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Optimization of car frontal protection system
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Abstract – Aim of the current study is to design the extra frontal protection system of a car satisfying
the requirements of directive 2005/66/EC of the European Parliament and of the Council. The car frontal
protection system is treated as additional energy absorbing element. An analysis of a car-pedestrian crash
situation is performed by use of explicit Finite Element Analysis solver and the following stiffness analysis
with implicit Finite Element Analysis solver. For modeling response surface and search for optimal solution
the LS-OPT software is utilized and some comparative simulations are performed by use of MATLAB.
The experimental validation of the models designed is performed.
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1 Introduction

Car frontal protection systems can be categorized as
original equipment or as separate technical units. Both
systems provide additional frontal protection for motor
vehicles, but constitute potential risk to the safety of
pedestrians. More than 8.500 pedestrians and cyclists die
and over 290.000 are injured in road crashes in the EU per
year (Dörr et al. [1]). This forms about 1/5 of total vic-
tims in traffic accidents. For that reason, safety remains
a top priority for the auto industry today. In order to
develop safer cars the crash engineers have begun to re-
design the bumper, hood and etc. with the aim to make
them better energy absorbers (Du Bois et al. [2], Lawrence
et al. [3], Matsui [4], Schuster [5]). In Du Bois et al. [2] a
comprehensive overview on vehicle design safety is given.
The basic concepts of vehicle safety, design and the evo-
lution of body structures, a theoretical background and
finite element modeling methods of the vehicle body de-
sign technology, analytical methods of determining oc-
cupant motion and some biomechanics issues of human
injury are covered. In Lawrence et al. [3] the benefits of
the brake assist system are analyzed. The effects of ve-
hicle bumper height and impact velocity on the type of
lower extremity injury are studied by Matsui [4]. It is
pointed out that the main injury at an impact velocity
of around 20-30 km/h is to the knee ligament, but at
an impact velocity of around 40 km/h, a fracture of the
lower extremities. The paper by Schuster [5] is devoted
to the bumper system design for pedestrian impact. Dif-
ferent approaches for reducing the severity of pedestrian
lower limb impacts are discussed. More popular cushion-
ing methods are reviewed. Some trends in bumper design,
as the use of lower stiffeners, alternative energy absorbers,
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beam face features, flexible beams and add-on structures
are pointed out.

A number of papers are devoted to impact energy
absorbers (Al Galib et al. [6], Alghamdi [7], Gupta [8],
Grǐskevièius et al. [9], de Kanter [10], etc.). In Al Galib
et al. [6] the crash behavior of circular aluminum tubes
undergoing axial compressive loading is studied experi-
mentally and numerically. Static and dynamic behavior
of circular thin-walled tubes is considered, the values of
the mass and impact velocity of tubes are varied. Ax-
isymmetric and mixed deformation modes are analyzed.
Numerical results obtained from FE analysis are validated
against static and dynamic test results. In Alghamdi [7]
common shapes of collapsible energy absorbers including
circular tubes, square tubes, frusta, struts, honeycombs,
and sandwich plates are reviewed. Axial crushing, lateral
indentation, lateral flattening, inversion and splitting are
considered as possible deformation modes. The viability
of using structural foam in B-pillar and bumper designs
is investigated by Gupta [8]. It is concluded that the
B-pillar and the rear bumper are potential areas where
structural foam could replace steel and other materials
and allow weight reduction in comparison with respec-
tive base models. In Grǐskevièius et al. [9] the impact
energy absorption of the vehicles front structures dur-
ing frontal crash is studied. The energy absorbing ca-
pabilities of longeron columns under axial compression
loading are analyzed. It is pointed out that the degra-
dation of the structures in the old cars has significant
influence on the energy absorbed. Capability to absorb
up to three times more energy by modern AVC longeron
columns than corroded longeron columns in the old cars
is reported. Testing and numerical simulation of multi-
material energy absorbers is performed by de Kanter [10].
The properties of the metallic and fibre reinforced plastic
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(FRP) cylinders in the crushing behavior are discussed.
It is stated that multi-material elements demonstrate
both, metallic and composite characteristics in crushing
behavior i.e. metallic and composite materials are com-
plementing each other. Three different possibilities for in-
tegrating metal and composite materials are analyzed (re-
inforcement the metal cylinder with FRP, reinforcement
the FRP cylinder with metal, creating a multi-material
component as one). The optimal combination of materi-
als, the fibre orientations, number of fibre layers and the
thickness ratios are considered as design parameters in a
multi-material element design process. In the case of de-
formation of the multi-material element up to failure the
metal progressive plastic collapse and the progressive brit-
tle fibre reinforced plastics (FRP) collapse mechanisms
apply in combined form.

