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Abstract: A honeycomb impact attenuator for a Formula SAE (FSAE) prototype vehicle is examined
using both experimental and numerical analyses. Two common FSAE impact attenuators were
compared to a new design concept, combining four layers of hexagonal honeycomb. The comparison
aimed to obtain the combination of the lowest mass and highest energy absorption. The attenuator
must comply with both the FSAE championship rules and further internally-defined design constraints.
The work continues addressing the numerical-experimental correlation of the applied materials.
Finally, the finite element models for virtual crash testing are presented and were validated through
the experimental tests.
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1. Introduction

In an open-wheel racing car, the impact attenuator system is the most important passive safety
component. It consists of an impact attenuator (IA) and an anti-intrusion plate (AIP). The IA has
to absorb most of the kinetic energy during a frontal crash event and simultaneously contain the
acceleration peak, while the AIP needs to protect the driver’s legs from any intrusion in the cockpit zone.

Aluminum alloys are widely employed as thin-walled structures for crashworthy applications in
the automotive field (e.g., crash absorbers, bumpers, and sills [1]). Munusamy and Barton [2] proposed
a front IA made of an array of thin-walled aluminum tubes that were either empty or filled with
honeycomb. A similar solution was investigated by theoretical analyses and numerical simulations
in [3], showing that filling the box column with aluminum honeycomb may be preferable to thickening
the column wall. Zarei and Kroger [4] proposed an optimization method to maximize the energy
absorption of a honeycomb-filled crash absorber.

The mechanical properties and crashworthiness of honeycomb structures are well-known. These
properties were extensively studied by adopting theoretical [5,6], numerical [7,8], and experimental [9]
approaches. Fahland et al. [10] presented an analytical and experimental evaluation of aluminum
honeycomb cubic IAs by varying their impact area. The experimental results were in good agreement
with the analytical ones, and the best solutions satisfied the design constraints prescribed by FSAE.

The elasto-plastic response of aluminum alloys is strain-rate dependent. This effect plays an
important role in the material energy absorption capability [11]. The strain rate sensitivity of aluminum
alloys has been studied using dynamic tension and compression tests in [11-13] and a different material
model has been implemented in numerical analyses.
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The effect of strain-rate on the out-of-plane compression of aluminum honeycomb structures and
foams has been extensively studied [9-15]. The plateau stress of the honeycomb increases as the strain
rate increases. Tao et al. [16] developed a strain-rate dependent theoretical model in order to simulate
the mechanical response of honeycomb cells during impact loading.

Finite Element (FE) modeling of honeycomb structures have been performed using a detailed
representation of the hexagonal cells by shell elements [7,17] or by an orthotropic solid continuum
based on its homogenized elasto-plastic properties [18-21].

In order to maximize both energy absorption and specific energy absorption,
Ghamarian and Zarei [22] performed a multi-objective optimization on aluminum conical thin-walled
crash absorbers. The optimal solution was a hollow cone with a wall thickness of 1.1 mm, a semi-apical
angle of 9.4 degrees, and a base diameter of 69.4 mm. Conical shapes are very common for crash
absorbers in sports cars such as Formula 1 [23] and FSAE [21].

Nowadays, carbon fiber reinforced polymers (CFRPs) are a promising alternative to conventional
metals due to their extraordinary specific energy absorption capability [24,25]. Applications in the
automotive field are also reported in [26]. Obradovic et al. [27] and Wang et al. [28] investigated
truncated pyramidal IAs with an almost rectangular cross-section in CFRPs. Obradovic et al. [27]
proposed a design with three different thicknesses across the longitudinal axis. Wang et al. [28]
introduced ribs on the cone surface and performed a numerical optimization of the stacking sequence.
The CFRPs showed a brittle failure mechanism, which was more complex than its metal counterpart to
correlate with numerical failure models.

This work presents the design of an IA and AIP in a single-seater open-wheel racing car.
After a literature review, three solutions were investigated: (i) a honeycomb crash-box and carbon
fiber-reinforced polymer(CFRP) composite laminate such as AIP; (ii) an aluminum hollow truncated
pyramid welded onto an aluminum plate; and (iii) four layers of honeycomb in a pyramidal shape,
linked together between thin CFRP plates. The design method was applied to the impact attenuation
system of a Formula SAE racing car. The IA was designed according to the rules of the competition,
and internally defined criteria.

The design process brings together numerical simulations with experimental campaigns.
The quasi-static compression behavior of a honeycomb structure and the elastic-plastic behavior
of the CFRP laminates were evaluated. These tests were carried out to ensure a good predictivity of the
FE models of the three IA designs. Finally, experimental tests were carried out to validate the designed
IA configurations.

2. Materials and Methods

2.1. Target Setting

The rules of the competition prescribe an experimental validation of the frontal passive safety
system of the prototype (see T2.25 in [29]), which reproduces the frontal crash of a standardized
FSAE prototype.

