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Abstract

This study presents the design and numerical validation of a composite impact attenuator, with Formula Student serving as a proof of 

concept. The research methodology involved an initial calibration phase, where simulations of simple test geometries were iteratively 

refined to match experimental data from dynamic tests within a 1% error margin. These validated material parameters were then 

applied to a final impact attenuator design featuring a five-tube configuration. To enhance time and cost efficiency, physical testing 

was conducted only at the intermediate component level, where simulation models were calibrated. The final crash structure was 

then optimized entirely through virtual simulations, eliminating the need for full-scale physical prototyping. Finite element simulations 

demonstrated that the proposed structure meets established deceleration and energy dissipation criteria with a significant safety 

margin. Additionally, compared to a commercially available aluminum honeycomb attenuator, the composite design achieved 

equivalent energy absorption characteristics while reducing weight by 13%. These findings validate the proposed methodology and 

highlight the advantages of composite crash structures for high-performance applications.
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1 Introduction
Fiber-reinforced polymer (FRP) composites are increas-
ingly replacing metals in aerospace, automotive, and 
motorsport applications owing to their high strength-
to-weight ratio, corrosion resistance, and durability. 
Typically  composed of carbon, glass, or aramid fibers 
embedded in polymer matrices such as epoxy, polyester, 
or vinyl ester, these materials offer a unique advantage in 
crash structures. Unlike metals, which dissipate energy 
predominantly through plastic deformation, composites 
absorb energy through fiber fragmentation and matrix 
crushing – an intrinsic mechanism that enables higher 
specific energy absorption and significant weight reduc-
tion (Farley, 1983; Thornton, 1979).

Composite failure is complex at the most fundamen-
tal level, involving interacting mechanisms across mul-
tiple scales. At the microscopic scale, failure initiates 
through fiber fracture, matrix cracking, fiber pullout, and 

debonding, forming distinct macroscopic crushing modes. 
Farley and Jones (1992) identified four principal crushing 
modes – transverse shearing, local buckling, lamina bend-
ing, and brittle fracture – that govern the crash behavior of 
composite structures. Foundational modeling approaches, 
such as mesoscale methods and advanced phase-field 
models, have been developed to capture these phenomena 
(Bui and Hu, 2021; Li et al., 2019).

Building upon these fundamentals, detailed stud-
ies have provided critical insights into damage processes. 
Tan et al. (2018) demonstrated that curing pressure and inter-
facial properties critically affect intralaminar and interlami-
nar damage. Further investigations have explored the role of 
interlaminar cracking and friction in governing these fail-
ure modes (Marton and Szebényi, 2025; Tan et al., 2018).

Composite crash structures mitigate impact forces by 
controlled energy dissipation – a principle central to their 
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design. Experimental studies confirm that carbon-ep-
oxy composites exhibit superior energy absorption com-
pared to glass- or aramid-epoxy systems (Farley,  1983; 
Thornton,  1979). Casapu  et  al.  (2024) showed that ply-
level hybridization can reduce internal damage and resid-
ual strain, thereby enhancing overall crashworthiness. 

Ply orientation also plays a pivotal role; for instance, 
Farley (1983) showed through quasi-static tests on [0/±θ] 
carbon-epoxy tubes (with the 0° direction as the axial ori-
entation) that absorbed energy decreases with increas-
ing θ, while dynamic tests on  [0/±θ] carbon-epoxy, ara-
mid-epoxy, and glass-epoxy specimens indicate that 
energy absorption may increase with larger off-axis angles 
(Schmueser  and Wickliffe,  1987). These findings under-
score that the ply orientations in a layup have a consid-
erable effect on the overall energy absorption capability 
(Farley and Jones, 1992). Máté and Szekrényes (2024) fur-
ther confirmed that ply orientation and layup configura-
tion strongly influence composite shells' stability.

