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Summary

The design of crashworthy structures is a very important issue in automotive. Structures able to 
absorb a great amount of energy during impact are a challenge for automotive engineers 
nowadays. Currently, computer simulation is an efficient and cost-effective manner of designing 
structures. This paper is focused on the prediction of the behavior of the impact attenuator on a 
vehicle used for the Annual Formula SAE competition. The impact attenuator is made of 
expanded aluminum sheets joined by spot welding. The behavior of the crash zone is time 
sensitive (inertia effects) and extreme deformations occur during a collision. The commercial 
software LS-DYNA is used, which incorporates robust and effective explicit non-linear algorithms, 
for the prediction of the time dependent behavior of the impact attenuator. The finite element 
simulation has taken into account geometrical (contact and large deformations) and material non-
linearities. The results show the worthiness of the crash zone and its ability to smoothly absorb 
great amounts of energy.
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1. Introduction 
Auto racing safety has gained important attention from many engineering teams. Crashes at 
which racing vehicles tumble down the track and with parts flying in all directions as the vehicle is 
literally destroyed, is a common image at car race accidents. This way the racing vehicle is 
performing as it is designed – to protect the driver in his seat. Designing special sections of the 
car able to crumble during a collision is of great importance. To do so, crash zones accomplish 
two safety goals: They reduce the initial force of the crash and they redistribute the force before it 
reaches the vehicle’s occupants (driver and co-driver). 
Therefore a crash zone is mounted in the front compartment of a racing vehicle, where in frontal 
impacts the most intensive inertia loads develop. The crash zone reduces the loads on the driver, 
which are jeopardizing his health. 
 This paper presents the design through simulations of a crashworthy impact attenuator used for 
the Annual Formula SAE competition. Since, large non-linear deformations develop and intense 
time dependent loads appear, LS-SYNA commercial software with embedded  
explicit non-linear algorithms is used.

2. Description of the problem 
According to the regulations of FSAE [1] the designed impact attenuator, when mounted 

on the front of a vehicle with a total mass of 300 kgs (661 lbs) and run into a solid non-yielding 
impact barrier with a velocity of impact of 7.0 m/s (23.0 ft/sec), should give a deceleration of the 
vehicle not to exceed 20g. 
The greatest advantage of the crash zone is that in case of an impact the acquired kinetic energy 
of the vehicle is not transferred entirely to the vehicle but decreased. The collapse of the crash 
zone due to extreme deformations and partial failure of it, ensures that part of the kinetic energy 
is transformed to strain energy, by means of attenuation. Thus, the more energy attenuated by 
the crash zone, the less is being transferred to the rest of the vehicle and the driver. Moreover, it 
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reduces the initial force of the crash and redistributes the impact forces. In order to design a 
crash worthy impact attenuator, which reduces the initial force as much as possible in a crash 
with a given amount of mass and speed, we must slow down the deceleration [5,7,8]. The vehicle 
begins to decelerate as soon as the crash zone starts crumbling, extending the deceleration over 
a few extra tenths of a second.
In order to derive a crash worthy impact attenuator three different geometry patterns, sharing the 
same design configuration and dimensions (see fig.1), were selected for analysis. All three 
patterns utilize 3mm expanded aluminum sheets joined together with spot welding. The 
dimensions of the crash zone are (150 x 200 x 150) mm, (W x L x H). 

a. b. c. 
Figure 1: The design configuration of the crash zone and the three -a,b,c- patterns studied 

As illustrated in figure 1, the a. configuration incorporates pristine Al sheets. The idea 
lying behind this pattern is that buckling of the sheets is the dominating failure mode and the 
collapse of the crash zone in case of an impact, together with lateral loads. Pattern b. and c. 
incorporates notches made on the one side and both sides, respectively. The notches will 
increase the lateral loads and smoothly redistribute the developed crash zone forces.      

3. Finite Element Analysis Procedure  
In order to simulate the behavior of the Al sheets SHELL163, an explicit thin structural 

shell with both bending and membrane capabilities, is used. The S/R co-rotational Hughes-Liu 
element formulation was employed, since in impact analyses very large deformations and warped 
element configurations occur. As far as the material model is concerned, the bilinear kinematic 
one was utilized, which performed at a satisfactory level. Regarding the contact technology, 
automatic single surface contact was used, because the contact regions were unknown before 
the analysis. 
On an effort to follow the FSAE regulations during the simulation, several assumptions are made. 
Since we study the contribution of the crash zone, in means of deceleration and energy 
absorption during an impact, the vehicle was assumed as lumped stiffness and mass. Thus, 
retaining the inertia of the vehicle, additional elements are introduced at the mounting of the crash 
zone with the rest of the car body. These elements, in a global aspect, have the equivalent 
stiffness (axial and torsion) and mass of the entire vehicle.
Applying an acceleration that yields 7 m/s at the moment of impact, to the system, and letting it 
impact to a rigid wall of shell elements by the acquired inertia and momentum, the following 
criteria were utilized  to assess its crash worthiness [6,7]: 

- The deformation pattern 
- The accelerations experienced by the vehicle during impact  