Employment of various optimization techniques is one
of the trends in car frontal protection system design
(Hörmann [11], Wang [12]). In Hörmann [11], a cylinder
impact on rigid wall is considered as an example. This
paper is focused on the description of the capabilities of
LS-OPT software.

Successive response surface methodology (SRSM)
based optimization and its application to structural de-
sign is discussed in detail. Special attention is paid to
crashworthiness analysis. Shape optimization of a crash-
box using HyperMorph and LS-OPT software is studied
by Wang [12]. The smoothness of the force values dur-
ing the folding process of the crashbox is considered as a
quality criterion. The difference between maximum and
minimum force values of the force-intrusion is minimized.

In the current paper, the possibilities to increase safety
of the car frontal protection system in accidents with
pedestrians are studied. Main attention is paid to the de-
sign of fastening components. The stiffness of the compo-
nents is limited by pedestrian safety and required struc-
tural stiffness of the car accessories. On one hand, the
stiffness of the accessories mounted on the car front pro-
tection system (e.g. extra lights) must be high enough
to withstand the vibrations and accelerations of the car.
On the other hand, the stiffness must not be too high
in order to avoid excessive accelerations of human body
parts in case of accident. In order to obtain maximum
energy absorption that is smooth enough, search for opti-
mal configuration of support components of the structure
is performed.

In the current paper, the emphasis is on the study
of the frontal protection system of vehicle consisting of
tubular accessory and the fastening components. The sys-
tem is simply added by bolts to a standard motor vehicle
without major modifications to the vehicle. It is impor-
tant that the original energy absorbing structures of the
vehicle will remain in place without alteration.

2 Impact test

In general, the tubular extra accessories, mounted to the
front of vehicle, constitute a risk to the safety of pedes-
trians in the event of a collision. At the same time these

Fig. 1. Lower legform impact testing. (a) Legform impactor,
(b) Frontal protection system, V – velocity of impactor.

systems have been still used in the EU in recent years.
In order to protect pedestrians against such a risks, cor-
responding test methods and tools were developed by
EEVC (European Enhanced Vehicle safety Committee)
and elaborated by ACEA (Association des Constructeurs
Europeens d’ Automobiles) (Dörr et al. [1]).

According to the directive 2005/66/EC (Direc-
tive [13]) the car frontal protection systems must pass
the following tests:

– lower legform test;
– upper legform test (required for systems with height

over 500 mm);
– upper legform leading edge test (to bonnet, for moni-

toring purposes only);
– child/small adult headform test (to bonnet).

In the current study, it is assumed that the height of the
car frontal protection system designed is less than 500 mm
and main attention is paid to the safety requirements pro-
ceeding from lower legform test. The test is depicted in
Figure 1. In the test, the impactor ((a) in Fig. 1) is shot
at the speed of 11.1 m/s at the frontal protection system
of the vehicle. There are three types of sensors mounted
inside the impactor: acceleration sensor, bending angle
sensor and shear displacement sensor. For all three, there
are certain limits defined by the directive 2005/66/EC
(Directive [13]) as:

– the maximum dynamic knee bending angle shall not
exceed 21.0◦;

– the maximum dynamic knee shearing displacement
shall not exceed 6.0 mm;

– the acceleration measured at the upper end of the tibia
shall not exceed 200 g

(
g = 9.81 m

s2

)
.

It is assumed above that the total permissible mass of the
vehicle is less than 2500 kg. In the case where the total
permissible mass of the vehicle exceeds 2500 kg, the cor-
responding maximum values of the knee bending angle,
knee shearing displacement and acceleration measured at
the upper end of the tibia are 26.0◦, 7.5 mm and 250 g,
respectively.
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Fig. 2. Force-displacement diagram of energy absorbing com-
ponent: realistic curve and desired curve.

While with bending angle and shear displacement it is
easier to fit within the given limits, with the acceleration
limit, the situation is more complicated.

