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1 Abstract

This paper presents a worst-case design approach for the multidisciplinary topology optimization of an
automotive hood design. The study considers the impact of a pedestrian’s head against the hood, static
loads, and the minimum weight of the hood — all required to meet general design code requirements in
automobile industry. Among the design code requirements of the hood design, the biggest challenge is
to handle hundreds of head impact locations specified in the Euro NCAP pedestrian testing protocol,
due to the high computational expense of hundreds and thousands of structural analyses demanded in
the structural optimization. To overcome this challenge, we accordingly introduce a general framework
for the worst-case topology optimization which investigates the worst impact locations on the hood by
evaluating the maximum head injury criterion and the maximum deflection of the hood separately,
reducing the burden to consider multiple disciplines simultaneously at hundreds of impact locations all
at once. At the end, these worst impact locations are combined with a static load case and formulated
into a single multidisciplinary design optimization problem that needs only tens of structural analyses
per iteration for numerical gradients computation, enabling the proposed design framework suitable for
large scale topology optimization problems.

Keywords: Topology Optimization; Multidisciplinary Design Optimization; Worst-Case Optimization;
Automotive Hood Design; Head Injury Criterion;

2 Introduction

This research is an extension of our previous research [1], conducted to solve the topology optimization
of an automotive hood combining static, impact, and eigen frequency load cases using LS-TaSC, while
considering design requirements of multiple disciplines and multiple impact locations on the hood. For
a detailed background review and discussion on this topic see paper [1]. This paper focuses on
introducing the worst-case design approach to topology optimization for an automotive hood, which is
required to meet the hard motor components protection of the hood and the pedestrian safety protection
requirements at numerous impact locations specified in the European New Car Assessment Program
(Euro NCAP) pedestrian testing protocol [2].

Design specifications for the inner panel of the automotive hood focus on the effect that places a
limit on the severity of pedestrian head injury when struck by a motor vehicle. Other requirements are
being made to use the hood as an active structure and push its surface several centimeters away from
the hard motor components during a pedestrian crash. Thus, the design of the hood is typically expected
to meet requirements such as HIC, deflection of the hood, and maximum energy absorption of the hood.
These important requirements are from the crash groups at various automotive companies, and they
can be achieved by Multi-disciplinary Design Optimization (MDO). MDO has been developed to address
the interaction of multiple disciplines of engineering in designing complex structures by using various
optimization methods. It has found increased applications in automotive industry, where the structures
of automotives are required to consider crashworthiness and stiffness at the same time in the product
development process for sizing or thicknesses of components [3-4] and topology optimization of parts
or car bodies [5-7]. Our research has been focusing on multidisciplinary topology optimization of a crash
box [8] and a hood [1] involving with a few load cases, and the current research has extended the
capability to deal with such design problems involving with numerous of impact load cases.

The distribution of head impact locations on the automotive hood defined by the testing protocol
are specified as the testing zones | and Il described in Fig. 1, where each cross-dot point represents an
impact location [2]. To liaise with this pedestrian testing protocol, the design for the hood is meant to
conduct head injury severity assessments at all impact locations resulting from a low-speed crash (<30
km/h) of the vehicle striking a pedestrian. As one impact location denotes a load case which depicts the
scenario of the pedestrian head striking onto the hood at the prescribed location, computation cost is
very expensive to solve an optimization problem including hundreds of load cases drawn from all the
impact locations. The larger the number of impact locations is, the more finite element (FE) analyses
are needed, and the more expensive the computation cost is. Therefore, it's essential to have the
number of load cases as low as possible by finding out a few worst impact locations out of hundreds of
locations.
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Fig. 1: Distribution of pedestrian head impact locations defined by Euro NCAP protocol

The worst-case design optimization is often used for robust optimization in literature [9-10]. It
deals with the worst-case scenarios where structures are optimized by considering the most severe
possible situations, such that the optimized structure can withstand the worst possible loads or
manufacturing errors. This optimization strategy is desirable in situations where structural failure may
result in potential disasters and accidents such as considerable economical damage or even loss of life.
The worst-case topology optimization design can be a solution with minimum computation cost to
improve head impact zone effectiveness in pedestrian impact protection. Because a worst-case design
estimation of the hood can identify the impact locations leading to the weakest structure. The weakest
hood structure is genuinely able to minimize the potential of violating the EURO NCAP pedestrian testing
protocol under identified worst-case impact locations for locations within the test zones. This paper will
describe the worst-case topology optimization for a hood considering both the HIC and deflection of the
hood to meet the Euro NCAP testing protocol in detail.