In accordance with the prescriptions given by the rules, the test was performed by sending a
sledge toward a rigid wall at a velocity (v) of 7 m/s.

The experimental setup is shown in Figure 1: A test bulkhead was mounted at the front of the
sledge made of steel tubes and plates, and provided the holes on which the AIP was mounted. The mass
of the sledge, the test bulkhead, and the IA system (Miot) was 300 kg. The sledge was bounded to
translate in the longitudinal direction and was pushed toward the rigid wall with bungee cords. Two
accelerometers were mounted at the back of the sledge to measure the acceleration during the impact
test and the kinetic energy (Ey) was measured by weighing the sledge and measuring its speed with
photocells placed close to the wall (Equation (1)). The position of the photocells was adjusted to
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measure the speed of the sledge right before the beginning of the impact. A sensor was placed at the
front of the impactor to determine the exact moment at which the impact began.

1
E = §A4Knv2:: (300-72)] = 73507 @

NI~

Figure 1. Experimental crash test.

The initial velocity of the test determined the initial strain rate at which IAs were compressed,
which was between 33 and 35 s™!. At the end of the impact test, the permanent deflection of the AIP as
well as the total axial deformation of the IA were measured.

The rules [29] established the structural requirements for the IA and are summarized in Table 1.

Table 1. Type approval parameters.

Type-Approval Parameters Target Value
max average deceleration 20 [g]
max peak of deceleration 40 [g]

min absorbed energy 7350 [J]
max permanent AIP deflection 25 [mm)]
min length 200 [mm]
min width 200 [mm]
min height 100 [mm)]

The impact attenuator system needs to absorb enough kinetic energy through deformation, so an
average force Faye was defined considering Equation (2):

FaveAs = E = 7350 ] @)

where Faye is proportional to the acceleration of the sledge. Elevated accelerations lead to a high risk of
injury for the driver [30], thus the crushing behavior of the IA thus needs to be chosen with care.

2.2. Preliminary Analysis

The first step was to identify the requirements of the impact attenuator system. All of the
features of the new design constraints were analyzed in terms of compliance with the rules, costs, and
performance and defined as the ratio between the absorbed energy and the mass of the attenuator.
Respecting the rules of the competition was clearly mandatory, while the performance and costs needed
to be maximized and minimized, respectively.

The rules prescribe that the impact attenuator system be composed of two main components:
the impact attenuator (IA) and the anti-intrusion plate (AIP). The system must be properly mounted
onto the bulkhead at the front of the chassis. The rules establish the minimum dimensions for the IA
and the performance targets in terms of deceleration, maximum deflection of the system, and absorbed
energy (as described in Table 1). The AIP must protect the driver’s feet by avoiding excessive intrusion
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at the front of the chassis. The rules also establish which materials are acceptable for the AIP. All of
these requirements are mandatory for the IA system to be admitted to the competition.

Aside from the regulations, the first aim is to maximize the performance of the system. Weight
reduction is a milestone in the design and development of a race car, as a lower weight guarantees a
competitive advantage, and the passive safety systems are not excluded. The aim of this paper was to
maximize the specific energy absorption (SEA) of the impact attenuator system. SEA is the energy
absorbed during the impact per unit mass.

Another non-secondary aim is containing the costs of the final product. Therefore, the materials
and the manufacturing processes need to be chosen carefully.

FSAE teams adopt different layouts and materials for their impact attenuator system. Despite the
different configurations, the AIP is usually made of CFRPs. Three of the most popular layouts of the
IA were considered in the initial phase of the design development, as shown in Figure 2. All these
possible solutions were compared considering the requirements previously mentioned.

(a)

Figure 2. (a) Standard foam IA (impact attenuator), (b) aluminum hollow truncated pyramid IA,

(c) aluminum honeycomb crash-box.

The first IA (Figure 2a) was a truncated pyramid made of several layers of a homogeneous
high-density polymeric foam. FSAE proposes this as a standard design for its competitions. Thus, this
design fully complies with the regulations. However, this solution has several drawbacks. First, it is
shaped like a pyramid, so, as the impact proceeds, it touches the wall with a larger and larger area.
As the response of the foam is dependent on its relative density [18], the response of the wall increases
as the IA crushes into it. A more efficient way to manage the impact is to keep the wall response
constant throughout the impact. Second, while the foam is crushed, the stresses on the AIP surface are
at their maximum at the center of the plate. This stress distribution requires a strong AIP to contain its
maximum deflection in a frontal crash.

