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INTRODUCTION

Impact attenuators are crucial to the driver’s 
safety in case of an accident [1]. Their purpose 
is to prevent the occurrence of high decelera-
tions on a driver by absorbing the kinetic energy 
of a vehicle in case of a collision. The concept 
of impact attenuators is widely used in the auto-
motive industry as crumple zones developed in 
1952 by Béla Barényi [2]. It is one of many pas-
sive safety systems used to improve vehicular 

safety. They can be implemented at various 
parts of the vehicles to diminish the accelera-
tion values resulting from a collision at a given 
angle and direction and to prevent the main-
frame body deformation. Similar concepts are 
used across various structures e.g. aircrafts [3], 
[4]. In this paper methods of testing such devic-
es and influences caused by the base supports on 
the obtained results will be investigated.

When it comes to impact attenuators for for-
mula student vehicles, a few design concepts are 
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utilized. One of them is the non-structural nose 
approach. It is a solution where the nose cone and 
impact attenuator are two separate devices. This 
comes with a few crucial benefits. In case of a 
minor incident, the only thing that needs replace-
ment is the nose cone, which is cheap to make 
as it doesn’t require a complicated technological 
process. This kind of approach was implement-
ed by [5], where the impact attenuator has been 
made from Rohacell foam. Yet another approach 
was implemented by [6] where multiple sheets 
of metal were joined together, and the energy ab-
sorption was achieved by plastic deformation of 
the sheets. More technologically advanced solu-
tions include 3D printed lattices made using 3D 
printing technology such as the ones presented in 
[7–10] and [11]. 

The structural nose can be more challenging. 
It can be seen in [12] where the designers com-
bined the nose cone and impact attenuator into one 
device that has been made from bent sheets of alu-
minum alloy that were welded together. Also, fi-
nite element methods were used during the design 
and after validation to improve the model. How-
ever, possibly the most popular solution is to use 
commercially available honeycomb blocks. They 
can be arranged into a pyramid model such as one 
from [13] if it is required (due to space limitations) 
or just simply an extruded block glued to the anti-
intrusion plate. This is a time-effective solution as 
the required design steps are straightforward and, 
therefore, used by numerous teams [14–17]. More 
on aluminum impact attenuator designs have been 
stored in the reviews [18, 19].

All the designs must be tested. The guidelines 
dictate the minimum dimensions of the device, 
the maximum accelerations that can occur, and 
the minimum energy absorbed necessary to ap-
prove the impact attenuator. The test can be dy-
namic or quasistatic depending on the type of 
attenuator. The different tests apply to compos-
ite structural noses, which shortcut the loading 
path by using not the anti-intrusion plate but the 
bulkhead of the chassis. Despite the differences 
in the design of the impact structures, the chassis 
supporting it can only be made from composite 
panels (usually carbon fiber with aluminum alloy 
honeycomb core) or from steel alloys – a steel 
space frame [20].

In the case of a tubular space frame chassis, 
the front part of a vehicle is not tested (the part 
behind the impact attenuator), but there is a stat-
ic equivalency spreadsheet where the structure 

is evaluated based on the provided mechanical 
properties of the steel tubes that create the struc-
ture. It should be a good approximation as the 
steel behavior is easy to predict, and finite ele-
ment analysis showed that the buckling of the 
chassis is acceptable with an impact attenuator 
[21]. Some teams, however, develop a compos-
ite monocoque, so they must change the testing 
procedure of the impact attenuator by manufac-
turing the 50 mm+ replica of the frontal part of a 
monocoque and testing it all together. This means 
a more realistic testing scenario enables the test of 
the anti-intrusion plate (AIP) mounting points yet 
significantly increases costs. 

The whole research is a result of a change 
in regulations. Until recently, the safety require-
ments did not state what kind of support structure 
to put underneath the impact attenuator during 
the test. Therefore, the safety device was tested 
on solid steel support, similar to the geometry of 
a vehicle chassis, yet with much higher stiffness. 
However, the regulations changed, and it was 
now mandatory to develop a replica of a frontal 
part of a chassis if it was a composite monocoque.

The problem addressed in this research is 
the methodology of calculating the results of en-
ergy absorbed by the impact attenuator device in 
quasi-static tests. The current method calculates 
the integral from the recorded force as a function 
of displacement using the midpoint rule. Force is 
recorded until the energy absorber (in this case, 
an aluminum alloy honeycomb block) becomes 
solid, and the force rises sharply. Then, the energy 
is calculated in the bounds between minimum and 
maximum displacement. However, this means 
that the energy absorbed due to compliance (elas-
ticity) is also included in the result. 