At the macro scale, geometric design is equally 
critical. Thin-walled circular tubes are generally the 
most effective shape for energy absorption, as stress 
concentrations in square or rectangular cross-sec-
tions lead to premature failure (Mamalis  et  al.,  1992; 
Thornton  and  Edwards,  1982). Research on alternative 
geometries – such as conical shells and hourglass pro-
files – has demonstrated improved stability and enhanced 
energy absorption efficiency (Mamalis  et  al.,  1997; 
Palanivelu et al., 2011). Duan et al.  (2014) demonstrated 
that multi-objective structural optimization can increase 
specific energy absorption by nearly 68% while reducing 
peak impact force by over 40%.

Integrating an optimized trigger mechanism into the 
macro-scale design is essential to initiate a controlled, pro-
gressive failure mode throughout the deformable region 
and ensure uniform energy dissipation, with the semi-api-
cal angle of the frusta serving as the key parameter. 
A study by Mamalis et al. (1991) found that increasing the 
semi-apical angle reduces energy absorption and causes a 
shift from stable to unstable collapse around 15–20°.

Loading conditions further affect composite perfor-
mance. Dynamic collapse typically results in lower energy 
absorption compared to quasi-static loading, according to 
Mamalis et al. (1992) and Schmueser and Wickliffe (1987). 
Farley  (1991) found that while matrix properties are 
strain-rate dependent, brittle fibers remain largely unaf-
fected. High strain rate studies by Zhang  et  al.  (2024) 

and Perry  and  Walley  (2022) show that dynamic load-
ing significantly increases both tensile and in-plane 
shear strengths, enhancing energy absorption while also 
affecting peak impact loads. Kidane  et  al.  (2017) high-
lighted the variability of shear properties under high 
strain rates, while Shokrieh and Omidi (2010) developed 
a dynamic, progressive damage model that integrates 
strain rate dependency, achieving excellent agreement 
with experimental results.

The primary goal of this study is to establish a time- 
and cost-efficient methodology for designing composite 
impact attenuators by integrating advanced finite ele-
ment simulations with targeted experimental validation. 
Rather  than relying on extensive full-scale testing, the 
approach focuses on calibrating material models through 
intermediate component-level experiments before apply-
ing them to the final structure in a purely virtual optimiza-
tion process. Demonstrated in a Formula Student context 
as a proof of concept, this methodology ensures accurate, 
predictive modeling while significantly reducing devel-
opment time and resource demands. The insights gained 
are directly applicable to high-performance crash struc-
tures, reinforcing the effectiveness of simulation-driven 
composite design.

2 Methodology
The primary objective in designing a composite ener-
gy-absorbing structure is to achieve a stable, controlled 
collapse while maximizing specific energy absorption. 
This study follows the same principle, focusing on ana-
lyzing the crushing behavior of composite specimens 
and developing a calibrated material model based on 
initial tests to accurately capture this behavior for finite 
element simulations in the design of lightweight crash 
structures. A trigger mechanism and appropriate layup 
will assist the stable crushing modes of the tested speci-
mens. Defining material parameters for FEA will include 
fitting the simulation results to those of the tested spec-
imen. The  static properties of the material had previ-
ously been determined and will be used for this analysis. 
Dynamic properties will be adjusted iteratively, refining 
their value after comparing the simulation results, limit-
ing them to an essential set of parameters to avoid over-
complicating the process. The crushing process was sim-
ulated through the axial compression of composite tube 
specimens. Given its simple geometry, this method is 
the most widely studied and provides a straightforward 
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approach to evaluating the energy absorption characteris-
tics of composite materials.

2.1 Used materials and specimen properties
The material used for this study was the T700S  stan-
dard modulus carbon fiber prepreg from Toray Industries. 
The material's fiber content is 36% and is paired with 
an ER450 resin. The notable material properties include 
a tensile strength of 2,550  MPa, a tensile modulus of 
135  GPa, and a compressive strength of 1,470  MPa, 
according to the manufacturer.

The specimens were composite tubes (Fig. 1) with an 
inner diameter of 38 mm and a height of 100 mm. A cham-
fer was placed at the top of the specimen to act as the 
crushing trigger, enabling the tube's stable crushing by 
preventing global buckling.