3 Impact energy absorption

From the literature, different kind of energy absorbing
structures (rings, thin walled members, laminates, honey-
combs and etc.) can be found, materials vary from solid
metals to composites and cellular materials (Alghamdi [7],
de Kanter [10], Lu et al. [14]). Unfortunately, most struc-
tures absorb energy in an unstable manner. When impact
loading starts, there will be a high peak of reaction force
followed by smaller peaks or more constant level of reac-
tion forces (Fig. 2). A more desirable situation would be,
if the reaction force increased steadily to some predefined
level and remains constant at this level (Lu et al. [14]).
In the deceleration of the impactor, only few components
are involved. They are tubular parts, fastening compo-
nents and at the final stage, the bumper of the car. To
lessen the acceleration, optimization of tubular parts and
fastening components have to be addressed. In Figure 3
the acceleration diagram obtained from the lower legform
impact test is shown (corresponds to initial design of the
fastening component). As it can be seen, the acceleration
is too high, so the design does not conform to the require-
ments of directive 2005/66/EC (frontal protection system
is too stiff).

In the current study, the detailed optimization of the
tubular parts is omitted. The properties of the tubes are
selected as appropriate as technologically possible (light
structure, thin walls, etc). Main attention is paid to opti-
mization of the geometrical parameters of fastening com-
ponents. The initial configuration of the fastening compo-
nents is provided by the manufacturer of the car frontal
protection system. The current study covers design im-
provement rather than topology optimization, since the

Fig. 3. Acceleration plot of legform impact test.

Fig. 4. Energy absorbing component.

values of the design parameters corresponding to prede-
fined initial topology of the component are determined
(some modifications concerning topology of the compo-
nent are available). A simple energy absorbing compo-
nent is given in Figure 4. The geometrical parameters a,
b, c, d and e shown in Figure 4 are considered as design
variables.

4 Formulation of optimization problem

The maximization of the internal energy and minimiza-
tion of the mass are most commonly used as objectives
for crashworthiness optimization problems. Definitely, the
criteria of interest in crashworthiness studies are not lim-
ited by the two formulations mentioned above. In the fol-
lowing, two different optimality criteria are discussed. In
order to cover different criteria and constraints, the op-
timization problem is formulated as a general nonlinear
optimization task as

min f(�x) (1)

subjected to

gj(�x) � 0, j=1, ...m, (2)
hk(�x) = 0, k=1, ...l. (3)
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In (1)-(3) f, g and h are functions of independent design
variables x1, x2, ...xn and

�x = (x1, x2, ...xn). (4)

The objective functions considered in the current paper
can be expressed as
a) minimization of the peak force (peak acceleration)

f1(�x) = max(FZ ), (5)

b) minimization of the difference between maximum and
minimum force values

f2(�x) = max(FZ) − min(FZ), (6)

where FZ stands for axial force component (in moving
direction).

Theoretically, the optimality criterion (6) is correct,
but its practical application for the posed problem is com-
plicated. Namely, at initial stage FZ = 0 and the optimal-
ity criterion (6) reduces to criterion (5), if it is applied
directly (see Fig. 2). In order to overcome the latter com-
plication, the following two approaches are considered:

– criterion b) can be applied for time t such that t > tl,
where the time value tl corresponds to the first peak
of the force component FZ ;

– the term min(FZ) in criterion (6) can be replaced by
final value of the force component FZ (Fzfinal ).

Obviously, the first approach can be applied without los-
ing generality, but the second approach can be applied
for certain kinds of problems only. Note that in the case
of the above posed problem both approaches considered
lead to the same results.

The simultaneous minimization of objective func-
tions (5) and (6) leads to the multicriteria optimization
problem. The corresponding functional, subjected to min-
imization, can be written as

f(�x) = [max(FZ), max(FZ) − min(FZ )] . (7)

Most commonly the multicriteria optimization problem
(MOP) is solved by combining the multiple objectives
into one scalar objective whose solution is a Pareto opti-
mal point for the original MOP i.e. functional (7) can be
replaced by the following functional

f(�x) = w1f1(�x) + w2f2(�x). (8)

In (8) w1 and w2 stand for the weights of objective func-
tions f1 and f2 defined by relations (5) and (6), respec-
tively.

A number of alternative techniques are available for
solving multicriteria optimization problem, such as goal
programming, homotopy techniques, normal-boundary
intersection, multilevel-programming and etc. (Das [15]).