The goal is to answer the question of whether 
there will be a difference as a result of using dif-
ferent support structures and what the influence of 
testing with such a method can be on the results 
obtained. The collected data will be calculated to 
obtain important parameters for impact attenuator 
tests and compliance with rules. 

MATERIALS AND METHODS

The design approach used in the vehicle was a 
nonstructural nose cone with an impact attenuator 
located inside the shell body (Figure 1). 

This was done due to time and resource con-
straints but also due to fear of possible accidental 
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damage of the attenuator in transport had it been 
made as one structural part. The computer-aided 
design (CAD) view of the frontal part can be seen 
in Figure 2, together with the frontal wing and its 
mounting bracket. The wing will be neglected in 
the crush scenario since it is mounted with M6 
bolts and is optimized to have strength and stiff-
ness in the vertical direction, collinear with pro-
duced aerodynamical downforce.

The impact attenuator used was one of the 
most popular solutions, i.e., the aluminum alloy 
honeycomb block. It had to meet the rules [22] 
that are summarized in Table 1. 

Those assumptions allowed to choose the 
crush block from the commercially available 
set offered by the company Plascore [23]. The 
5052-aluminum alloy block with a foil gauge of 
0.054 mm (0.002 inches) and cell size of 4.7625 
mm (3/16 inch) seemed to be the best option 
(PACL-XR1-5.7-3/16-20-P-5052). Its density is 
91.31 kg/m3, meaning the whole block weighs 
about 0.36 kg. Relevant mechanical properties 
can be seen in Table 2, and additional ones can be 
found on the manufacturer’s website.

Test setup

An illustrative example of the setup of the 
test can be seen in Figure 3. The crush plates are 
made of 8mm thick steel pieces that are welded 
together, forming a T-shaped structure. The stick-
ing piece allows for clamping the crush plates in 
the jaws of the strength testing machine, in this 
case, Instron 8516. The tested impact attenuator 
is mounted on the AIP and is a single piece. The 
investigated base supports are placed between the 

lower crush plate and the AIP. Once fixed, the ma-
chine is set to 60 mm/min feed with a data sam-
pling rate of 1 kHz. The bases are placed between 
Anti-intrusion plate and lower crush plate. The 
test machine, bolt holes, etc., are not depicted.

Base support – steel

The first setup contains a steel support base 
under the anti-intrusion plate. It is made from four 

Figure 1. Front of the vehicle with nose cone and front wing

Table 1. Regulations for an impact attenuator 
requirements and physical properties

Parameter Value

Height [mm]a) 200

Width [mm] 200

Length [mm] 100

Min test length [mm] 150

Min energy dissipation [J] 7350

Max peak acceleration [g] a) 40

Max average acceleration [g] b) 20

Note: a) which is 120 kN of static force assuming 300 
kg vehicle; b) which is 60 kN of static force assuming 
300 kg vehicle.

Table 2. Properties of the tested aluminum alloy 
honeycomb core

Parameter Value

Height [mm] 200

Width [mm] 200

Length [mm] 100

Crush strength [MPa] 2.62

Crush stroke [mm]a) 140 (70%)

Density [kg/m3] 91.31
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square 30 mm steel profiles with a wall thickness of 
3 mm. The setup is depicted in Figure 4. The square 
profiles are placed on the outside of the anti-intru-
sion plate perimeter supporting only the edges. The 
anti-intrusion plate is mounted to the support with 
M8 bolts that go through the profiles and crushing 
plates, and everything is clamped together. 

Base support – composite replica

The second test setup contains a base that is 
a 1:1 replica of the first 50 mm of the composite 
monocoque. It was manufactured using the same 
process as the carbon fiber chassis. The whole 
manufacturing process has been documented in 
other work [25], but there are other options avail-
able [26–30]; thus, it can be assumed to be a good 
representative of an average monocoque design. 
The test setup is depicted in Figure 5, and it is 
almost the same as in the case of steel support, 

but due to the slight tapper of the replica, an ad-
ditional plate had to be inserted under the com-
posite base as one of the sides was hanging freely. 
It has been manufactured using commercially 

Figure 2. Sectional view of the impact attenuator and the front wing with the mounting bracket

Figure 3. Illustration of the test setup with two tested variants – steel base support and composite one