The need for a strong structural AIP is due to the geometry of the front bulkhead (Figure 3a).
This section has a frontal opening, which is used for maintenance (i.e., adjustments of the pedal set).
To reduce the structural mission of the AIP, the load paths need to be directed toward the stiffest and
most resistant zone of the bulkhead (i.e., the external edge). With this setup of the IA, the center of the
AIP would be unloaded during a frontal crash, and its weight could be reduced considerably.

An example of this setup is the thin-walled pyramidal IA (Figure 2b). The choice of the material
is delegated to the team, and some FSAE [27,28] and F1 teams have designed a CFRP pyramidal
IA [23]. CERPs present the highest performance in terms of absorbed energy-to-weight ratio. However,
the materials and manufacturing processes involved have high financial costs. Herein, a truncated
pyramid-shaped IA (Figure 2b) was investigated and obtained by bending and welding three aluminum
plates with a thickness of 2 mm. This IA was a fraction of the cost of its CFRP counterpart because of
its simple technological process.
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(a) (b)

Figure 3. (a) Isometric view of the FSAE (Formula SAE) prototype chassis (M19-L MoRe Modena
Racing Team). (b) Section view of the hybrid IA.

The weight of the IA may be reduced considering an aluminum honeycomb (Figure 2c).
A hexagonal honeycomb was chosen because of its superior energy-absorption properties among all
the other honeycombs. The honeycomb IA has a simple geometry and can be designed according to the
minimum dimensions established by the competition rules [29]. Nevertheless, the AIP needs to have a
high level of stiffness, strength, and therefore weight, in order to respect the rules of the competition.
In fact, when the IA system impacts a wall, the load paths are directed toward the center of the AIP.

A third IA, shown in Figure 3b, was also developed in this study. It integrates the advantages of
the two previous designs: hollow geometry of the thin-walled aluminum pyramid absorber, orienting
the load paths to the stiffer zone of the bulkhead; and the high specific energy absorption and low
weight of the aluminum.

The energy absorber was composed of four aluminum honeycomb layers, each with a thickness
of 50 mm. The cross-sectional area of the layers was hollow and varied on the longitudinal direction to
guide the load paths to the structural members of the bulkhead. Four CFRP plates were glued to the
honeycomb layers to guarantee their proper folding. Finally, the IA was glued to the CFRP AIP, which
was bolted to the bulkhead of the CFRP monocoque (Figure 3a).

To the authors” knowledge, an IA like the one shown in Figure 3b has never been previously
presented. In this work, the hybrid IA was dimensioned, simulated, and tested for validation under the
FSAE rules. Large use of the finite element (FE) methods was made to obtain a predictive numerical
model before the actual impact testing.

2.3. Dimensioning the Impact Attenuator

This section shows some preliminary analytical calculations made to dimension the cross-sectional
area of the hybrid impact attenuator.

The maximum acceleration admitted during the impact test (amax) was 20 g. It may be associated
to a maximum average crushing force (Fave) as follows:

Fave = Miot-Amax = 300 kg-20-9.81 m/s® = 58,860 N @)

In this paper, a hexagonal honeycomb made of an Al5052 aluminum alloy was used. Table 2a
shows the specifications of the honeycomb. The data were collected from the manufacturer’s datasheet,
except for the crushing stress (o), which was obtained from the quasi-static compression tests shown
in Section 2.5.

Dividing F,pe by 0cr leads to the average cross-section of the impact attenuator (Aave). However,
Fape is the force developed during an impact, while o, is related to a quasi-static test. To take into
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account the dynamic response of the honeycomb, F,,. was penalized by multiplying it to a safety factor
n. The average cross section of the honeycomb is:
_ n-Fave 0958860 N

_ _ 2
Aave = Ger = "31MPa 17 088 mm (4)

Table 2 shows the cross-sectional area chosen for each honeycomb layer. The average of the four
areas was close to Agpe.

Table 2. (a) Plascore® PAMG-XR1 5052 honeycomb specifications. (b) Area of the cross section of

each layer.
. . Honeycomb 2
Properties Al5052 Units Area [mm~]
Layer
Density 91 ke Ly 15,872
m

Crushing stress o¢r 3.1 MPa L3 17,019

Cell size 4.8 mm Ly 17,348

Foil thickness 0.0508 mm L 17,773

@) (b)

The deflection of the honeycomb due to the impact (As) was obtained by reversing Equation (2):

As is the minimum length for the honeycomb IA. However, the overall axial length of the honeycomb

was sensibly increased in order to avoid the densification phase during the impact. In fact, when

the honeycomb is in the plateau phase of its collapse, it absorbs energy in its most predictable and
efficient way.

Ey 7350 []]
As = ===
Fave 57,980 [kN]

= 126.8 mm (5)

2.4. Bulkhead Structural Equivalence

The experimental crash test was performed by mounting the IAs on the front test bulkhead made
with steel tubes and plates. Since the FSAE vehicle chassis is a CFRP monocoque, the structural
equivalence needs to be proven between the actual bulkhead and the steel test bulkhead.