In the following we first present solving the multidisciplinary topology optimization with constraints
by using LS-TaSC and show the challenge in solving an optimization problem of the automotive hood.
The principal idea of worst-case topology optimization is then specialized in Section 4, whereafter we
proceed with the detailed description of the worst-case design strategy, and eventually end up with the
conclusions.

3 MDO Design for An Automotive Hood
3.1 Multidisciplinary topology optimization with constraints using LS-TaSC

To solve for MDO problems with constraints, LS-TaSC developed the spacial kernel approach to
address complex minimax problems, also known as the saddle point problems, which typically aims to
maximizing energy absorption in automotive impact problems [11].

The MDO problem with constraints can be defined as

m}icn f(x)
s.t. gy () <0 (G=1,2 ..) 1)

where x is the vector of topology variables, [ and j indicate the load case index and constraint index,
respectively. g,;(x) represents the j-th constraint in the [-th load case, and f(x) denotes the objective,
which can be expressed as follows to include multiple design displines,

f(x) = Zawifi(x) )

in which each load case has its own objective to satisfy corresponding design disciplines. w; represents
the weight factor of the load case, and f;(x) represents the objective of the load case. In this MDO
problem, the load case weights are used to solve for a subset of the constraints.

For impact problems, the constraints, of which the derivatives are computed numerically using the multi-
point scheme [11-13], are expressed using the spatial kernel functions, which can be referred to
literature [14]. With the assistance of the spatial kernels, the MDO problem is transfered into a
Lagrangian dual problem, which can be solved using a two-level optimization strategy: an upper level
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problem in terms of Lagrange multipliers, load case weights, and spatial kernel variables, and a lower
level problem in terms of topology variables. The lower level problem is solved using the projected
subgradient method [15], while the upper level problem can be solved using a general mathematical
programming method.

During the design optimization process, preferably, the numerical derivatives need to be
computed every iteration. But it is very costy for complex problems that require a few hours to complete
a FE analysis. To reduce the cost, we compensate the accuracy of the numerical derivatives and
compute the derivatives every three or five iterations.

3.2 MDO problem of an automotive hood

The geometry of the engine hood including the outer shell and the solid inner panel (design part) is
shown in Fig. 2a, and the finite element model of a child/small adult head form positioning over the outer
surface of the hood is shown in Fig. 2b. The impact analysis for evaluating the responses of the head
form collision on the engine hood is conducted using LS-DYNA. According to the requirements of the
Euro NCAP, there are Pedestrian Safety Protection and Hard Motor Components Protection to be
considered in the design optimization. Corresponding to these two protection requirements, two major
responses, which are the HIC value and the maximum downward displacement of the hood, are needed
to be investigated at an impact location where the collision happens.

L

(a) FE model of the engine hood (b) FE model of the headform over the engine hood

Fig. 2: FE model of the engine hood for head impact analysis

Pedestrian Safety Protection: The HIC value in a head impact analysis is calculated by the effects
of head form acceleration and the duration of the acceleration. It is defined as [16]

iza@ae] @ - 1) ©)

where a(t) indicates the acceleration of the head form at time ¢, and t, and t, represent the time interval
for the evaluation. The HIC value is to evaluate the maximum average acceleration value over time
duration t, —t;which is 15ms in this research. A threshold of 2000 for HIC values indicating life
threatening is set as the upper bound of the HIC values.