Figure 4. Test setup for steel base support
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available pre-impregnated carbon fiber XPREG 
210 [31] and aluminum honeycomb core [32]. 
The structure is based on a composite panel. The 
one on the top has a 6 mm thick upper skin with 
a 10 mm core and 2 mm bottom skin. The core 
thickness is 10 mm for the whole structure. It can 
be assumed that its stiffness is lower than that of 
the steel counterpart by at least an order of one 

magnitude due to material and geometrical prop-
erties. In both cases, epoxy adhesive was used to 
bond the honeycomb block to the aluminum al-
loy AIP plate. The honeycomb comes pre-crushed 
from one side by the manufacturer for this pur-
pose so that the surface area is the largest. The 
adhesive used was epoxy adhesive EA3425 as in 
[33], and the surface was prepared similarly to T4 
treatment from [34].

RESULTS

The test results can be seen in Figure 6. The 
data was recorded until the force began to rise, 
which means that the crushing stroke of the block 
was reached, and there was no more material to 
absorb the energy, i.e., the block was pressed into 
a solid. The obtained data must be processed to 
calculate absorbed energy and maximum forces 
relevant for comparing the two methods. Addi-
tionally, the resulting acceleration values were 
calculated assuming the vehicle’s mass would be 
300 kg and expressed as a multiplicity of gravi-
tational acceleration, which is a common way to 
present such results.

Energy absorbed and forces

The energy absorbed can be assumed to be 
the area under the graph. It was calculated in the 
bounds between zero and maximum displacement 

Figure 5. Test setup for the composite base support

Figure 6. Force and resulting acceleration as a function of displacement registered during 
the quasi-static crush tests
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as it is required to present this data in safety re-
ports for the impact attenuators. It is calculated 
as a simple integral using the midpoint rule and 
summed to obtain the final value of absorbed 
energy. Pseudocode can be denoted in the way 
shown in Equation 1.

	 𝐸𝐸𝑖𝑖 = 𝐹𝐹𝑖𝑖 × (𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑖𝑖−1) + 𝐸𝐸𝑖𝑖−1 

 

𝐸𝐸𝑖𝑖 = 𝐸𝐸𝑖𝑖−1 +
(𝐹𝐹𝑖𝑖 + 𝐹𝐹𝑖𝑖−1)

2 × (𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑖𝑖−1) 

 

𝐹𝐹_𝑤𝑤_𝑎𝑎𝑎𝑎𝑎𝑎 =
∑ (𝐹𝐹𝑖𝑖 × (𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑖𝑖−1))𝑛𝑛
0

𝑃𝑃𝑛𝑛
 

 
 
 

	 (1)

where:	Ei – total energy absorbed at current time 
step (J),  Fi – force at given time step (kN),  
Pi – position of a machine at a given time 
step (mm), Pi-1  – position of the machine 
at the previous time step (mm), Ei-1 – total 
absorbed energy from previous steps (J).

The original integration method employed was 
the rectangular (midpoint) rule, as recommended 
by the regulatory guidelines. To enhance the accu-
racy of the results, especially given the non-linear 
nature of the force-displacement curves, the trap-
ezoidal rule was implemented instead. The trap-
ezoidal rule is particularly effective for integrat-
ing non-linear functions because it averages the 
heights at each end of the subinterval, thereby pro-
viding a better approximation over each segment. 
Simpson’s rule was considered but not used due to 
the non-smooth nature of the curves involved. The 
formula used for the trapezoidal rule integration is 
given in Equation 2.

	

𝐸𝐸𝑖𝑖 = 𝐹𝐹𝑖𝑖 × (𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑖𝑖−1) + 𝐸𝐸𝑖𝑖−1 

 

𝐸𝐸𝑖𝑖 = 𝐸𝐸𝑖𝑖−1 +
(𝐹𝐹𝑖𝑖 + 𝐹𝐹𝑖𝑖−1)

2 × (𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑖𝑖−1) 

 

𝐹𝐹_𝑤𝑤_𝑎𝑎𝑎𝑎𝑎𝑎 =
∑ (𝐹𝐹𝑖𝑖 × (𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑖𝑖−1))𝑛𝑛
0

𝑃𝑃𝑛𝑛
 

 
 
 

	 (2)

Despite this change in the integration method, 
the differences in calculated energies were mini-
mal. For the steel support, using the rectangular 
rule resulted in an energy absorption of 7983.96 J, 
compared to 7984.17 J using the trapezoidal rule. 
For the composite support, the energy absorp-
tion figures were 8732.06 J for the rectangular 
rule and 8721.10 J for the trapezoidal rule. This 

variation in the composite support results was 
primarily due to a notable increase in the force 
gradient around the 16–20 mm mark of displace-
ment, which can be observed in the Figure 6. The 
difference of approximately 0.12% is deemed 
negligible for the overall results.

