertainties (location of welds and

defective welds) and to the degradation of spot welds due to fatigue effects over the

lifetime of the vehicle. In this paper, a decision-making methodology is presented which

allows some aspects of the robustness issues to be integrated into the spot weld design

process. The starting point is a given distribution of spot welds on the structure, which

is based on both engineering know-how and preliminary critical numerical results, in

particular criteria such as crash behavior. An over-populated spot weld distribution is

then built in order to satisfy the remaining design criteria, such as static torsion angle

and modal behavior. Then, an efficient optimization procedure based on energy

considerations is used to eliminate redundant spot welds while preserving as far as

possible the nominal structural behavior. The resulting sub-optimal solution is then

used to provide a decision indicator for defining effective quality control procedures

(e.g. visual post-assembly inspection of a small number of critical spot welds) as well as

designing redundancy into critical zones. The final part of the paper is related to

comparing the robustness of competing designs. Some decision-making indicators are

presented to help the analyst to plan robust resistance spot welds designs along with

quality controls in order to insure a specified level of structural performance. All

examples are presented on a full body-in-white structure (one million dofs and

thousands spot welds).

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the automotive industry, resistance spot welds (RSW) are widely used to join components. Understanding their
mechanical behavior is difficult due to the complex manufacturing process, which includes thermo-mechanical effects that
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modify the local nature of materials. Nevertheless, being able to build representative models of spot welds is necessary
since it has been demonstrated that they can have a strong influence on the dynamic response of the structure [1]. The
models that describe the behavior of RSW can indeed be very complicated. For structural dynamic analysis, relatively
simple models are generally used in the automobile industry since it is the global effect of spot welds on mode shapes and
eigenfrequencies which is of interest and not their local behavior. Some detailed information can be found in Ref. [2] and in
the review [3]. One of the main difficulties of the topic is to be able to estimate the fatigue impact on a given structure
comprising spot welds. Many studies have been performed over the years, the Refs. [4,5] can be cited as good starting
points for the interested reader. The specific models used to represent RSW and the specific methodology for evaluating
design robustness are not the focus of the present article. Our objective is to propose a general methodology that can be
applied with any RSW model and any approach for the evaluating robustness.

The first objective of the study presented in this paper is to develop a decision-making methodology to support
engineers in designing the RSW distribution while taking into account several criteria and objectives. For example, specific
static, dynamic and crash constraints must be satisfied while maintaining the number of spot welds as low as possible in
order to reduce the manufacturing costs. The second objective is related to the robustness of the final design to
manufacturing uncertainties (location of welds and defective welds) and to degradation of spot welds due to fatigue effects
over the lifetime of the vehicle.

Some methodologies related to the first objective have been reported in previous works, for example, [6,7] present some
optimization procedures related to spot weld design, even if the applications are only based on small structures. Of course,
the challenge in this case is to attain the design objectives with as few RSW as possible. The full robust optimization of the
spot weld design, in terms of number and position, is not feasible on large structures such as those in the automotive
industry, because of the large number of discrete variables to deal with inducing a very high calculation cost [8]. In Section
3, a specific methodology will be presented as an alternative to these classical optimization procedures. Starting from an
over-populated RSW structure, a large set of RSW will be removed at each iteration of the algorithm based on energy
considerations until the variation of the design objectives exceed a given threshold. This procedure leads to one or several
sub-optimal designs whose calculation costs are much smaller than that required by a classical optimization methodology.

The second aspect is related to the differences between the original design of the structure and its current state. The
manufacturing process is one of the main causes of these differences, since at the end of the assembly line, some RSW are
found to be defective due to robotic or process problems and the large number of RSW makes it impossible to verify each of
them individually. Moreover, the structure also evolves as a result of fatigue and some RSW may simply break over time.
Several techniques for robustness analysis are presented in Ref. [9] to evaluate the effect of missing spot welds on the
global behavior of a body-in-white structure. This kind of analysis, which is also used in this paper, has a very high
calculation cost, hence the objective of the last part of the paper is to develop decision-making indicators to help the
analyst to plan robust RSW designs along with quality controls in order to insure a specified level of structural
performance.

