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ABSTRACT

The automotive industry continues to face the challenge of developing efficient side body structures that help
to reduce the risk of injury to occupants in collisions. The B-pillar, Roof, and Side Sill are key structural members
that help reduce the risk of injury to the occupants during a side impact crash event. This study used a simulation-
based global optimization method to find optimum thickness for the B-pillar, Roof, and Side Sill components
considering baseline material specification and vehicle performance in the IIHS SICE (Side Impact Crashworthiness
Evaluation) and FMVSS 216 (Roof Crush Resistance) safety tests.

Fifteen design variables were defined by selecting structural members from a unibody vehicle design. The
objective of the optimization was to find the most efficient distribution of mass for the structural members that
are vital for the occupant safety. Automated simultaneous simulations were conducted using a global optimization
method called Self-Adaptive Evolution. This methodology resulted in a 11% increase in occupants survival space (or
decrease in occupant compartment intrusion), and 1.7% reduction in total mass compared to the baseline structure.

Also this optimization result met the FMVSS 216 roof crush resistance requirement.

1. Introduction

Government and insurance institutions have
introduced many safety standards with the intent to
help reduce the risk of serious and fatal injuries to
occupants during side impact crashes. To achieve a
desired crashworthiness, the auto industry focuses on
developing better vehicle side body structures that help
reduce the risk of injury to occupants in collisions.
When considering safety standards in development,
available design and test technologies only allows
the engineer to design and tune the vehicle side
structure to each test mode separately. However, this
can be inefficient and somewhat imprecise since it
requires a lot of design time and experience to find an
appropriate strength and balance for the side structure.
Still the engineer may not find the optimum structure
respect to weight and strength.

A new simulation-based structural optimization
method was developed to help design the structure
more efficiently considering the crash modes
simultaneously. This method was validated during
the initial phase of side structure development for
2011 Odyssey. The objective was to find the optimum
thickness for the side structural members that would
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help to reduce the risk of injury to occupants in
collisions and meet the requirements of the Side
Impact Crashworthiness Evaluation (SICE) and Federal
Motor Vehicle Safety Standard (FMVSS) No. 216,
Roof crush resistance modes. These modes were
selected since they are the most dominant for side
impact crashes.

The numerical optimization method used was
Self Adaptive Evolution (SAE). This is a global
optimization algorithm'” in which the results are not
dependent on a starting point, such as it is in the
gradient-based methods.

Furthermore, iterations are calculated in parallel
and tend to converge to a global optimum.

Generally, global optimization methods require a
large number of simulations and dedicated computer
resources. To facilitate this, computer resources at the
Ohio Supercomputing Center (OSC) were used.

2. Side Impact Crash Modes

Roof crush resistance and SICE simulation
models were used simultaneously to find the
optimum gauges for the side structure (Fig. 1).

Total mass of these parts, shown in Fig. 2, was
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Fig. 1
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Fig. 2 Side structural members selected for optimization

36.93 kg. These parts were selected primarily based
on their direct contribution to withstand the side crash
modes. Part size was a secondary factor since more
mass can be taken out from larger structural members.
The objective of this study was to find the optimum
thickness to the structural members that would meet
the target force level and occupant survival space
for roof crush resistance and SICE crash modes
respectively.

3. System Workflow

Figure 3 shows the optimization workflow that
was developed using OPTIMUS software. This is a
fully automated workflow that varies the thickness of

the side structure, simulates the two crash modes, and
extracts the roof crush resistance force and survival
space.

Using this workflow, many simulations were run
successfully. OPTIMUS easily interacts with other
software that control the simulation submission process
and can incorporate user scripts, which is essential
since some of the simulations required extracting
complex results. For this study, a separate script was
written to extract the occupant survival space from the
SICE simulation. All the simulations were done using
LS-DYNA® software. The OSC was used to process
the 200-plus simulations that were needed to complete
this optimization.
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Fig. 3 Optimization workflow

Table 1 Baseline (first design milestone) simulation results
Roof-crush force Survival space Total mass (kg) Total mass (kg)
(N) (mm) [Comps for optimization] [Comparing the both
sides of the car]
Target 66400 116 Reduce mass Reduce mass
Baseline run 73414 117 36.9 69.5

4. Optimization

The noisy, non-linear nature of crash analysis
reduces the use of gradient-based optimization methods;
therefore, a global optimization method called SAE was
selected to drive the optimization. The SAE strategy is
directly based on absolute valued vectors when dealing
with continuous parameter optimization studies. The
algorithm is a multi-recombinant scheme based on
a population of designs and its strategy is to imitate
biological mutation and selection”. Designs with the
best fit from the current total population will be selected
as the parents for the next generation. The multi-
recombinant method used here selects multiple parents
to generate one offspring, and mutation is independently
applied to each design so the old generation produces
a new generation. The new generation’s fitness is then
calculated and new offspring are made. The algorithm
has convergence criteria and, for certain ranges,
algorithm parameter values have been determined for
improved performance.

Objective: Minimize total mass of the selected parts.
Constraint 1: Roof crush resistance force has to be
greater than 66400 N

Constraint 2: Distance from center of the vehicle to
B-Pillar Inner has to be greater than 551 mm for
SICE.
Occupant
=116 mm
Where 435 mm is the distance from center of the
vehicle to the center of driver seat cushion, which is a
constant.

Thickness of the parts varies between 0.7 and 2.3
mm.

survival space is calculated as 551 - 435

Number of Simulations required is calculated as

Number of Load Cases (Roof-Crush and SICE)
x Population Size (number of simulations for each
generation)
x Number of generations,

Therefore total number is 2 x 15 x 8§ = 240
simulations.

Table 1 shows the baseline results compared to the
target.