Hard Motor Components Protection: It is required that the deflection of the hood is within safety
region where the deformed surface of the hood doesn’t touch or hurt the hard components beneath the
hood while a collision between the vehicle and a pedestrian happens. Thus, a threshold of 100 mm is
set as the upper bound of the deflection of the hood, which is the maximum downward displacement
from the entire structure.

At each impact location, it is ideally required to consider the pedestrian safety protection and the
hard motor components protection simultaneously. Since an impact location represents a load case,
these design requirements provide two constraints in a single impact load case. Therefore, the
optimization problem for multidisciplinary topology optimization of the hood can be expressed as

HIC = max{[ !

ta—ty

mln fmass (x)
st Guicn(x) <2000

Iuicam (x) < 2000
Imax_disp_i1 (x) <100

gmax_disp_lM(x) < 100
Xmin < X <1.0 (l = 1, e, N)
(4)
where x; denotes the i-th design variable, N is the total number of design variables, and x denotes the
vector of the design variables. x,,;, is the lower bound of the design variable. It is assumed that there
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are a total of M impact locations to be considered. gy;c ;1 and gmax aisp 11 FEPresent respectively the HIC
value and the maximum downward displacement of the hood from the 1st impact location, and gy;c i
and gmax aisp v represent respectively the HIC value and the maximum downward displacement of the
hood from the M-th impact location. Thus, the above MDO problem has an objective of a mass fraction
and a total of 2 x M constraints from M impact locations.

To solve this MDO problem, since the number of global variables (i.e., mass fraction and loda
case weights) that need to be addressed is noted as numGlobalVars = 1+(M-1), the number of sampling
points needed for numerical derivative computation on the usages of the central difference distribution
of the DOE equals to 2* numGlobalVars +1, and the total number of FE analyses (e.g., LS-DYNA runs)
at the iteration where new numerical derivatives need to be computed equals to (2* numGlobalVars
+1)*numLoadCases. Regardless how often the numerical derivatives are set to be computed and how
many optimization iterations are required to converge, the computational cost on the FE analyses has
a complexity of 0(n?) with the number of load cases, which is impossible to afford for design optimization
of the automotive hood involving with hundreds of impact locations. Thus, it is of great importance to
reduce the number of impact locations from hundreds to a few.

4 Worst-Case Design Optimization Strategy

For providing an analogy to the hood design problem with hundreds of impact locations, consider the
optimization problem of designing a bridge loaded by a car driving over it. In this problem, every possible
location of the car is a load case subject to a constraint, which can be described in Fig. 3. An alternative
problem is to design the bridge for a uniform load (the superposition of all the load cases), as shown in
Fig. 4a. The worst-case scenario from the initial problem, as shown in Fig. 4b, is added to satisfy the
constraints via an increase of the material in the structure. With this design strategy, the resulting
structure will withstand all loads and satisfy all constraints.

Determination of worst-case design scenarios is performed by a thorough searching for the
absolute worst case possible.

| W=1, g(x)<0 |

| W=1, g(x)<0 |

| W=1, g(x)<0 |

| W=1, g(x)<0 |

| W=1, g(x)<0 |

Fig. 3: Description of a bridge with many load cases each with a constraint

a)

| W=0, g(x)<0 |

b)

Fig. 4: Worst-case design of a bridge consisting of a) an uniform load and b) the worst load case with a
constraint
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5 Worst-Case Topology Optimization

Following the description of the worst-case design optimization strategy, we implement this strategy for
the MDO of the hood as below.

5.1 Specifying impact locations

According to the Euro NCAP pedestrian testing protocol, there are hundreds of impact locations to be
tested on the whole surface of the hood. Since the distribution of the impact locations on the hood is
symmetric along the red dashed line centered on the hood structure in Fig. 1, only half the number of
these impact locations need to be investigated. Due to the limitation of computation resources, 16 impact
locations among the half number locations are selected to represent the pedestrian testing protocol by
using Design of Experiments (DOE), of which the sampling points are generated using LS-Opt. The
DOE of the impact locations is described in Fig. 5. By excluding the three locations at the lower right
corner of the DOE that are out of the hood surface, there are 13 representative impact locations to be
considered in the MDO problem described in Eq. 3. Each sampling point means a single load case and
it requires a full topology optimization design through LS-TaSC. Overall, the outer level DOE goes
through all the sampling points one by one followed by the inner level topology optimization for a single
impact location. Initial study conducted to check potential load path from multiple impact locations.