2. Description and analysis of the reference finite element model

2.1. Reference model

The examples illustrated in this article are based on the Peugeot-Citroën C4 BIW finite elements model. The
MSC/NASTRAN model is shown in Fig. 1. It has approximately 1,000,000 dofs and includes 2643 RSW. The simplified
modeling of the spot welds will be discussed in the next section. A modal analysis up to 75 Hz takes about 20 min on a
Linux-based computer, Bi-Xeon 2.5 GHz.
Fig. 1. Finite element model of the PSA Peugeot-Citroën C4 car.
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The initial design of the RSW distribution is made by engineers, based on knowledge of earlier designs, in order to
satisfy a set of design constraints, such as static torsion angle, crash behavior or modal analysis. The results presented in
this article are only based on elastodynamic design constraints, but the methodology is able to take into account other
behaviors as well. In the present case, the design objectives will be related to three global modes (two torsion modes and
one bending mode, as shown in Fig. 2 and in Appendix B), whose eigenfrequencies should not decrease by more than 3% of
the initial value when spot welds are removed. This threshold is chosen arbitrarily, any other value could be used
depending on the context of the study. A MAC (modal assurance criteria) value over 70% is used as a matching criterion for
these modes, which means that only matched modes can be efficiently considered: some very local modes can appear
depending on the local distribution of spot welds, and these cannot be followed by the algorithm during the removal of
spot welds since the matching criterion is not verified. Some complementary constraints can be used to avoid the
appearance of these local modes, such as a backstep to cancel a spot weld suppression in an area with high strain energy for
a given local mode. This adaptive approach is not considered in this work. Some local modes can nevertheless be
considered, providing that they are matched with those of the reference structure.
2.2. Resistance spot weld modeling

In this study, each of the resistance spot weld is described with the simplified model shown in Fig. 3: the shell elements
of the two structural parts are linked to two master nodes 101 and 102 with multi-point constraint equations, while the
two master nodes are linked together with CBUSH elements (springs along the six spatial directions).

The spot weld model is assumed here to be effective for estimating the global dynamic characteristics of the structure
for the target behaviors of interest. It is clear that the results of the optimization process will depend on the choice of the
spot weld modeling. In the present case, the finite element model has been validated by engineers from PSA-Peugeot
Citroën who provided the model.
2.3. Robustness analysis of the reference model

The initial design is not necessarily very robust to the types of uncertainties which are considered here. For example,
manufacturing problems can produce defective spot welds and some others can break during the lifetime of the vehicle. All
changes in the model that will be considered in the following are related to missing RSW.
2.3.1. Manufacturing uncertainties

One source of RSW uncertainty is the result of defective assembly processes. The statistical distribution of these
uncertainties is considered to be uniform, hence each RSW has the same chance of being defective. Theoretically, it is then
quite simple to evaluate the robustness of the system performance to manufacturing problems using a Monte Carlo
simulation. However, this approach requires a very large number of analyses given the size of the design space, and
since we are dealing with discrete variables (existence or not of the spot welds), almost no alternative to Monte Carlo is
available, such as a Latin Hypercube Sampling strategy for continuous variables. The main question is related to the
percentage of spot welds which have some chance of being defective. No convenient information being available, a
robustness-versus-defectiveness plot can be used to evaluate the evolution of the robustness when the percentage of
defective spot welds increases. An illustration is given here for several degrees of failure (typically 2%, 4%, 6% and 8% of
defective RSW) in order to study the impact of increasing failure levels on the eigenfrequencies shifts. In the present case,
200 samples have been chosen, which means that for each considered percentage of failure, 200 numerical modal analyses
are performed (leading to a total of 800 calculations) in which the corresponding percentage of RSW is removed randomly
from the structure.

The left part of Fig. 4 shows the results of the robustness for the first three elastic modes. In these figures, the reference
eigenfrequency is plotted (red vertical line with circle marker at 0%), then the mean eigenfrequency shift for the 200
samples at each percentage of failure Alpha (green line withþmarker) and finally the largest eigenfrequency shift which
has been evaluated among all available results (blue line with�marker). We can note that the first mode is the most
sensitive one, and that the shifts obtained are quite small using this uniform statistical distribution. In this sense, the
structure is quite robust to manufacturing defects since the mean of eigenfrequency shifts for 8% of weakening RSW is less
than 1.1% for the three first modes. In a particular case, a 3.5% variation of the first eigenfrequency can be observed. This
Fig. 2. Shapes of the modes of interest.
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Fig. 3. FE model of a RSW.
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situation will be discussed in the next section, since it is possible to perform a quality control to check a small percentage of
the RSW at the end of the assembly line.