The average force is calculated as a weighted 
average. This is because the steps recorded by 
the machine might not be equal. The weight of 
each step is the distance traveled by the machine 
in each time step and is multiplied by the force at 
a given step. The products of this multiplication 
are summed, and the resulting outcome is divided 
by the final position of a test (the n-th value). The 
formulas for calculating the average force are 
presented in Equation 3. 

	  

𝐸𝐸𝑖𝑖 = 𝐹𝐹𝑖𝑖 × (𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑖𝑖−1) + 𝐸𝐸𝑖𝑖−1 

 

𝐸𝐸𝑖𝑖 = 𝐸𝐸𝑖𝑖−1 +
(𝐹𝐹𝑖𝑖 + 𝐹𝐹𝑖𝑖−1)

2 × (𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑖𝑖−1) 

 

𝐹𝐹_𝑤𝑤_𝑎𝑎𝑎𝑎𝑎𝑎 =
∑ (𝐹𝐹𝑖𝑖 × (𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑖𝑖−1))𝑛𝑛
0

𝑃𝑃𝑛𝑛
 

 
 
 

	 (3)

where:	F_w_avg – average weighted force (kN),
	 Pn – final displacement value (mm).

The raw data was processed using the above 
formulas, and the results are shown in Table 3.

Energy released and spring-back

Next, what happens after the load is re-
leased was also investigated. The interesting 
behavior was found in the case of composite 
support, and it is depicted in Figure 7. The 
springback effect is present, and the structure 
releases stored energy. Since the test measures 
both the elastic energy resulting from compli-
ance of the test structure and the plastic energy 
from crushing the honeycomb core. Therefore, 
it was decided to calculate the total and net en-
ergy absorbed in the test. This will be done by 
subtracting the energy released during unload-
ing from total energy. The net energy absorbed 

Table 3. Test results
Parameter Steel base support Composite base support

Maximum displacement [mm] 158.9 174.1

Maximum force [N] 55886.3 55714.2

Average weighted force [N] 50264.1 50031.3

Energy absorbed at 150 mm (and at max displacement) [J] 7394
(7983.9)

7516.4
(8732.1)

Spring-back a) [mm] 11 28

Maximum acceleration [G’s] 18.99 18.93

Average acceleration [G’s] 17.08 17

Note: a) when the compressive force has been brought to zero, this is the distance which the sample traveled back 
from the maximum displacement value.
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for the case of composite support is 8327.9 J 
(loss of 404.26 J), whereas, for the case of steel 
support, it was 7711.6 J (loss of 272.4 J).

DISCUSSION

The results presented in the previous sec-
tion illustrate notable differences between the 
two methods. The steel base support demon-
strates less compliance than its counterpart, as 
evidenced by the maximum displacement being 
15.2 mm higher for the composite base support, 
indicating significant additional deflection. The 
graph depicts a less steep initial elastic region for 

the composite base, suggesting lower stiffness 
compared to the steel base.

Upon visual examination, the steel support 
showed no permanent deformation, whereas the 
composite base exhibited slight bending as a 
result of the test (Figure 8). No visible damage 
or cracks were observed; however, the poten-
tial for microcracks under significant loading 
forces cannot be dismissed and may be verified 
through non-destructive testing methods such 
as ultrasound or acoustic emission [35]. The 
aluminum alloy anti-intrusion plate underwent 
permanent deflection, reaching the yield limit 
by about 2 mm for the steel base and 6 mm for 
the composite one.

Figure 7. Total and net energy absorbed during the test for composite base support case

Figure 8. The deflection of the anti-intrusion plate for the case of composite base (top) and a small bend in the 
composite support found after the test (bottom)
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The total energy absorbed was greater for 
the composite base, largely due to the longer 
displacement, even though the force values were 
comparable. Variations in crush strength, which 
the material manufacturer indicates may fluctu-
ate by up to 10%, could also influence these re-
sults. Nonetheless, the consistency in measured 
average and peak forces suggests that the hon-
eycomb blocks used were of similar quality and 
from a single batch.