The steel test bulkhead was built according to T.2.5.1 in [29]. Six longitudinal tubes were joined to
a hexagonal frame made of welded tubes. A steel plate was then welded to the front hexagonal frame.
This plate was used to mount the IAs onto the test bulkhead.

The tubes had an outer diameter of 24 mm and a wall thickness of 1.6 mm. The length of the
longitudinal tubes was chosen to guarantee a 50 mm rearward clearance. The steel plate at the front of
the test bulkhead had a thickness of 1.50 mm, as prescribed by the rules. The geometry of the steel
plate was exactly the same as the bulkhead of the CFRP monocoque prototype, so the IAs could be
mounted with the same mounting system either on the monocoque or on the test bulkhead.

The front bulkhead of the race car prototype was a simple sandwich panel, in which two CFRP
laminates with a thickness of 1.61 mm were separated by a honeycomb core with a thickness of 19.5
mm. This frontal sandwich panel was supported from its back by the panels of the primary structure.

Table 3 shows the main dimensions of the two bulkhead structures as well as the Young’s modulus
and shear strength of the materials involved in the two structures. The mechanical properties of the
CFRP laminates (Epront, EBack, and UTScprp) were obtained with experimental tests performed by the
FSAE team, while the homologous properties of the steel were suggested by the rules [29].

The rules prescribe that in the structural equivalence, the two bulkhead structures should be
treated like two flat panels. The proof of structural equivalence consists of evaluating the flexural
modulus (EI) of the two panels subjected to a bending around their neural axes. The section under
exam is the A—A section represented in Figure 4a.
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Table 3. Structural equivalence data.

Structural Equivalence

Data Tags Original Bulkhead Steel Test Bulkhead
Height [mm)] H 353.4 353.4
Width [mm] w 324.2 324.2
Length [mm] L 65 65
Hole height [mm] Hiole 233 233
Hole width Whole 204 204
Young’s modulus [GPa] E Egront = 649 Esp = 200.0
& Epack = 56.1 sp :
Shear strength [MPa] UTS UTScrrp = 228 UTSgteel = 219
Front section thickness [mm)] T Outer Skin: Tcprp = 1.61  Steel Plate: Tgiee] = 1.50
A AA A-A
X : % n ;‘II,
: v !
Al X
2 I
3 ¥ b
i 5 % 2
“”hnls
51
) « 195 |
1.61 1.61
W - T
n
(a) (b) (c)

Figure 4. Front view of bulkhead plate (a), critical section of the carbon fiber reinforced polymer (CFRP)
bulkhead (b) and the steel test bulkhead (c). (unit: mm)

For both the steel and the CFRP bulkhead, the critical section has two symmetrical areas working
in parallel, thus the EI of the section can be obtained by doubling the EI of one half of that section.
Figure 4b,c show the two sections, highlighting the n—n axes, around which the moments of inertia
were calculated. For the CFRP structure, the contribution of the honeycomb core was neglected.

Considering the geometrical data given in Figure 4b,c, the two flexural moments are:

(EDcprp = 2(EBackBack + EfrontlFront) = 2(0.971 4 1.785) - 10° Nm? = 5.521-10° Nm?  (6)
(ED) gt = 2Esteel( Lube + Iplate) =2-2-10" (9.201 + 4.112) 107 Nm? = 5.33-10° Nm? (7)

(EI)CFRP R (EI)steel (8)

The steel and the CFRP bulkhead structures must also have the same strength. This time, the
equivalence was proven on the perimeter shear strength (PSS). PSS is the longitudinal force needed to
cause a shear rupture on the frontal outer skin of the front bulkhead. PSS is calculated by multiplying
the shear strength of the outer shell by its minimum transversal area. The shear strength of the CFRP
front laminate (Table 3) was determined with an experimental shear test, performed by the FSAE team
according to the prescriptions given in [29]. Once again, the A—A section in Figure 4a was considered
as the critical cross-section to calculate the PSS. The PSS of the CFRP lamina of the chassis must be
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higher or equal to the PSS of the steel plate of the test bulkhead. Equations (9)—(11) show that the
bulkhead and the test bulkhead are equivalent.

PSSqtect = 2(H + W) - Tsp-UTSqiee1 = 2(353.4 +324.2) mm-1.5 mm-219 MPa = 44510° N (9)

PSScrrp = 2(H + W) -Teprp-UTScErp = 2(353.4 4 324.2) mm-1.61 mm-228 MPa = 498-10° N (10)
PSSCFRP z PSSsteel (11)

2.5. Material Characterization

The following design phase concerns the creation of three finite element (FE) models of the three
impact attenuators under examination. The FE models were used to give a numerical prediction of the
crash tests on the three IA designs before the actual impact tests. Therefore, the elastic and plastic
properties of the materials involved must be carefully assessed.