This robustness analysis does not involve any theoretical difficulty, but one could be interested in making a Monte Carlo
simulation with a smaller number of samples to reduce calculation time. The right part of Fig. 4 shows the results obtained
with a limited number of samples for the robustness analysis (only 50 samples for each uncertainty level). This relatively
low number of samples, in comparison to the large number of RSW, means that the results will not be very precise since the
Monte Carlo simulation is not fully converged. However, comparison with results obtained using 200 samples show that
qualitative information can be gleaned. In the following, 50 samples will be used for each uncertainty level for robustness
studies in order to reduce the calculation time, since the objective of the work is not to obtain precise results about
robustness but rather to propose alternative approaches to reduce calculation time to obtain a robust optimized
configuration.

2.3.2. Fatigue failure

The second problem that must be addressed in studying the influence of RSW’s on structural dynamics is related to their
fatigue resistance. A simplified approach, which has been considered in Ref. [9], is to evaluate the robustness of the
structure to spot weld fatigue failure considering an energy-based statistical distribution ei for broken RSW:

ei ¼

ffiffiffiffi
Ei

E

r
with E ¼

Xn

i¼1

Ei; ð1Þ

where Ei is the maximal strain energy of the RSW number i for all considered modes. Using this distribution, the
most loaded RSW are more likely to be removed from the numerical model. The robustness analysis is then a first
model of the fatigue effects. The same kind of analysis as the one which has been described for manufacturing effects
above has been performed here. The results are presented in Fig. 5. We can observe that changes are larger than in the
previous case, as is to be expected, since the most energetic RSW are those which are a priori along the main load
transmission paths and their absence will have a greater impact on the studied dynamic behavior. Once again, we
note that the first torsional mode is the one which is the most influenced by the RSW defects. A shift over 5% of the
corresponding eigenfrequency has been obtained for 8% of removed RSW, which can occur when several high energy welds
are removed at the same time. This situation is very unlikely when the statistical distribution of missing RSW is assumed to
be uniform.

Another way to obtain a first estimation for the probability of failure of a given spot weld is to use a statistical
distribution which is proportional to the total force in each RSW based on a static configuration which is assumed to induce
stresses which are close to operating conditions.

All these analyses provide information on the dynamic behavior of the initial body-in-white (BIW) and its initial RSW
distribution as well as the impact of missing spot welds.
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Fig. 4. Robustness results for the first three elastic modes, using a uniform statistical distribution, for 200 samples (left column) and 50 samples (right

column). The curves indicate the minimum, maximum and mean value of eigenfrequency shift, compared with the reference configuration.
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3. Optimization of the resistance spot weld distribution

Thanks to the growth of computer calculation power, the optimization of a full BIW can be investigated. The analysis
which is proposed here deals with spot weld optimization both in terms of number and position. The objective is to detect,
among a large number of resistance spot welds, which of them can be removed while preserving certain characteristic
behaviors of the structure. In the present case, this means removing as many RSW as possible while insuring that the first
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three elastic eigenfrequencies do not vary more than 3% from their original values. Of course, this should be done with an
efficient optimization procedure in order to reduce the calculation costs as much as possible. We propose an efficient
approach based on energy criteria which allows a large number of RSW to be eliminated at each optimization step.

Let us consider the typical behavior of a given feature of the model versus the number of eliminated RSW. This feature
could typically be the eigenfrequency shift of a mode of the modified structure (with missing RSW) which has been
matched to a homologous target mode of the nominal model. If the original structure includes a large number of RSW,
removing them based on a minimum energy criterion and considering the value of this feature versus the number of
eliminated spot welds leads to the typical behavior illustrated in Fig. 6.

Earlier formulations of the optimization algorithm were based on the removal of one RSW at a time. Unfortunately, this
kind of approach obviously results in a very high calculation cost, in particular due to the large number of variables and to
the fact that they are discrete. The calculation cost can be reduced, in particular at the beginning of the procedure when the
cost function is almost insensitive to spot weld removal. The basic idea here is to find a method that allows one to reach the
end of this insensitive zone in a small number of iterations, using a criterion that would indicate the insensitive spot welds.
Ideally, the number of spot welds to be removed at a given iteration would be a function of their energy distributions.
3.1. Description of the optimization methodology

In this part, the optimization algorithm is presented which allows to reduce the number of RSW while verifying a given
set of constraints.
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3.1.1. General strategy

The general optimization strategy is presented in Fig. 7. Each step of the procedure will be detailed in the following
paragraphs.