A significant difference in spring-back values 
– 28 mm for composite versus 11 mm for steel 
support—mirrors the difference in maximum 
displacement between the two tests (15.2 mm). 
This further corroborates that the additional en-
ergy absorption is attributable to the structure’s 
compliance, which stores the energy as potential 
energy, later released once the load is removed, 
thus decreasing the final value of energy ab-
sorbed. Figure 7 better illustrates this phenom-
enon, highlighting it prominently for the com-
posite base support case.

Furthermore, we have included a comparison 
with other studies’ results in the field. The criteri-
on for comparison was that the impact attenuator 
was made from an aluminum alloy honeycomb. 
Three studies were chosen [36–38]. The compari-
son is presented in Table 4. 

Factors influencing the results in our study 
and others in the field are primarily centered on 
material and design variability. Differences in 
honeycomb structure, such as cell size or alloy 
type, significantly affect the energy absorption 
capabilities and deceleration outcomes. These 
variances are evident in the differing peak and 
average decelerations reported across studies. For 
instance, higher peak decelerations in some stud-
ies could be attributed to faster impact speeds or 
more rigid testing configurations, which alter the 
dynamics of energy absorption and the mechani-
cal response of the impact attenuators.

Additionally, the deflection of the anti-intru-
sion plate, especially notable in the composite 
base with a greater deflection of 6 mm compared 
to 2 mm in the steel base, indicates a higher en-
ergy absorption capacity. This deflection is a 
critical factor in designing impact attenuators, 
underscoring the importance of optimizing the at-
tenuator design to balance energy absorption with 
minimal structural compromise. This approach 
ensures performance efficacy while managing the 
physical behaviours of the attenuators under load.

Also, in the study [37] one of the tests showed 
a considerable difference between crush energy 
absorbed and the “kinetic” energy. This was also 
observed in this study as some portion of energy 
absorbed will be rebound as a result of compli-
ance. The more compliant the design the more en-
ergy it will store. This is not ideal as it can lead to 
designing an impact attenuator that stores energy 
rather than absorbing it by plastic deformation.

CONCLUSIONS

The comparative analysis between the com-
posite and steel base supports illustrates that the 
composite base, offering a more realistic test sce-
nario, exhibits higher energy absorption due to its 
greater compliance. However, this comes with a 
significant amount of spring-back – about 16% of 
the crushed length – which may not be desirable 
as it extends the negative acceleration period ex-
erted on the driver. Such behavior might not ac-
curately represent real-world scenarios, given the 
limitations of the quasi-static crush test replicat-
ing only the first 50 mm of a composite chassis.

Both test scenarios succeeded in absorbing 
the requisite energy amounts (over 7350 J), even 
when considering net energy at the 150 mm mark. 
Yet, the consideration of energy types – plastic 
versus elastic deformation – raises questions 
about the adequacy of current testing standards. It 

Table 4. Comparison of test results with other studies
Parameter This study (steel/composite support) Lufinka A. Fahland et al. Coppola et al.

Absorbed energy [J] 7711.6/8327.9 8213 7 072.75 7740

Peak deceleration [G] 18.99/18.93 28.13 19.75 23.01–31.97

Average deceleration [G] 17.08/17.0 11.8 14.8 14.52–18.91

Anti-intrusion plate 
deflection [mm] 2/6 15 n/d 12.0

Crush length [mm] 147.9/146.5* n/d 130.5 n/d

Note: Calculated as maximum deflection decreased by the spring-back value from Table 3.
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might be beneficial to revise testing protocols to 
differentiate between these energy types, poten-
tially through the inclusion of unloading phases 
in the test procedures to better mimic real-world 
dynamics and ensure a focus on energy forms 
most critical to safety.

Recommendations for regulatory practices 
should, therefore, specify which types of en-
ergy absorption and test parameters are critical, 
ensuring clarity in competitive educational set-
tings such as Formula SAE. This clarity would 
aid teams and engineers in designing safer, more 
compliant vehicles.

Furthermore, the findings suggest potential re-
visions in vehicle design, particularly the size and 
weight of impact attenuators, to optimize safety 
without compromising performance. Further test-
ing is essential to validate whether reduced-size 
attenuators maintain safety, especially in terms of 
mitigating spring-back effects, which could influ-
ence other safety components like the head and 
neck support (HANS) device.

Ultimately, these insights could guide im-
provements in both vehicle safety standards and 
performance metrics, emphasizing a balance be-
tween protective features and competitive perfor-
mance in educational motorsport settings.
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