The layup consisted of four 0.3  mm thick T700  UD 
plies with (90/0/0/90) layer orientations. The 0° direction 
denotes the axial direction, while 90° represents the hoop 
direction. The 90° plies are meant to provide stability by 
constraining the 0° plies, giving the most significant por-
tion of the energy absorption capability of the structure. 
The proposed layup was laminated onto a cylindrical 
mandrel, vacuum-bagged, and cured at 120 °C for 90 min 
under atmospheric external pressure.

All four specimens, including their dimensions and 
weight, were measured prior to testing. This data is 
needed to calculate the specific energy absorption (SEA) 
of the structure. The SEA is the total amount of energy 
absorbed per unit mass during crushing, often used to 
evaluate crashworthiness performance.

2.2 Used equipment
The mechanical tests were carried out with a Zwick Z250 
(Zwick GmbH and Co. KG, Ulm, Germany) material testing 
machine with a testing speed range of 0.001 – 600 mm/min 
and a maximum load of 250 kN. The tests were performed 
at the maximum capacity of the machine, using a speed of 
600 mm/min (10 mm/s) and a 250 kN load cell. Although 
crash events occur at considerably higher speeds, this veloc-
ity was adequate for calibrating the material model, as sug-
gested by a previous study (Garg et al., 2020).

The results were acquired using the Zwick TestXpert 
II 3.41  software (Zwick/Roell,  2025) and evaluated in 
Microsoft Excel (Microsoft Corporation, 2025). The spec-
imen was placed on a flat surface and was axially loaded 
with a flat load applicator. A Keyence VW-9000 (Keyence 
International, Mechelen, Belgium) with a resolution 
of 640 px × 480 px and a maximum recording speed of 
230,000 fps high-speed camera was used for the monitor-
ing of the measurements.

3 Results of the single-tube test
The crushing process is showcased in Fig. 2 through images 
taken from the high-speed camera footage. The specimens 
with the layup (90/0/0/90) all exhibited crushing behavior 
during loading. A stable collapse was initiated, with the 
tubes gradually failing without buckling. Fiber splaying is 
observed along with fragmentation of the 0° plies.

Fig. 1 The prepared composite tube specimens. The trigger geometry 
facing upwards with a ~30° semi-apical angle

(d)(c)

(b)(a)

Fig. 2 Crushing process of the composite specimen (a) initial contact 
stage, showing the intact tubular structure prior to loading, (b) onset of 
deformation, with visible longitudinal splitting along the tube wall, (c) 

progressive crushing, characterized by fiber fragmentation and outward 
splaying, (d) final collapse stage, with extensive frond formation and 

complete structural failure beneath the platen
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4 Numerical simulation
The results of the crushing tests were recreated with 
numerical simulations to model the crushing characteris-
tics of the material. The defined material properties can 
later be used to analyze the behavior of complex geome-
tries without the need for physical testing.

4.1 Material models for numerical simulations
The simulation of composite components is car-
ried out using various FE solvers such as ANSYS 
(ANSYS,  Inc.,  2025), LS DYNA (Livermore Software 
Technology Corporation (LSTC),  2025), ABAQUS 
(Dassault Systèmes,  2025), NASTRAN (MSC Software 
Corporation, 2025), etc. The current study concerns anal-
yses carried out in LS DYNA with the help of ANSA/
META (BETA CAE Systems, 2025) for pre- and postpro-
cessing, which involves virtually replicating the boundary 
conditions of physical testing and evaluating the results.

The most important aspect of the analysis is the mate-
rial model of the CFRP composite material. A good start-
ing point is required to iteratively change the parameters 
for the results to match those of the physical measure-
ment. Since the simulated crushing process requires a 
material model with progressive material failure, MAT 54 
is commonly used. This material type enables the defini-
tion of orthotropic layers in composite shell structures and 
includes a damage model without excessive complexity. 
The model is only available within LS DYNA.

A study by Feraboli  et  al.  (2011) using this material 
model concluded that MAT 54 is suitable for simulating the 
crushing process in a sinusoidal specimen, albeit through 
calibration of the parameters by trial and error. The analy-
sis is also susceptible to other parameters such as mesh siz-
ing, contact definition, crush front softening parameter, etc.