The initial design, which has been arbitrarily defined, is not necessarily very robust to the types of uncertainties which
are considered here. In order to be able to define a more robust starting configuration, the first step of the proposed
approach is to create a reinforced spot weld design of the structure. Concretely speaking, the number of spot welds is
multiplied by two to define an over-populated structure. In what follows, it is assumed that this reinforced design satisfies
all design constraints and, although it is in no way an optimal design in terms of the number of RSW, it has a maximum and
satisfactory level of robustness.

The initial design has 2643 RSW distributed along 382 structural interfaces between parts of the BIW, as shown in Fig. 8.
Fig. 9 shows a partial comparison of both the initial and reinforced configurations, the reinforced one including 4106 RSW.
The optimization process will concern only 3417 which are candidates for removal since, for industrial reasons, some RSW
are not allowed to be removed. The percentages that will be shown will be related to the 3417 spot welds. Removing 43% of
them will then imply that the final number of spot welds is lower than for the initial configuration.

After the model preparation (reinforcement of the structure, characterization of each RSW by its membership to a given
identified interface to which is associated an ordered list of spot weld), a modal (and/or static) Nastran analysis is
performed to evaluate the target model features. In this step, a correlation analysis is required in order to identify
the modes of interest, based on the modal assurance criteria (MAC). Eigenvectors are considered to be matched if the
corresponding MAC is above 0.7. Then, an evaluation of threshold criterion is performed in order to determine if the
iterative process has to be stopped or not. The next step is to evaluate the sensitivity of each RSW with respect to the cost
function based on the target features, using one of the three criteria that will be described in the next section.
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This evaluation allows us to detect the candidate RSW that are likely to be removed from the structure. Then, before
removing the spot welds of the model, two topological constraints must be satisfied: a proximity constraint and a minimal
interface constraint.

The proximity constraint is illustrated in Fig. 10, for which the value of the constraint is 7, this value being chosen for
visual understanding. In this case, two candidate RSW in a given interface (and at a given iteration) must be separated by
six remaining ones. A proximity constraint of one will authorize two consecutive spot welds to be removed at a given
y

z

x

Fig. 8. Initial distribution of spot welds.

y
z

x y
z

x

Fig. 9. Partial view of initial (left) and reinforced (right) distribution of spot welds.

Fig. 10. Candidate RSW for proximity constraint equal to 7.
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iteration. This constraint is closely linked to the ability or failure of the procedure to take into account coupling between
the effects of removed RSW at a given iteration.

The interface constraint consists in verifying the integrity of interfaces: each interface comprises a given number of RSW
at the beginning of the procedure, and while the algorithm can reduce the number of spot welds for this interface, it is not
authorized to remove all the interface RSW. In the present study, the RSW at the two ends of the interface are
systematically preserved. The Nastran command file is thus modified by removing RSW which have been selected and
which verify the constraints. Finally, the optimization loop goes back to the analysis to re-evaluate the current state of the
target features. It can be mentioned that approximate methods like reanalysis are generally not very efficient at this step
because the number of removed RSW at a given iteration may be too large to obtain reasonable results.

The procedure which is presented here has two specificities compared to the earlier formulations of this optimization
problem. The first one is that the number of RSW which can be removed at a given iteration is unknown, that is to say, as
many RSW as possible will be removed such that their total contribution to the structural energy is lower than a threshold
value. The second specificity is that the proposed criteria are unable to take into account coupling between parameters and
it simply provides information about the influence of a given RSW on the features one at a time. The use of the proximity
constraints allows this limitation to be circumvented.
3.2. Energy-based ranking of candidate spot welds

In the optimization procedure described above, the critical point is the choice of the influence criteria for each spot
weld. Three categories of criteria have been studied:
�
 Criteria based on interface forces: These criteria are the least expensive to evaluate but there is no simple link between
these forces and the evolution of the model features used here. All coupling effects are included in the criteria.

�
 Criteria based on energies: These criteria are relatively inexpensive to evaluate and there exists simple relationships

between values of criteria and eigenvalue shifts. However, coupling effects are not taken into account.