The AIPs of the three IAs were modeled as a single CFRP laminate. A T700 prepreg fabric was
employed for all AIPs, adopting a suitable stacking sequence according to the structural requirements.
The mechanical properties of the composite were obtained with an experimental characterization,
which included tensile tests, compressive tests, in-plane and out-of-plane shear tests, and a low-velocity
impact test. All tests followed their relative ASTM standard. The elastic properties resulting from the
experimental tests were in close agreement with the corresponding data given in the manufacturer’s
data sheet. The crash survivability (CRASURV) criterion was applied to determine the material’s
failure, and all the relative parameters were obtained from the results of the experimental tests. More
details on the mechanical properties and the failure model are shown in Appendix A.1.

A standard steel alloy was adopted to model the bolts and the parts of the front test bulkhead.
The plastic behavior was modeled with the Johnson—-Cook model; in this case, the effects of the strain
rate on the plastic behavior was neglected.

An experimental campaign was performed to derive the elastic and plastic behavior of the
honeycomb material under compression. Six samples were obtained from a hexagonal aluminum
honeycomb with a cell size of 4.8 mm and a shell thickness of 0.0508 mm (see also Table 2). Each
specimen extended by 50 mm in the out-of-plane direction, and 140 mm and 19.5 mm in the two
in-plane directions.

The samples were tested with an Instron® 5567 universal testing machine (Instron, Norwood,
MA, USA) (Figure 5) mounting a 30 kN load cell. The tests were performed with a constant crossbar
speed of 1 mm/min, leading to a constant strain rate of 3.33 x 1074 s71.

Figure 5. Test sample under compressive test.