5. Optimization Results

Table 2 shows the results of the first
22 simulations. In the OPTIMUS workflow,
Max Force RoofC refers to Constraint 1 and
Minimum_length refers to Constraint 2. It is observed
that when going from one generation to the next, the
optimization algorithm finds more feasible solutions in
allocating less mass to the structural members.

Figures 4 and 5 show the behavior of total mass
respect to the two constraints. It is clear from Fig. 5
that the efficient mass distribution among the structural
members can give better roof crush resistance force
and survival space. It is also evident that SICE or
Minimum_length is the driving constraint for the
optimization.

Table 3 shows the best mass distribution among
the structural members found through this optimization
study.

As shown in Table 4, simulations 76 and 114
show better roof crush resistance force and better
survival space with same or less mass compared to the
baseline.
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Table 2 Optimization results
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Fig. 4 Mass versus Roof crush force, Minimum_length
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Fig. 5 Mass versus roof crush resistance force
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Table 3  Optimization results with efficient mass distribution

1 0 16 73414.05988 1 1 55180119 0.03693

61 4 2.06459 76316.01867 1 1 565.17467 0.03762

76 5 2.10386 74064.04847 1 1 555.82743 0.03591
10 ¥ 2.09286 76131.41799 1 1 560.377B1 0.03695
14 7 2.19667 74716.40748 1 1 564 97335 0.0373

Table 4 Simulations 76 and 114 compared with baseline

Roof-crush force | Survival space Total mass (kg) Total mass (kg)
(N) (mm) [Comps for optimization] [Comparing the both
sides of the car]
Target 66400 116 Reduce mass Reduce mass
Baseline run 73414 117 36.9 69.5
Run 076 74064 121 35.9 -
Run 114 74716 130 37.3 -

6. Refinement of the Optimization Results

It is essential that optimization results should
be analyzed further as global optimization methods
will require many more number of simulations to
converge to an optimized single solution. Because of
the limitation on the computer resource availability
this many simulations were not feasible. As already
large numbers of simulations were completed and a
good scatter was available for the responses (mass,

constraints), these results were analyzed based on the
Design of Experiments (DOE) principle.

Based on correlation values in Fig. 6, optimization
results were further refined.

Correlation value table gives information about
the level of correlation between the design variables
(thickness of structural members) and the responses.
The correlation value is always between +1 and -1.
A correlation value closer to +1 or -1 signifies that
responses and corresponding design variables are
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Fig. 6 Correlation value table
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Table 5 Thickness values for simulations 76a, 114a were based on 76,114

Roof_Rail_SideF_2| Floor_ Cmbr_5| Roof Pnl_Stiffo_ 6| Sill_Stf 11| B_PIr_Innr_Lower_14| B_PIr_Innr_15
1 1.00 1.60 1.60 1.40 1.60 1.60
76 0.82 0.77 1.00 0.91 1.66 2.10
114 1.91 1.77 1.01 0.73 1.40 2.20
76a 0.82 0.67 0.80 0.81 1.50 2.10
114a 1.01 1.60 1.01 0.73 1.40 2.20
Table 6 Manual Simulations 76a and 114a compared with baseline
Roof-crush | Survival space Total mass (kg) Total mass (kg)
force (N) (mm) [Comps for optimization] | [Comparing both sides of the car]
Target 66400 116 Reduce mass Reduce mass
Baseline run 73414 117 36.9 69.5
Run 076 74064 121 35.9 -
Run 076a 68760 120 35.0 66.5 (3.0) |
Run 114 74716 130 37.3 -
Run 114a 71692 130 36.0 68.3 (1.2) |

mostly linearly-related, while a value closer to zero
indicates that they are fairly independent.

The high correlation value of 0.66 indicates that
the B-pillar inner (part 15) is the most important
for SICE. This is very much in line with the design
experience.

Negative correlation values for parts 2, 5, 6, 11,
and 14 indicate that they are not significant for SICE.
Therefore, thickness for these can be reduced and still
provide the same occupant survival space. To further
reduce mass, the thickness of these parts was reduced
and new simulations, called 76a and 114a, were run
manually. Thickness comparison is shown in Table 5.
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Fig. 7 Roof Crush force

Table 6 shows the results for simulations 76a and
114a compared with optimization results.

Simulation 76a shows that mass can be reduced
by about 3 kg per vehicle and still provide more
occupant survival space and roof crush resistance
force compared to the baseline. Simulation 114a
shows a survival space improvement of 13 mm over
the baseline condition and with a reduction in mass of
about 1.2 kg less per vehicle. Figures 7 and 8 show
comparison of the baseline to the simulations 76a and
114a with respect to roof crush resistance force and
SICE.
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Fig. 8 Occupant survival space for SICE
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7. Conclusion

(1) The global optimization simulation method used in
this study can be applied to similar situations where a
structure is designed using several test modes. In this
study, the number of simulations required was a major
challenge since each one required approximately 20
hours to complete. This required a parallel processing
environment with many available CPUs. To use these
computer resources efficiently, only the most dominant
test modes were considered for the optimization
workflow.

(2) During optimization, 7 out of 240 simulations did
not complete correctly due to numerical instabilities
caused by the unbalanced structure. When the
optimization process assigned thickness, in extreme
situations the structure became severely unbalanced
and led to numerical instabilities in the simulation.
This was an unavoidable situation that was considered
in the planning stages of the study by having few
additional simulations than required and aslo designing
the optimization workflow to ignore such results.

(3) The optimization results in Table 5 show thickness
of the B-pillar inner to be 2.1 mm. This may be
infeasible to manufacture as a single part. Therefore,
consideration is made to apply reinforcement to the
B-pillar inner so that the combined thickness gives a
similar strength as 2.1 mm B-pillar inner.
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