Scatter Plot
Variable “xvar" vs, Variable “yvar"
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Fig. 5: DOE of the impact locations on the hood
5.2 Specifying worst-case impact location for maximum deflection of the hood

Firstly, with the preselected 13 impact locations, we aim at locating the worst-case impact location that
yields the largest deflection of the hood caused by the vehicle-pedestrian collision. To achieve this goal,
the constraint applied on the maximum downward displacement at a given impact location is set without
bounds, while the HIC value of the hood is required not to exceed 2000, which is the only design
requirement to be satisfied in the optimization process. Thus, the MDO problem for the hood on the
purpose of investigating the maximum deflection at a single impact location can be expressed as

min fmass (x)
st. guic 1 (x) <2000
—o0 < gmax_disp_ll(x) < 400
Xmin < X <1.0 (l = 1, e, N) (5)
Since only one load case is considered here, it only requires three LS-DYNA runs to provide the
sensitivities at each optimization iteration. LS-TaSC solves the above optimization problem, and its
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solution provides an optimal design of the hood structure, of which the maximum downward
displacement value is collected for later comparison.

This optimization computation conducted by LS-TaSC is repeated for 13 times as the 13 impact
locations needs to be considered one by one. Thereafter, 13 optimal designs of the hood structure are
provided, and 13 maximum downward displacement values from these 13 designs are collected. At the
end, we plot the collected data of the maximum downward displacement values with a colormap, which
is shown in Fig. 6 with an overlay of the 13 optimal designs of the hood structure. It shows that the
impact location marked in the red square gives the largest deflection of the hood, about 270.2 mm,
among 13 impact locations. Thus, this marked impact location is specified as the worst-case for
maximum deflection of the hood.

Fig. 6: Overlay of topologies from DOE of worst-case design of displacement

5.3 Specifying worst-case impact location for maximum HIC of the hood

Secondly, we aim at locating the worst-case impact location that yields the largest HIC of the hood
caused by the vehicle-pedestrian collision. The same computation strategy as stated above is employed
here. For a given impact location, it is required that the maximum downward displacement around the
impact area is not to exceed 100 mm while the HIC value obtained from the impact analysis is set without
bounds. The MDO problem for the hood on the purpose of investigating the HIC at a single impact
location can be expressed as

min fmass(x)
s.t. gmax,disp,ll (x) <100
=00 < gpie (X)) < o0
Xmin < X <1.0 (l = 1, e, N) (6)
By going through the 13 impact locations one by one, LS-TaSC repeats the optimization process
of solving the above MDO problem 13 times and provides 13 optimal designs whose HIC values are
collected to draw the colormap plot, as shown in Fig. 7. It says that the impact location at the lower
right-hand corner, which is marked in the red square, produces the largest HIC value, about 4127,
among the 13 impact locations. Thus, this impact location is specified as the worst-case impact location
for the maximum HIC of the hood.

© 2023 Copyright by DYNAmore GmbH, an Ansys Company



14" European LS-DYNA Conference 2023, Baden-Baden, Germany

Fig. 7: Overlay of topologies from DOE of worst-case design of HIC
5.4 Optimizing for the worst-case impact locations

Thirdly, with the above specified two worst-case impact locations, we can form a new MDO problem
with these two load cases combined with a static load case that applies uniform distributed point loads
on the hood. The three load cases are described in Fig. 8.