The resulting stress—strain curve was in close agreement with the theory [18]. There are three
separate zones: namely the initial linear elastic zone, intermediate plateau zone, and final stress
densification zone (Figure 6a). The IA design aims to prevent the densification of the material in order
to monitor the average force during the impact event.
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F[kN] F[kN]
17 17
Experimental Detailed £[s™'] Homogenized
15 FEM - Detailed Model 15 4] e 3.33-107*
~~~~~~~~~~~~~~~~ 140 —_—
5 5
slmm)] s[mim)
0 10 20 30 40 0 10 20 30 40
@) (b)

Figure 6. (a) Numerical-experimental correlation of the quasi-static compression test; (b) correlation of
the two compression test simulations at two strain rates.

The results of the experimental tests were exploited to correlate the elasto-plastic behavior of the
5052 aluminum alloy of which the honeycomb was made. The experimental test was reproduced with
a FE simulation. The FE model replicated the honeycomb geometry in detail.

The detailed honeycomb model was modeled with 215,500 four-node quadrilateral Mindlin shell
elements with a size of 0.2 mm. The mesh size was chosen to seize the local folding mechanisms of
the honeycomb cells. The thickness of the elements is in line with the actual foil. The elements at
the junction of two foils were doubled in thickness. The honeycomb was put on a rigid plane and
compressed with a second rigid plane, moving with a constant velocity. Friction between the plates
and the honeycomb were considered by adopting a static Coulomb friction coefficient of 0.6.

The relation between the plastic stress (op1) and plastic strain (¢p;) of the aluminum Al5052 was
modeled by the Cowper-Symonds law:

. 1
Spl P
o = (A n Bg;,) 1+ (?] (12)

A, B, and n were adjusted to correlate the crushing response of the FE model with the experimental
data (further details are in Appendix A.2). Particular attention was put in correlating the average
crushing force (Fave) of the honeycomb, as this property has great importance in the honeycomb’s
energy absorption. Figure 6a compares the two stress—strain curves after the correlation, the average
force resulting from the numerical simulation was 2.01 percent above the average experimental curve.

In this paper, the dynamic response of the 5052 aluminum was not addressed. An extensive
characterization of aluminum alloys under impact loading at various speeds was presented by [11-13].
The strain rate sensitivity coefficient (C) and the reference strain rate (¢p) proposed in [12] were adopted
in this paper. After the characterization on the quasi-static compression test, the FE simulation of the
compression test was repeated adopting five different velocities to the moving plane. The resulting
stress—strain curves are shown in Figure 6b. Increasing the strain rate (¢) from 20 s™! to 140 s! mm/s
increased Fave by 15.6 percent. This result is coherent with the experimental findings obtained by
Xuetal. [9]. The simulation also showed a decrease of 10.60 percent of the average force when
decreasing the strain rate from 35 s~!, which is the typical strain rate found at the beginning of the
impact tests, and to 3.33 x 10~* s~1. This is in line with the penalization coefficient we chose in the first
IA dimensioning.

This modeling approach involved a long simulation time caused by the high number of elements.
Therefore, this honeycomb model was not used to model the real impact attenuators.
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A homogenization technique was adopted to simplify the geometry and reduce computational
effort. The sample with the homogenized material was modeled with 7830 fully-integrated eight-node
hexahedral elements, with an average size of 2.75 mm. The homogenized elastic and plastic properties
were assumed as being orthotropic.

The out-of-plane compressive behavior of the material is determined by defining five piece-wise
stress-strain laws, corresponding to five strain rates. The response of the honeycomb under a strain
rate between two of these five strain rates is obtained by interpolating the values of the curves relative
to the two strain rates.

The five strain rates corresponded to the strain rates of the quasi-static compression tests and the
numerical simulations made with the previous model. The stress—strain laws were shaped to correlate
the results from the experimental tests and the numerical simulations.

Figure 6b shows a comparison between the responses of the two numerical models during two
compression tests. Once again, the main focus was put into correlating Fayve, and the homogenized
honeycomb presented a maximum relative error of 2.16 percent (Table 4). Further details on the
material modeling and results are shown in Appendix A.3.

Table 4. Average force [N] for the numerical and experimental compression tests.

R . Numerical Simulation Numerical Simulation
el Experimental Test Detailed Model Homogenized Model
3.33x-107* 8357 8343 8356
35 - 9333 9537
60 - 9474 9616
100 - 9847 9868
140 - 10,120 10,153

The FE models were correlated with the experimental results as shown in Figure 7. Altair®
Hypermesh was used to set up the FE models, while Altair® Radioss was used to perform
the simulations.

(a) (b)

Figure 7. Global deformation of the honeycomb detailed (a) and homogenized (b) finite element
(FE) models.

The homogenized material substantially reduced the computational effort of the simulation, as this
time, the computational time was negligible if compared to the time spent to simulate the same test
on the detailed model. The homogenized material did not seize the folding mechanisms of the foil,
but the global collapse of the structure was coherent with the collapse we observed in the detailed
model (see Figure 7a,b). Furthermore, the results presented good accordance with the experimental
parameters of interest. The homogenization technique was thus adopted for the non-linear FE models
developed to mimic the crash test on the complete IA models.
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2.6. Finite Element (FE) Simulations

The materials and the equivalent honeycomb material were used to model the IAs. The models
are shown in Figure 8.

(a) (b) (c)

Figure 8. FE models of the IA systems tested. (a) Hollow truncated pyramid absorber, (b) honeycomb
crash-box absorber, and (c) hybrid layout.

The three IAs were mounted on the same steel test bulkhead. The test bulkhead was modeled