The constraints considered in the current model can
be outlined as:

a) Linear constraints on design variables.

The set of design variables and the constraints laid on
these variables depend on the structure and topology of
the car frontal protection system considered. In general
form, the constraints can be written as

xi <= x∗
i , −xi <= −x∗∗

i , (9)

where x∗
i and x∗∗

i stand for upper and lower bounds of
the design variable xi, respectively.

b) Nonlinear constraint on displacements in x − y plane
(car is moving in z-axis direction).

As mentioned above, the stiffness of the components of
the car frontal protection system is limited by pedestrian
safety and required structural stiffness of the car acces-
sories. The protection system designed must work as a
good energy absorber, but at the same time it must be
stiff enough with respect to loading in directions perpen-
dicular to car moving direction. The weight of the system
itself can be considered as acting load. The constraint pro-
viding the required stiffness of the car frontal protection
system can be expressed in terms of displacements as

uc =
√

u2
2 + u2

3 <= u∗, (10)

where u2 and u3 stand for the displacements in x and
y direction (i.e. perpendicular to moving direction of the
car), respectively and u∗ is a given limit value. It should
be noted that the constraint (10) must hold good in nor-
mal car exploitation conditions and may be violated in
the case of accident.

5 Necessary optimality conditions

First note that the equality constraints (3) can be written
in terms of inequality constraints as

hk(�x) <= 0, −hk(�x) <= 0, k = 1, ...l. (11)

Let us introduce the extended functional J∗ as

J∗ = f(�x) + λT g(�x). (12)

In (12) λ stand for Lagrange multiplier vector and the
equality constraints (3) are included in inequality con-
straint vector g(�x).

Equalizing the total variation of the functional J∗ to
zero, one obtains the necessary condition for the sta-
tionary value of the functional J∗, which are known as
Karush-Kuhn-Tucker conditions:

∂f(�x)
∂�x

+ λT ∂g(�x)
∂�x

= 0,

λT g(�x) = 0, (13)
g(x) <= 0,

λ >= 0.

Gradient based optimization methods require computa-
tion of the first order derivatives of objective function
f(�x) and constraints function g(�x) with respect to the
design variables �x. Detailed solution procedure for the
posed optimization problem is given in the next section.
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6 Solution procedure

In the case of the optimization problem considered, an ap-
plication of the optimality conditions (13) is cumbersome,
since the objective function (8) and nonlinear constraint
function (10) are evaluated from dynamic and static FE
analysis, respectively. The gradients can be calculated us-
ing an adaptive finite-difference method.

The solution procedure proposed can be decomposed
into following subtasks:

a) design of simulation data, the set of the design vari-
ables must be prepared for a number of crash simula-
tions,

b) dynamic FE analysis (explicit FEM) - crash simula-
tion,

c) static FE analysis (implicit FEM) - stiffness analysis,
d) application of the response surface method (RSM),
e) search for optimal solution.

The simulation data are obtained by varying the design
variables in limits given by (9).

Uniform grid can be used as initial approach if no
other considerations are available. The content of the sub-
tasks b)-e) is described in following sections.

6.1 Finite element analysis (FEA)

Numerical analysis is performed in LS-DYNA program
by use of fully integrated shell elements (LS-DYNA [16]).
The stress-strain behavior is modeled with multi-linear
approximation. In order to consider plastic anisotropy the
Hill’s second order yield criteria is employed.

As mentioned above, the FEA is performed separately
for crash simulation and stiffness analysis. The total num-
ber of simulations depends on number of design variables
and on grid density, fixed at the stage of simulation data
design. The number of design variables used in the case of
different approaches was from 4 up to 8. The dynamic and
static analysis is performed with the same sets of the sim-
ulation data in order to get a complete set of output data.
The output data used if further optimization procedure
contains maximum values of the frontal force component
(obtained from the dynamic analysis) and displacements
in x−y plane uc (evaluated by use of formula (10), where
u1 and u2 are obtained from the static analysis). Ob-
viously, in the case of objective function (8) the values
of both expressions max

t>0
(FZ) and max

t>t0
(FZ) − min

t>t0
(FZ)

should be included in output data prepared for optimiza-
tion procedure.