¢) uniform distributed point
loads

a) worst-case for deflection of
the hood

Fig. 8: Three load cases for the worst-case design

b) worst-case for HIC

In this MDO problem, both the maximum downward displacements of the hood and the HIC value
at the two worst-case impact locations need to be considered. The new MDO problem with the worst-
case deflection and worst-case HIC of the hood can be expressed as follows,

min fmass (x)
s.t. gmax_disp_ll (x) <100
Inic_12(x) < 2000
Xmin < X < 1.0 (l =1, -, N) (7)
To address the MDO problem with multiple load cases, the weighting is active to find the tradeoff
between the maximum downward displacement design and the HIC design. For three load cases, seven
LS-DYNA runs are needed for each load case and a total of 21 LS-DYNA runs are needed per each
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optimization iteration to provide the numerical sensitivities for global variables. The optimization
converges after 40 iterations, with the optimal design being shown in Fig. 9 and the histories of maximum
downward displacement and HIC being described in Fig. 10. As we can see, both the maximum
downward displacement and the HIC requirements are satisfied very well with the optimum structure.

a) Optimum hood structure

b) Design contribution plot

Fig. 9: Optimal hood structure obtained from the worst-case design
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Fig. 10: History plots for the worst-case design

During the worst-case optimization, it is noted that the standard topology optimization design is
to stiffen a structure to its maximum, while the topology optimization design that satisfies the HIC
constraint requires to soften the load path created for the deflection constraint. This means that simply
reducing the load case weight where the HIC constraint is applied is not enough. A negative value must
be used as the weight of the load case related to the HIC constraint. This motivates LS-TaSC to have
an option of “Soften Structure” in the Objective definition list, which is targeted to handle this situation
for our customers who need to solve MDO problems with HIC constraint being defined in one of multiple
load cases.

5.5 Verification of the optimal design

At the end, a verification study is conducted to check satisfaction level of the optimal design in terms of
the Euro NCAP code. LS-DYNA analyses for the optimal hood structure at the preselected 13 impact
locations are conducted individually. The resulting maximum downward displacement of the hood and
HIC values of the collision at each impact location are collected and plotted in a colormap as shown in
Fig. 11.
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Fig. 11: HIC (upper) and maximum downward displacement(lower) values of the optimum hood at 13
impact locations

The colormaps show that there is one location, #2, being failed for the HIC requirement and a few
locations (marked in green and red colors) being failed for the deflection requirement, and these failed
locations do not include either of the worst-case locations, #1 and #3, which we specified in Sections
5.2 and 5.3. This means that the worst-case shifts from one location to another during the optimization
iterations. The reason for the worst-case shifting is because a stiffer structure yields smaller deformation
but causes a higher HIC value due to a big bouncing back of the head form received in the collision. By
removing materials from the structure, the structure gets softened and produces smaller HIC value but
larger deformations at places where materials are removed. For the MDO problem in Eq. 7, to decrease
the HIC value at impact location #1, materials are removed from the nearby area to soften the structure
during the optimization, and this cause large deformations at impact locations surrounding #4. To satisfy
the maximum downward displacement constraint at location #3, materials are added to strengthen that
area through the loading path. However, this causes the HIC value at location #2 to be a little bit over
the limit. A possible solution to avoid the worst-case location shifting is to use an iterative design
methodology identifying multiple worst-case locations.

6 Summary

We introduced a framework of the worst-case topology optimization that requires solving constrained,
multi-disciplinary optimization problems to satisfy industry manufacturing codes such as the Euro NACP
pedestrian testing protocol. It is a new maturity level for topology optimization to design for these industry
codes. A computation strategy is proposed to select representative impact locations using DOE and to
determine the worst-case impact locations through estimating the worst performances. This computation
strategy reduces the burden to conduct hundreds and thousands of LS-DYNA runs required for
numerical derivative computation involving with hundreds of load cases. It enables the design process
to select and focus on the “important” load cases for an efficient performance-oriented design. This
design framework can be used in complex design of other structural components considering multiple
disciplines and multiple load cases beyond its application in the hood design.
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The future work will be an iterative strategy addressing the worst-case shifting issue. This issue

should be solved by including the worst-case impact locations iteratively during the optimization process,
which implies implementing an active load case strategy.