with 26,602 four-node quadrilateral elements with an average size of 3 mm. A standard steel alloy
was assigned to these elements. Eight mounting bolts, modeled with line elements and RBE2 links,
connected the IAs to the test bulkhead. The sledge was modeled with a concentrated mass connected
to the test bulkhead with a RBE2 link. The sum of the absorber, the test bulkhead, and the concentrated
mass was 300 kg in all cases.

The AIP was modeled with 12,385 quadrilateral Mindlin plate elements with an average size of
3 mm. The thickness of the plate varied among the three IAs. The CFRP laminates were modeled
stacking a combination of T700 prepreg fabrics, which were oriented at 0 and 45 degrees with respect
to the vertical direction.

The AIPs were designed with the help of numerical optimization methods. The framework
presented by Lo Presti et al. [26] was followed in this paper where a free-size optimization, a size
optimization, and a composite shuffle optimization were chained to identify the best performing
combination of prepreg plies as well as their arrangement in each of the three AIPs.

The aluminum hollow truncated pyramid absorber (Figure 8a) was modeled with 28,107 four-node
shell elements. The average mesh size of the elements was 3 mm, while the shell had a thickness
of 2 mm. The back plate welded at the base of the pyramid was used to mount the IA to the AIP.
The welding seam was modeled by collapsing between the node of the pyramid and the back plate.
The pyramid itself was made of two shells welded together. This time, the modeling of the welding
seam influenced the component’s stiffness. Rotondella et al. [31] modeled the welding seams with
eight-node hexahedral elements, connected with rigid links to the connected structures. Herein,
the welding seams were modeled with four-node shell elements, sharing the nodes with the elements
on the two shells. The thickness of these elements is coherent with the actual welding seam. The
material employed was the same 5052 aluminum of which the hollow pyramid is made. The resistance
of the welding seam was penalized according to the results reported in [32] for TIG welding of
aluminum alloys. The corners at the top of the pyramid were incised to trigger the deformation at the
frontal part of the attenuator. The same incisions were made on the IA prototype. The AIP consisted of
three plies of T700 prepreg fabrics. The contact between the mounting plate and the AIP as well as the
self-contact in the IA were modeled with Coulomb friction.

The homogenized honeycomb material was introduced to model the honeycomb crash-box
absorber in Figure 8b. The AIP had a variable thickness across its area. The maximum thickness
was 5.58 mm, corresponding to 18 plies of T700 fabric with a thickness of 0.31 mm. The maximum
thickness was found at the glued connection between the AIP and the honeycomb, and around the bolts.
A minimum thickness of 1.86 mm was found in the center-top region of the AIP. The honeycomb was
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discretized in 208,542 elements of the same type and size of the elements of the sample in Section 2.5.
It was glued to the AIP, and the connection was modeled with a non-sliding contact interface between
the two components.

The hybrid IA is shown in Figure 8c. As with the honeycomb crash absorber, its numerical model
included the homogenized honeycomb material, which was discretized in 186,665 elements, the same
as that for the honeycomb crash-box. The honeycomb layers were glued to the anti-intrusion plate and
to the intermediate CFRP laminates. The laminates were discretized in 11,596 four-node quadrilateral
elements adopting Mindlin shell theory. Each of the laminates was composed of six fabric plies, and
had a total thickness of 2 mm. The AIP had a maximum thickness of 3.1 mm (10 plies of T700), located
around the bolts, and where the fourth layer of the IA was glued. The minimum thickness was 1 mm
(3 plies) and was found in the middle of the AIP.

The load cases simulated the impact test defined in Section 2.1. The impactors were pushed
toward a rigid wall with an initial speed of 7 m/s.

The node at which the mass of the sledge was concentrated was monitored during the simulation.
Data on the position, velocity, and acceleration of such node were extracted. The acceleration curve
was then filtered using a Channel Filter Class CFC 60 low-pass filter (100 Hz) following the regulation
SAE-J211 and checked for its maximum peak and average value. The displacement and velocity curves
were left unfiltered and kept for a comparison with the results of the impact tests.

The results of the virtual impact tests are discussed in Section 3, the three IAs fully satisfying the
prescribed requirements. Three prototypes were then produced replicating the designs illustrated thus
far. Table 5 summarizes the masses of the three IAs and the CFRP plies involved in each AIP.

Table 5. The features of the test samples.

IA Data Honeycomb Crash-Box Hollow Truncated Hybrid
Absorber Pyramid Absorber Absorber

IA Length [mm] 200 290 208

IA weight [kg] 0.40 1.67 0.73

AIP thickness max/max [mm] 5.8/1.9 1 3/1
AIP number of plies max/min 18/6 3 10/3
AIP weight [kg] 1.10 0.25 0.45

Test bulkhead weight [kg] 3 3 3

Structural glue [kg] 0.166 - 0.070
Total mass [kg] 1.570 1.920 1.346

3. Results

The position, velocity, and acceleration of the sledge were monitored during both the experimental
and numerical tests on the three IAs. The impact duration (At) is also worth monitoring. The impact
starts when the IA first touches the wall and finishes when the kinetic energy of the sledge becomes
zero (i.e., when the sledge velocity reaches zero). At the end of the tests, the total deformation (As)
was calculated measuring the axial extension of the crushed impactor from the plane of the AIP and
subtracting it from the initial IA length described in Table 5.

The permanent deflection of the AIP was the last parameter to monitor after the tests (see Table 1).
The numerical simulations showed that all of the CFRP laminates worked completely in the linear
elastic field, and the simulations showed no plastic strain and no damage between the plies of the
laminates. Measurements made on the impactors confirmed the numerical prediction: a negligible AIP
permanent deflection was found at the end of the three experimental tests. Furthermore, it could be