4.2 Material parameters
The MAT  54 material card provides many parameters 
to define both the structure's conventional static behav-
ior and the post-failure mechanisms. The parameters are 
sorted into groups based on which aspects they control. 
Numerous parameters are purely mathematical and thus 
not experimentally definable. These parameters are either 
damage factors, which reduce various properties of the 
material following failure, or deletion parameters, which 
delete an element after reaching the specified value (most 
often strain). Constitutive and strength properties can be 
measured experimentally. To simplify the problem, only 
the parameters with the most significant effect on the 
crushing behavior were changed during optimization. 

The modeling of cohesive interface layers between plies 
was considered but abandoned after several iterations as it 
complicated the simulation and added too many additional 
parameters to calibrate.

Longitudinal compressive strength (XC): This param-
eter was primarily responsible for setting the initial load 
peak experienced when loading the specimen, with 
higher values of XC resulting in a higher load peak. 
It  did not have a noticeable influence on the structure's 
post-crushing behavior.

Maximum strain for fiber tension and compression 
(DFAILT, DFAILC): These parameters had arguably the 
most significant impact on the results, as they defined the 
tensile/ compressive strain at which an element is deleted 
from the simulation and is no longer able to bear any load.

Low values of the compressive component (DFAILC) 
lead to global buckling, with the tube failing at the bottom 
due to premature deletion. Raising the value of this param-
eter too high leads to insufficient elements being deleted 
and instability in the simulation. The tensile component 
plays a vital role in the behavior of the hoop fibers since 
they are forced inside/outside the structure, with DFAILT 
as the defining factor for element deletion. Higher values 
increase the amount of time individual elements remain 
intact and are able to bear loads.

Maximum strain for matrix tension and compres-
sion (DFAILM): This parameter stabilized the simula-
tion. If DFAILT and DFAILC are unsuccessful in deleting 
enough failed elements, accumulating these distorted ele-
ments leads to instabilities and longer simulation run times. 
DFAILM can delete elements that experience failure in the 
tensile/compressive matrix direction instead of the fiber 
direction. Lowering this value could lead to elements being 
deleted ahead of the crush front or at the bottom of the tube.

Softening reduction factor (SOFT): The SOFT factor 
defines the "softening" of the stiffness properties of ele-
ments at the crush front, which refers to elements neigh-
boring failed (deleted) elements. Its value should be less 
than 1 and defines the amount by which elements' stiffness 
properties are multiplied following failure. This function 
helps avoid high load peaks and buckling due to the sud-
den loading of the entire tube cross-section.

4.3 Geometry, meshing, boundary conditions, and 
control parameters
The geometry was a shell tube with a diameter of 38 mm 
and a height of 100 mm. Using the part card TSHELL_
LAMINATE, a 4-ply laminate with 0.3  mm thick lay-
ers was created. The elements were thick shells with a 
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uniform sizing of 2  mm. The crushing trigger differed 
from the specimen: the simulation was the most stable 
when the two outside layers were left an element taller 
than the inside layers (Fig. 3 (a)).

The loading plate was modeled with a plate placed 
at the top of the specimen, perpendicular to the axis of 
the tube. The plate was assigned to the MAT 20 material 
card, making it a non-deformable rigid body. A constant 
velocity of 10 mm/s was applied in the axial direction of 
the specimen according to the calibration tests. The load-
ing plate itself was also the contact, modeled with the 
CONTACT_ENTITY card, which is a simple but effective 
contact formulation using a geometric entity instead of a 
meshed surface. The nodes on the bottom surface of the 
specimen were constrained in all degrees of freedom to 
secure the structure (Fig. 3 (b)). The simulations were con-
ducted until the loading plate reached the midpoint of the 
original specimen height (50 mm). This displacement was 
sufficient to evaluate the behavior of the tube, as the crush-
ing load had stabilized prior to this point.

4.4 Calibrated material parameters
Below are the results of the iterative parameter definition 
process. The simulation load curve accurately predicts the 
mean crushing load and the energy absorbed during the 
process. The data shown in Fig.  4 was filtered with the  
600 Hz SAE method.