7
[1]
[2]
3]

[4]

[5]

[6]
[7]

(8]
(9]
[10]

[11]

[12]
[13]
[14]
[15]

[16]

Literature

I. Gandikota, W. Roux, G. Yi. Topology optimization of an automotive hood for multiple load cases
and disciplines. In: 13th European LS-DYNA Conference, 2021, Ulm, Germany.

European New Car Assessment Programme Pedestrian Testing Protocol, Version 8.4, Nov.
2017, https://cdn.euroncap.com/media/32288/euro-ncap-pedestrian-testing-protocol-v84.pdf

P. G. Anselma, C. Boursier Niutta, L. Mainini and G. Belingardi. Multidisciplinary design
optimization for hybrid electric vehicles: component sizing and multi-fidelity frontal
crashworthiness. Struct Multidisc Optim, 62(4): 2149-2166 (2020).

J. Bittner, A. Schumacher, T. Béck, et al. Making multidisciplinary optimization fit for practical
usage in car body development. Struct Multidisc Optim, 66(3), 2023.

G. Chiandussi, I. Gaviglio, A. Ibba. Topology optimisation of an automotive component without
final volume constraint specification. Advances in Engineering Software, 35(10-11): 609-617
(2004).

N. Aulig, E. Nutwell, S. Menzel, et al. Preference-based topology optimization for vehicle concept
design with concurrent static and crash load cases. Struct Multidisc Optim, 57: 251-266 (2018).
M. Matsimbi, P. K. Nziu, L. M. Masu, M. Maringa. Topology optimization of automotive body
structures: a review. International Journal of Engineering Research and Technology, 13(12):
4282-4296 (2020).

I. Gandikota, W. Roux, G. Yi, Crashworthiness and lightweight optimization of an automotive
crash box using LS-TaSC. FEA Information Engineering Solutions, 34-44 (2019).

C. J. Thore, A worst-case approach to topology optimization for maximum stiffness under
uncertain boundary displacement. Computers & Structures, Vol. 259, 106696 (2022).

J. Greifenstein, M. Stingl. Topology optimization with worst-case handling of material
uncertainties. Struct Multidisc Optim, 61: 1377—1397 (2020).

W. Roux, A feasible minimum energy state method for constrained, multi-disciplinary topology
optimization problems. In: USACM's 14th U.S. National Congress on Computational Mechanics,
2017.

W. Roux, Constrained topology optimization using multi-point perturbations of global variables.
In: USACM's 13th U.S. National Congress on Computational Mechanics, 2015.

W. Roux, The LS-TaSC multipoint method for constrained topology optimization. in: 14th
International LS-DYNA Users Conference, Dearborn MlI, 12-14 June, 2016.

W. Roux, G. Yi, . Gandikota, A spatial kernel approach for topology optimization. Computer
Methods in Applied Mechanics and Engineering, 361: 112794, 2020.

W. Roux, G. Yi, |. Gandikota, Implementation of the projected subgradient method in LS-TaS. In:
15th International LS-DYNA Users Conference, Dearborn MI, 10-12 June, 2018.

Interactive Mathematics, Head Injury Criterion (HIC) pt 2: HIC Index, example.
https://www.intmath.com/applications-integration/hic-part2.php

© 2023 Copyright by DYNAmore GmbH, an Ansys Company


https://cdn.euroncap.com/media/32288/euro-ncap-pedestrian-testing-protocol-v84.pdf
https://www.intmath.com/applications-integration/hic-part2.php

	1 Abstract
	2 Introduction
	3 MDO Design for An Automotive Hood
	3.1 Multidisciplinary topology optimization with constraints using LS-TaSC
	3.2 MDO problem of an automotive hood

	4 Worst-Case Design Optimization Strategy
	5 Worst-Case Topology Optimization
	5.1 Specifying impact locations
	5.2 Specifying worst-case impact location for maximum deflection of the hood
	5.3 Specifying worst-case impact location for maximum HIC of the hood
	5.4 Optimizing for the worst-case impact locations
	5.5 Verification of the optimal design

	6 Summary
	7 Literature