6.2 Response surface method (RSM)

Let us proceed from the predetermined set of designs in-
troduced for FE analysis. In the following, the output
data obtained from FE analysis are treated as response
values. In RSM, the design surface is fitted to the re-
sponse values using regression analysis. Most commonly,

least squares approximations are used for this purpose.
In the current paper, the generalized regression neural
networks (NN) is used for the surface fitting. The sur-
face constructed by use of NN do not normally contain
the given response values (similarity with least-squares
method in this respect). An approach proposed is based
on the use of the MATLAB neural network toolbox and
LS-OPT software (Stander [17]). The function newgrnn
creates a two-layer network (MATLAB [18]). The first
layer has radbas neurons and the second layer has purelin
neurons. The response surfaces are generated simultane-
ously (with one call to newgrnn) for all response quanti-
ties (x− y displacement uc and objective function(s)). In
order to calculate outputs for a concurrent set of values
of the design variables, a network simulation function sim
is used in MATLAB (NN Toolbox).

Similar two layer (one hidden layer) network is gener-
ated also in FE software LS-OPT for composing response
surface. The LS-OPT software based approach is pre-
ferred in the current study, since it is compatible with
LS-DYNA.

6.3 Search for optimal solution

Let us proceed from the surface modeled by use of neu-
ral networks. In order to determine the minimum of the
objective function (8), the LS-OPT software has been uti-
lized. The response surfaces for function f(�x) determined
by formula (8) and x − y displacement uc are treated as
objective and constraints functions, respectively. Alter-
natively, some simulations have been performed by use
of MATLAB function fmincon (Optimization Toolbox),
but, as already mentioned above, the LS-OPT software
is preferred due to its compatibility with LS-DYNA. The
obtained results are found to be close, but in the case of
both approaches, the convergence to the nearest extreme
value of the objective function can be followed. Thus, the
global extremes of the objective function can be achieved
by the selection of a suitable initial point. In the case of
the optimization problem considered, the initial point is
chosen from the set of grid points as a point with minimal
value of the objective function (search for minimum).

Obviously, the search for global optimum can be re-
fined (or simplified) by applying genetic algorithm (at
least at first stage of the search). However, in the lat-
ter case, the benefits of the integrated use of LS-DYNA
and LS-OPT software cannot be exploited.

7 Numerical and experimental results

In Figure 5 the frontal force component Fz(t), correspond-
ing to initial and optimal sets of design variables, is given,
respectively. Obviously, the maximal value of the Fz(t) is
reduced significantly (more than 4 times). All constraints
are fulfilled in the case of both designs. Note that energy
absorption is twice higher in the case of initial design. This
can be explained with reduced dimensions of the compo-
nent. It can be seen from Figure 5 that the shape of the
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Fig. 5. Force – Time diagram: initial design and the optimized design.

Fig. 6. Lower legform impact test.

force curve corresponding to the optimal design is quite
similar to the shape of the desired force curve, depicted
in Figure 2.

In order to validate the FEA models, an experimen-
tal study was carried out. Several configurations of the
component shown in Figure 4 were tested. In Figure 6,
the lower legform impact tests according to the directive
2005/66/EC (Directive [13]) to benchmark the initial de-
sign are shown. Figure 6 consist from three pictures cho-
sen for describing lower legform impact test. First picture
is done 6.3 milliseconds before contact, second and third
pictures 3 and 12 milliseconds after contact, respectively.
The forces and deformation modes determined from ex-
periments were found to be reasonably close to that cal-
culated by FEA.

8 Conclusion

Design optimization of a car frontal protection system is
performed. Main attention is paid to the optimal design of
the fastening components. A multicriteria optimal design
problem is formulated and the necessary optimality con-
ditions are derived. The design procedure proposed con-
tains an analysis with dynamic loading for car-pedestrian
crash situation by use of LS-DYNA explicit solver, fol-
lowing stiffness analysis (LS-DYNA implicit solver), re-
sponse surface modeling and search for optimal design
(LS-OPT, some comparative simulations are performed
in MATLAB). The obtained numerical results are found
to be in agreement with experimental results.

Unfortunately, the solution is sensitive with respect to
initial design. In order to avoid problems with selection
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of the initial design (convergence to local minimum), the
genetic algorithm (GA) based optimization technique can
be applied. In the latter case, the FEA results should be
transferred into alternative software. In future MATLAB
and its toolboxes (optimization, genetic algorithm and
direct search) are planned to be utilized for this purpose.
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