To quantify the difference between the simulation and 
reality, the energy absorption values of the two scenar-
ios were compared. The area under the load-displacement 
curves was calculated up to 30  mm displacement since 
all measurements were performed to at least this value. 
The 30 mm displacement was measured when the reaction 
force exceeded 1 N. This is necessary because the force 

reaction of the simulation is instantaneous. At the same 
time, the measurement curves noticeably lag due to the 
initial gap between the load applicator and the specimen.

The absorbed energy for each measurement and the 
simulation is displayed in Table 1.

The average energy absorbed during physical testing 
is 634 ± 11 J, which makes the margin of error between 
the simulation and reality 1%. Another critical parameter 
to compare is the peak load, the values of which are also 
summarized in Table 1.

The average in this case is 28,055 ± 831 N, which means 
the simulation overestimates reality by 9.2%.

The list of the final material parameters which were 
iteratively changed during the process is found in Table 2.

In conclusion, the parameters of a simulation model that 
can accurately predict the absorbed energy of an axially 
loaded composite tube with negligible deviation from the 
physical measurement results were defined. This enables 
the setup of the simulation environment for the crash 
structure, resulting in layup definition without the need 
for further physical testing.

5 Design of the crash structure
5.1 Requirements (Formula Student rulebook)
The Formula Student rulebook defines a set of con-
straints for the design of the crash structure, which can 
be found under sections T3.17–T3.19 of the rulebook 

Fig. 3 Simulation model of the calibration tube, showing (a) the trigger 
geometry oriented outward with its taller elements, and, (b) the applied 

boundary conditions

(b)(a)

Fig. 4 Load-displacement curves of the measured specimens and 
the simulation

Table 1 Peak force comparison between the measured specimens and 
the simulation

Specimen Absorbed energy (J) Peak load (N)

0-90_1 644 29,202

0-90_2 641 27,213

0-90_3 619 27,936

0-90_4 631 27,868

Simulation 637 30,629
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(Formula Student Germany, 2022). The main requirements 
include the energy the structure absorbs (7,350 J) and the 
geometrical constraints (minimum 200 × 100 × 100 mm). 
The physical testing conditions on which the simulations 
are based are also described in detail. The crash structure 
is referred to as the Impact Attenuator and will be abbre-
viated as IA from this point forward.

5.2 Geometry and meshing
The selected impact structure consists of a five-tube con-
figuration that complies with the minimum dimension 
requirements of the regulations. This design was chosen 
due to its geometric simplicity, ease of manufacturing, and 
suitability for applying the parameter calibration to sim-
pler geometries. The tube's foremost edges were rounded 
with a 10  mm radius to direct the fragmented laminate 
inward, preventing debris accumulation at the crash front 
and minimizing interactions between components during 
the design phase. The geometry was discretized using 
3 × 3 mm shell elements, as shown in Fig. 5.

5.3 Layup, boundary conditions and control parameters
The final layup of the impact attenuator was determined 
based on the dimensional constraints, maximum allow-
able decelerations, the energy absorption requirements 
specified in the Formula Student regulations, and the 

reference mass of 385 g for a commercially available alu-
minum attenuator. To ensure compliance with all these 
parameters, the selected layup closely followed that of 
the tested tube specimens, employing a (90/0/0/90) stack-
ing sequence with a reduced ply thickness of 0.25 mm. 
This resulted in a total wall thickness of 1 mm and an over-
all mass of 335 g, achieving an approximate 13% weight 
reduction compared to the aluminum reference.

All nodes of the surface on which the IA is attached to 
the car's chassis were constrained in all degrees of free-
dom. The RIGIDWALL card found in LS DYNA was 
responsible for loading the structure. This card assigns 
mass and initial velocity to a plane wall, which will impact 
the IA. A mass of 300 kg and an initial velocity of 7 m/s 
were applied to the rigid wall in accordance with FS rules. 
The runtime of the simulation was defined based on previ-
ous drop-tower tests conducted with an aluminum honey-
comb energy-absorbing structure, which is the most com-
monly used in Formula Student. The time to decelerate the 
mass was about 0.04 s, so a value of 0.06 s was chosen as 
the termination time.