�
 Criteria based on a posteriori evaluation: These criteria are quite expensive to evaluate but give the exact influence of

each parameter. This is considered to be the reference calculation.
In this paper we will focus on the energy criteria. Three of them have been implemented in AESOP, the MATLAB-based
optimization and model updating development platform of the FEMTO-ST Institute, and they will be described in this
section.
3.2.1. Criterion 1: elastic energy in RSW

The first imaginable criterion is undoubtedly the most physical of all those described in this paper: it is the elastic
energy of each spot weld. The element elastic energy considered here can have several expressions, corresponding to the
contribution of a given element to the total elastic energy:
�
 Modal analysis (eigenshape yn, eigenvalue ln):

E1
i ¼

yT
nKe;iyn
ln

: ð2Þ
�
 Static analysis (static response x):

E1
i ¼

xT Ke;ix

xT Kx
: ð3Þ
�
 FRF analysis (frequency response y):

E1
i ¼

yT Ke;iy

yT Ky
: ð4Þ
In these expressions, Ke;i is the element stiffness matrix of RSW number i, and K is the stiffness matrix of the full model.
The normalization operation is done using the total energy of the structure. In this paper we will focus on the first
expression, corresponding to a modal analysis. This criterion is very closely linked to eigenvalues shifts, yielding a good
performance when the features of the problem take into account only eigenvalues variations and not eigenshapes
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modifications. Using this first criterion, all spot welds are sorted using their elastic energy E1
i , in ascending order, and the

candidate RSW to elimination will be selected using the following relationship:

Select RSW 1 to n such that
Xn

i¼1

E1
i otpDl; ð5Þ

in which t is an arbitrary tolerance.

3.2.2. Criterion 2: elastic energy in RSW and adjacent shell elements

In some cases, in particular when the stiffness of a given RSW is higher than that of the adjacent shell elements, the
above criteria does not capture the correct behavior of the structure, since the elastic energy of the considered spot weld
can be very small while the surrounding shell elements have a large elastic energy, implying that removing this RSW will
yield a significant change in the considered feature. This is why the second considered criterion will be the same as the
previous one, completed by the elastic energy of surrounding shell elements:

E2
i ¼ E1

i þ

P
Eshell

iP
Vshell

i

Vsh tot ; ð6Þ

in which Eshell
i is the elastic energy of shell elements surrounding spot weld i, Vshell

i the total volume of surrounding shell
elements, and Vsh tot the total volume of shell elements surrounding all considered RSW. This normalization is necessary to
avoid artificial variations of the indicator due to element size. Using this second criterion, all spot welds are sorted based on
their elastic energy E2

i , in ascending order, and the candidate RSW for elimination will be selected using the following
relationship:

Select RSW 1 to n such that
Xn

i¼1

E2
i otpDl: ð7Þ

3.2.3. Criterion 3: hypersensitivity indicator

The third considered criterion is based on work presented in Refs. [10,11], which has been called a ‘‘hypersensitivity
indicator’’. For the problem presented here, two stiffness matrices can be defined: K is the stiffness matrix in
nominal case (with all RSW), and ~K is the stiffness matrix corresponding to the structure with some removed RSW.
In the present case, no change appears in mass matrix when RSW are removed. The indicator is based on the residual
modal force:

Fn ¼ ð ~K � KÞyn; ð8Þ

which is then transformed into a residual modal displacement:

Rn ¼ ~K
�1

Fn: ð9Þ

Finally, this displacement is used to evaluate a kinetic energy in order to have global information and to link it to
variations in the eigenvectors ( ~M is the mass matrix of the modified structure):

Hn ¼ RT
n
~MRn: ð10Þ

It has been shown in Ref. [11] that this value is closely related to the shifts in the features, based on a modal
decomposition of initial shape yn on the modal basis of modified structure (with removed RSW) ~yn:

yn ¼
XN

s¼1

asn ~yn; ð11Þ

in which N is the number of considered modes in the decomposition. The asn factors are the projections of yn on the modal
basis ~yn, which can be seen as a measure of the difference between the two considered bases: if the structural
modifications are small, asn � dns in which d is the Kronecker symbol. Then, Hn can be expressed as

Hn ¼ an2
n

~ln � ln
~ln

 !2

þ
X
san

1�
ln
~ls

� �2

; ð12Þ

in which ~ln is the n- th eigenvalue of the modified structure (see Appendix A for details).
This indicator provides a single value for the structure, and then it is decomposed into element contributions to the total

energy, and also includes a normalization to avoid artificial variations of indicator due to element size, thus yielding
criterion 3 (i is the RSW number):

E3
i ¼

RT
nKi;eRnP

Vshell
i

Vsh tot : ð13Þ
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Using this third criterion, all spot welds are sorted using their residual energy E3
i , in ascending order, and the candidate

RSW for elimination will be selected using the following relationship:

Select RSW 1 to n such that
Xn

i¼1

E3
i otpDl2: ð14Þ

The calculation cost for the estimation of criteria 3 is higher than the one required for the first two, but the objective is
to obtain a lower global calculation cost thanks to a larger selection of RSW to eliminate at each iteration. The difficulty
here is to determine the value of tolerance which should be used in this case: it is on the order of Dl2 only when changes in
deflection shapes are small.