4. Explicit Non – Linear Formulation 
In order to simulate geometric non-linearities LS-DYNA utilizes the updated Lagrangian 

method where all variables are referred to the current (i.e. from the end of the previous time step) 
configuration of the system. Therefore, Cauchy stresses and Almansi (or logarithmic) strains are 
used. The great advantage of this approach is the simplicity of incremental strain description.
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The explicit time integration schemes of the discretized equations of motion {1} treat all kind of 
nonlinearities straightforward and no iterations are needed so as to converge to an equilibrium 
state [2-4].

nnnn RuuKuM                 {1} 

Where u  is the vector of nodal displacements, M is a mass matrix, K is a stiffness matrix non-
linearly dependent on the deformation (because geometrically non-linear procedure, suitable for 
computing large deformations, is used), and R is a vector of nodal (active) forces. In this case, 
external active forces occur through contact. In such an impact problem under investigation, non 
linear geometry, materials and contact conditions are incorporated. The central difference 
integration scheme incorporated in the LS-DYNA solver is expressed by equations {2 - 5}. 
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where T
nB is the strain-displacement matrix at step n, i

V is the ith element volume and n is the 
Cauchy stress tensor at step n. According to reference [3], in the development of an explicit 
integration program, it is generally most efficient not to introduce any stiffness matrices, but to 
apply equation {4} directly, so that – the equations  of motion that are obtain are of the form of {6}. 
However, the explicit methods are only conditionally stable. Normally, a severe restriction on the 
time step size has to be included in order to receive satisfactory simulation results. The critical 
time step {2} is equal to the smallest characteristic length Le of an element in the mesh divided by 
the dilatational wave speed c.

c
ltcr min                  {6}

The following flowchart presents the algorithm used for explicit non-linear formulation: 
Pre – computation stage 

1. Load mesh and boundary conditions 
2. For each element compute det (J), the determinant of the Jacobian, spatial derivatives of 

shape functions h and strain-displacement matrices,  0L
t
tt B (lower right notation 

means is previous computed configuration where as the upper left notation is the current 
configuration, when updated Lagrange formulation is used) 

Initialization:
1. Initiate nodal displacement 0,0 uu to , apply load for the first time step : forces 

or/and prescribed displacements: )()()( tRR kk
i

t or/and )()( tdu k
i

t
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Time stepping: 
Loop over elements: 

1. Take element nodal displacements from the previous time step 
2. Compute deformation gradient Xttt

3. Calculate full strain-displacement matrix: 
Tt

tt
k
L

t
tt

k
L

t
tt XBB )(

0
)(

This matrix accounts for initial displacement effect 

4. Compute Cauchy stress tensor at each integration point 
5. Compute nodal reaction forces using Gaussian quadrature 

Making a (time) step: 
 1. Obtain net nodal reaction forces at time t 
2. Explicitly compute displacements using central difference formula 
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Where kM is a diagonal entry in kth row of the diagonalized mass matrix, iR is an external nodal 
force, and t is the time step. 
3. Apply load for the next step )()()( ttRR kk

i
tt or/and )()( ttdu k

i
tt

5. Results and Discussion 
As previously described all three design patterns are studied by the same way, as the 

loading and boundary conditions are the same for all three cases. The deformation field, at 
3msec after the initiation of the impact, of the three geometry patterns under investigation, is 
presented thought figures 2 – 5, respectively. The initial failure pattern for all three different crash 
zones, is due to the buckling of the Al sheets. In the first pattern, failure and collapse begins from 
the top areas of the crash zone and progressively propagates to the bottom (area mounted on the 
racing vehicle). Low buckling modes of the Al sheets are apparent and cause the crumbling of the 
first pattern. Capturing the deformation of the first crash zone (see fig 5a.), at 8 msec after the 
initiation of the impact, it can be seen that buckling has become global. On the other hand, in the 
remaining two design patterns, the failure begins from the bottom and progressively propagates 
to the top, followed by global buckling of the crash zone (see fig 5b. and 5c.). The thin aluminum 
sheets with holes tend to lower the initial force required to initiate buckling but decreases the off-
axis properties. It is of great importance to study the capability of each pattern to smoothly absorb 
the intense kinetic energy and smoothly decrease the great amounts of force – deceleration. The 
two notched geometry patterns (see figure 3 and 4) take advantage of the largest part of the 
crash zone during its failure.

a. b. c. 
Figure 2: Deformation field of the first geometry pattern of the crash zone at 3msec 
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a. b. c. 
Figure 3: Deformation field of the second geometry pattern of the crash zone at 3msec 

a. b. c. 
Figure 4: Deformation field of the third geometry pattern of the crash zone at 3msec 

a. b. c. 
Figure 5: Deformation field of the three geometry patterns of the crash zone at 8msec 

6. Conclusions
Judging the crashworthiness of the impact attenuator in means of its deformation pattern 

during failure, the second geometry pattern seems to be the most promising. The notches in one 
of the sides of the crash zones cause the failure to propagate smoothly through the vertical axis 
of the crash zone. As it reduces the deceleration at 18.5g and efficiently redistributes the 
developed forces, it also absorbs (attenuation and transformation to strain energy)  30% of the 
kinetic energy during the impact. LS-DYNA commercial software, with advanced non-linear 
explicit algorithms behaved efficiently and treated the extra large deformations occurring during 
impact at a very satisfactory level. 
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