5.4 Simulation results and discussion
The 10 mm front edge blend applied to the energy-absorb-
ing tubes effectively directed the fragmented laminate into 
the tube interiors, as shown in Fig. 6. Out of the 200 mm 
impact zone, 140 mm was entirely crushed to dissipate the 
initial 7,350  J kinetic energy, leaving a sufficient safety 
margin for higher-energy impacts and adequate space for 
debris accumulation.

The parameters to be evaluated are the absorbed energy 
and mass deceleration plotted as a function of time. 
These results are presented in Fig. 7.

Fig. 5 Meshed geometry of the IA with the inward rounded frontal 
trigger geometry

Table 2 List of final material parameters

Parameter Value

EA (Young's modulus in 
1-direction) 150,000 MPa

EB (Young's modulus in 
2-direction) 15,000 MPa

PRBA (minor Poisson's ratio) 0.0192

GAB (shear modulus) 1,200 MPa

XC (compressive strength in 
1-direction) –800 MPa

XT (tensile strength in 1-direction) 2,500 MPa

YC (compressive strength in 
2-direction) 300 MPa

YT (tensile strength in 2-direction) 50 MPa

SC (shear strength) 400 MPa

DFAILT (maximum strain for fiber 
tension) 0.025

DFAILC (maximum strain for 
fiber compression) –0.07

DFAILM (maximum matrix 
tensile/compressive strain) 0.55
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The regulations specify a minimum required energy 
absorption and impose limits on the peak and average 
deceleration of the mass as a safety measure to protect the 
occupant in the event of a crash. The maximum allowable 
deceleration is 40 g, while the average is limited to 20 g. 
According to the simulation results, the structure's failure led 
to a peak deceleration of 21 g and an average deceleration 
of 13 g. The impact attenuator absorbed 7,350 J of kinetic 
energy within 0.0377 s, with a deformation of ~140 mm.

6 Conclusions
Fiber fragmentation is the most effective energy absorp-
tion mechanism in composites, and it occurs during prop-
erly initiated progressive crushing. A well-designed com-
posite structure can absorb more energy per unit mass than 
its metallic counterpart. In addition to geometry and mate-
rial properties, the effectiveness of energy absorption also 
depends on the controlled initiation of the crushing pro-
cess, a critical design parameter requiring special attention.

The objective of this study was to establish the design 
criteria for a frontal crash structure. The first phase 

involved replicating experimental measurements of sim-
ple specimen geometries within a simulation framework, 
followed by iterative calibration of material parameters 
to match the experimental results. Using the optimized 
parameters, the simulation results achieved an accu-
racy within 1% of the measured values. The final stage 
of the design process focused on defining the geometry 
and layup of the impact attenuator in compliance with 
Formula Student regulations. Based on the experimen-
tal findings, the initially tested single-tube geometry 
was modified and multiplied to form a five-tube system. 
This configuration incorporated an inward-facing trigger 
mechanism to direct the resulting debris away from the 
crash front.

According to the simulation results, the final design met 
the maximum and average deceleration limits prescribed 
by Formula Student regulations with an approximately 
twofold safety margin. Compared to the commercially 
available aluminum honeycomb impact attenuator used 
as a reference, the proposed composite structure achieved 
an equivalent energy absorption capacity while reducing 
mass by 13%.

The prediction and characterization of the crush behav-
ior of composites could be improved by several means. 
First, a different material model within LS DYNA with 
more detailed degradation and failure characteristics 
(e.g., continuum damage models) could yield more accu-
rate results. This would also require extensive material 
testing. Furthermore, conducting tests with multiple load 
cases, e.g., off-axis impact and drop tower testing, could 
provide a better picture of material characteristics out-
side of quasi-static axial crushing. Actual structures are 
often subjected to multi-axial loading, which necessi-
tates the characterization of the material properties under 
these circumstances.
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