3.3. Results of the optimization procedure

The three criteria have been tested and compared in terms of efficiency. The results are presented by showing the
matched eigenfrequency relative error on the three modes of interest, the reference being the initial structure. This
eigenfrequency shift is given versus the number of removed RSW during the optimization, which means that the reference
number of RSW corresponds to the reinforced configuration (3417 spot welds).

3.3.1. Criterion 1: elastic energy in RSW

The results of the analysis using the first criterion are illustrated in Fig. 11. In this case, a proximity constraint of 3, with a
threshold value of 0.02 has been used. The value of the proximity constraint is chosen such as the effects of any potentially
removed spot weld on energy distribution are not coupled, at least in a local way. It can be seen that 11 iterations are
required to reach the maximum eigenfrequency shift of 3%, allowing to eliminate 67% of the RSW. It is seen in this
particular example that while the eigenfrequency shift is positive, the changes are quite low, and many RSW can be
removed at a given iteration. When the shift becomes negative, the changes are larger, and less spot welds are eliminated at
each iteration.

3.3.2. Criterion 2: elastic energy in RSW and adjacent shell elements

Results of the analysis using the second criterion are illustrated in Fig. 12. In this case, a proximity constraint of 3 and a
threshold value of 0.02 has been used (same parameters as in case 1). One can observe that a given threshold value
corresponds to a lower frequency shift, since the energy includes not only the RSW but also the adjacent shell elements,
which means that a smaller number of RSW are selected at a given iteration. This results in a higher calculation cost, since
the total number of iterations is higher than in the previous case. The final result, that was expected to be better than the
% eliminated RSW
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previous one, is unfortunately not so good, since the frequency of mode 1 goes down with a high 1.2% shift between
iterations 22 and 23. This is clearly explained by the ranking of RSW, which is made using criterion 2. This is of course not
an exact ranking, but it requires a low calculation cost. Techniques to avoid this kind of situation are clear: the first
alternative is to use a better ranking of RSW, for this another criterion is proposed in what follows. Otherwise, another
approach would be to propose an adaptive algorithm that should be able to detect large changes and reinforce the structure
at this point, before removing the next ones. This will be considered in our future work.
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Fig. 15. Results of optimization: removed RSW (blue), kept RSW (red), end of links (green). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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The final results correspond to removing of 62% of RSW while keeping the matched eigenfrequency shifts below 3%.
We note that this configuration can be achieved much more quickly using a higher threshold value. Fig. 13 shows the

same configuration using a 4.5% value for the threshold. We observe exactly the same behavior as the one of Fig. 12 with
only 11 iterations instead of 24 in the previous case.
3.3.3. Criterion 3: hypersensitivity indicator

The results of the analysis using the third criterion are illustrated in Fig. 14. In this case, a proximity constraint of 2 and a
threshold value of 0.01 has been used. In order to be competitive compared to the other runs, this indicator would be
required to remove many more RSW than the two first indicators at a given iteration, since the required calculation cost is
higher, due to the static resolution of the problem (Eq. (9)), which are required several times at each iteration (4 times in
this example). This is the reason why a lower threshold value is required, and also a lower proximity constraint, since the
indicator is supposed to be more effective for localization compared with the energy-based indicators. The thresholds have
been chosen to yield a total optimization time which is equivalent to the ones required with approaches presented above.
In this case, the threshold is reached at the fourth iteration, for which 56% of RSW have been removed. The results are not
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as good as the ones obtained using the first two indicators, mainly because of the high number of RSW that have been
removed at each iteration in order to be competitive with simpler methods, in terms of calculation time. This kind of
criteria is clearly not useful to localize the less sensitive RSW.

3.3.4. Conclusion

Three energy criteria for the suboptimal design of RSW in large automotive structures have been presented. All of them
are based on the elastic energy of spot welds and if they are used in parallel with a proximity constraint, they allow to select
hundreds of RSW for elimination at a given iteration. Gains in calculation time with respect to a weld-by-weld elimination
approach are thus very large. The third criterion is based on the modal residual force, and requires a higher calculation cost,
without improvement in the results. The hypersensitivity approach thus does not seem to provide any real advantages in
this case. This approach was designed for localization of the most sensitive parts of a given structure, and has been tested
here concerning the localization of the least sensitive RSW. In this case, the higher calculation cost is not associated with a
better ranking of RSW, and the simple approaches are clearly much efficient for this purpose.

A typical final result of the optimization procedure is shown in Fig. 15, in which the spot welds are shown with color
markers: the blue markers are the removed welds while the red markers indicate the welds that should remain in the
model. Finally, the green markers indicate the welds at the end points of each lineal interface and were not candidates for
elimination.

Depending on the choice of the energy indicator and the thresholds during the optimization process, several sub-
optimal configurations can then be found. The choice of a RSW distribution among the available solutions should not be
only based on the lowest RSW number criteria, since the best configuration may not be the most robust. A compromise
between RSW number and robustness should be found. This is the topic of the next section.

4. Robustness of the resistance spot weld distribution

4.1. Classical robustness analysis

A classical robustness analysis [12] seems to be a natural way to rank the suboptimal configurations which have been
found, or simply to evaluate the robustness of a given spot weld distribution. However, in practice, the computational
burden renders its application impracticable. An alternative approach is proposed to manage the robustness of a given
configuration.

4.2. Alternative approach for robustness management

There is a fundamental difference between manufacturing defects and fatigue failure. In the case of manufacturing
defects, it is generally possible to perform a control on some of the spot welds. Of course, the control of all of them would
be too costly, but verifying 10 or 20 spot welds at the end of the assembly line is quite reasonable, clearly, this type of
quality control would be more difficult to implement during the lifetime of the vehicle. Hence, in this section the topic is
related only to manufacturing defects.

We would like the optimized RSW design to be robust to defective and unchecked RSW. The optimized BIW will be
analyzed in order to determine a set of RSW which have to be checked at the end of the assembly line in order to insure that
they are not defective. Then, while these RSW will remain in the model, the remaining welds will be supposed to be
defective in a random way. This investigation will lead to a robustness curve representing the compromise between
sensitivity to RSW defects and number of controlled welds.

The objective is then to find the most sensitive RSW. Although a criteria such as hypersensitivity [11] could then be used
to localize more accurately the most sensitive spot welds, in this paper a simpler indicator is used which is based on the
element strain modal energy. A spot weld with a high strain energy is assumed to be more influential than one with low
strain energy for the considered mode. One advantage of this indicator is that it does not require additional analysis since
the modal energies have already been calculated during the optimization process.

Hence, the procedure for determining which RSW should be checked coming off the assembly line is defined as follows:
1.
 Sorting of interfaces by decreasing modal energy. Definition of the interfaces that should be included in the analysis
according to the following criterion:

Include interface i in analysis if EL
i 4t

Xn

i¼1

EL
i : ð15Þ

where EL
i is the strain energy of all RSW belonging to interface i, and t is a tolerance allowing one to study only the most

energetic interfaces.

2.
 For each interface that has to be studied in detail:

(a) Classify RSW of the interface by decreasing energy.
(b) Remove the most energetic RSW 1 from the model and compute eigensolutions of interest.
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(c) If the eigenfrequency shift is over a fixed limit, the spot weld is included in the list of RSW to be checked. Otherwise
the analysis of the interface is over.

(d) Once a spot of the interface has to be checked, it is assumed to be effectively present in the structure, and the
following RSW of the interface to be analyzed one by one in the order given by the decreasing strain energy. The
considered RSW is then reintroduced in the model, and the next spot weld is analyzed, until the eigenfrequency
shift is lower than the required limit or if the variation of eigenfrequency shift is below a given threshold.
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example. We observe that in this situation, some interfaces have required an analysis with the removing of 3 RSW, while

A typical result of this procedure is illustrated in Fig. 16, where a total of seven interfaces are presented as an

only two were necessary for some other interfaces before reaching the 1% limit shift chosen as a stop criteria (the upper
dotted line indicates the frequency shift after the optimization, and the lower one is the stop limit, 1% below). In this
calculation, 27 interfaces have been studied, and a total of 10 spot welds have been identified for quality control,
among which the first point studied is in interface 2, whose suppression yields a 0.25% shift of the first eigenfrequency of
interest.

Once again, the key point of this analysis is the indicator used for the sorting of interfaces and spot welds. This is the
current investigation point in this research. In the future paper, we will focus on the evaluation of the effect of other
indicators.

The final result of the proposed methodology can be considered as a suboptimal configuration which verifies all the
desired constraints, with a significant reduction of the number of spot welds. In order to evaluate the robustness of that
final configuration, a robustness analysis can be performed. In the present case, the analysis has been done using only 50
samples to evaluate the dispersion on the mean value. We can see in Fig. 17 that the robustness of the first mode is almost
the same as that of the initial configuration (see Fig. 4): the nominal value of the frequency exhibits a 1.75% shift, but the
maximum deviation of the mean frequency shift (compared with the nominal value) is lower than 1%, which is below the
1.1% frequency shift observed for mode 1 of initial configuration.

5. Conclusion

The design of a resistance spot weld distribution for an automobile body-in-white has a strong impact not only on the
global system performance but also on the robustness of this performance with respect to uncertainties due to assembly
defects and fatigue failures. A quantitative methodology is presented that provides decision-making indicators that allow
the analyst to insure a given level of system performance at the cost of performing a quality control of a limited number of
welds coming off the assembly line as well as reinforcing a set of critical welds in order to improve the robustness to fatigue
failure. In contrast to existing sampling-based robustness analyses, the proposed methodology gives visibility to the
compromise between improved robustness and higher assembly and quality control costs. In other words, this
methodology provides a tool to guide the analyst in the next step to improving robustness while providing an estimation
of the cost of the predicted improvement.
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Appendix A. Link between hypersensitivity index and eigenfrequency shifts

Eigenvalues shifts are denoted Dln ¼ ~l
n
� ln. Notations with ~ sign are related to the modified structure. Residual (9) can

be expressed as

Rn ¼ yn � ln ~K
�1 ~Myn ¼ yn �

X
s
ans

ln
~ls
~ys ð16Þ

or

Rn ¼
X
s
ans 1�

ln
~ls

� �
~ys: ð17Þ

The kinetic energy of this residual is then

Hn ¼ RT
n
~MRn ¼

X
s
ans 1�

ln
~ls

� �
~ys

 !T

~M
X
k
ank 1�

ln
~lk

 !
~yk

 !
; ð18Þ

which can be simplified if the modes are mass-normalized as ~yT
s
~M ~yk ¼ dsk where dsk is the Kronecker symbol:

Hn ¼
X
s

ans 1�
ln
~ls

� �� �2

: ð19Þ

This leads to the expression of indicator (12):

Hn ¼ ann
� �2 Dln

~ln

� �2

þ
X
san
ðansÞ

2 1�
ln
~ls

� �2

: ð20Þ
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Appendix B. Deflection shapes of the modes of interest

Figs. 18–20 exhibit the three modal shapes of the modes of interest in the study. The color is related to the element
strain energy.
Appendix C. Analysis of convergence

Fig. 21 shows the convergence of both mean and maximum values of matched eigenfrequency shifts, for the three
modes of interest. The curves have been obtained on the reference structure, using only the 4% level of removed RSW for
each sample. Starting from one single sample, a new sample is added, and the features (mean and maximum values of
matched eigenfrequencies shifts) are evaluated. This operation is repeated to obtain a set based on 580 samples. One can
clearly see in Fig. 21 that even after 580 samples, the exact convergence is not achieved yet. Nevertheless, the value of the
mean frequency does not evolve significantly, and some informative conclusions can be obtained with a much lower
number of samples. Based on this observation, 200 samples give quite precise information, while the 50 samples used in
this paper can be considered as sufficient for indicating the global tendencies. It is clear that concerning the maximum
Fig. 18. First mode of interest.

Fig. 19. Second mode of interest.

Fig. 20. Third mode of interest.
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value, this is a more difficult task and with testing all of the configurations, we can never be sure we have reached the
global maximum value. Fig. 21 shows that, despite this fact, the maximum value does not evolve so much after about 100
samples.

This indicates that some pertinent information can be obtained using only a reduced number of samples, even if the full
convergence is not reached.

Fig. 22 shows the histograms and approximated distribution of matched eigenfrequency shifts for the three modes of
interest. The approximated distribution is normalized using the area of the histogram, and it has been evaluated using a
windowed normal kernel function [13]. The figure also shows the mean value and the standard deviation of each frequency
of interest.
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