observed that such deflection was due to the plastic deformation of the steel plate on the test bulkhead,
as all the AIPs returned to their original shape when unmounted from the test bulkhead. Thus, this
mandatory requirement was fully respected by the three IAs under study.

The results of the experimental and numerical tests on the pyramidal IA are shown in Figure 9.
The frontal region of the FE model of the impactor presented a similar deformation as the zone in
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contact with the wall took on a pentagonal shape. However, the FE model of the impactor had a
symmetrical mesh, and its folding mechanism was symmetrical. The aluminum impactor, on the
other hand, was not symmetrical and showed a different failure behavior. The dissimilar deformation
behavior influenced the acceleration curves in the two tests (see Figure 9). The acceleration in the
simulation had an initial peak, followed by a monotonic decrease; on the other hand, the acceleration
in the impact test showed a slow decrease after the same initial peak, followed by a second rise.

30 exXp . FE exp Force [kN] FE
—_ Acceleration [g] e -
— Displacements [cm] e
— Velocity [m/s] e 60 1
20 1 s0 |
AN 10 1
30|}
o 0 ;
H - 20 |
......... 10 |
0' : : : : T ¥ 0 F— ; + + : : . e
10 20 30 40 50 60 2 4 6 8 10 12 14 16 18
t [ms] Displacement [cm]
(c) (d)

Figure 9. Comparison between the experimental and numerical results on the hollow, truncated
pyramid IA. (a) Force-intrusion curve (b); deformation at the end of the impact test (c); and numerical
simulation (d).

The difference in the deformation behavior caused all the differences in the average acceleration,
impact duration, and maximum deformation. Table 6a shows an error in the average acceleration of
12.90 percent.

Figure 10 shows the results for the crash-box honeycomb impactor. Here, there was no information
on the folding mechanism of the honeycomb as a homogenization technique was used. The numerical
model showed a slightly higher average acceleration and a lower maximum intrusion than the real IA.
This was due to the modeling of the glued connection between the AIP and the honeycomb, which
was assumed as being infinitely rigid. The glue, in fact, has a compliance, which was not introduced in
the numerical model for simplicity’s sake. The results of the two IA tests are summarized in Table 6.
In both cases, the maximum acceleration peak (4peax) and the average acceleration (dave) remained
below the limit prescribed by the regulations. In both cases, the relative error (¢gy,) between the
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numerical and experimental error was below 9 percent, and the highest ege, was always found at the
impact duration At. The FE analyses were in both cases on the safe side, as a higher g,y leads to a
potentially higher injury for the driver [30].

Table 6. Results of the experimental test compared to the FE simulations. (a) Hollow truncated pyramid
layout, (b) honeycomb crash-box layout.

Target Parameters Exp. FEM leresl Target Parameters Exp. FEM lerl
Agve [8] 12.94 11.27 12.90 Agve (] 17.34 17.95 3.51
Apeak [g] 19.96 19.48 2.40 Apeak [8] 18.86 19.69 4.40
At [ms] 55.40 62.10 12.09 At [ms] 41.50 39.75 4.22
As [mm] 175.00 188.97 7.98 As [mm] 154.00 144.36 6.26

(a (b)

30 CXp Force [kN FE
= Acceleration [g] rE 70— oree (N]
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Figure 10. Comparison between the experimental and numerical results on the honeycomb crash-box IA.
(a) Force—intrusion curve (b); deformation at the end of the impact test (c); and numerical simulation (d).

The results of the hybrid IA are summarized in Figure 11 and Table 7. In both the experimental
and numerical tests, the results showed that the proposed IA respected the mandatory requirements
well as the a4, was just below 20 m/s? and the ap,,; was below 40 m/s.

The acceleration curves showed a good correlation between the FE and experimental results,
thus the simulations were effective in predicting the behavior of the IA in the impact. The greatest
discrepancy was located at the maximum acceleration peak (ap,;). The FE simulation presented a
lower average acceleration than the experimental test. This led to a higher amount of energy to be
absorbed in the last part of the impact. In order to absorb this energy, the impactor in the FE simulation
presented a higher intrusion, and a rapid increase in acceleration in the final part. However, the relative
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errors encountered were in line with that found in the work of Boria [21], in which a FSAE impact
attenuator was investigated.

=2 Acceleration [g] rE 70 &P Force [kN] FE
30 —_ Displacements [cm] e

— Velocity [m/s] -
20 | e T

................. P v
10
0 10 0 30 0325 5 75 10 125 15
t [ms] Displacement [cm]

(b)

(d)

Figure 11. Comparison between the experimental and numerical results on the hybrid IA.
(a) Force-intrusion curve (b), (c,d) images of the actual sample before and after the test.

Table 7. Comparison of experimental and numerical parameters of interest.

Target Parameters Exp. FEM lera|
Aave (8] 19.10 18.32 4.08
Apeak [8] 21.79 23.36 6.75
At [ms] 37.80 39.60 4.76
As [mm] 132.00 131.00 0.76

The final part of the acceleration curve showed that the impact ended when the honeycomb was
still in its plateau region as it was desired in the first instance.

The three prototypes fulfilled the requests specified by the regulations. The choice of the IA was
based only on the component’s mass and on its specific energy absorption (SEA) (i.e., the absorbed
energy per unit mass). Table 8§ summarizes the experimental results, which revealed that the hybrid IA
system outperformed the other tested layouts in terms of both lightness and energy absorption. The
hybrid solution was thus chosen for the Formula SAE race car.
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Table 8. Results of the experimental test compared to the FE simulations. (a) Hollow truncated pyramid
layout, (b) honeycomb crash-box layout.

Hollow Truncated Hybrid IA Honeycomb Crash-Box
IA Systems Tested Pyramid IA System System IA System
Total Mass [kg] 1.92 1.35 1.57
Total absorbed energy [k]] 7.369 7.550 7.474
SEA [kJ/kg] 3.84 5.59 4.76

4. Conclusions

This paper presents the design of a frontal passive safety system of an open wheel race car. The
system needs to satisfy the rules of the competition, and at the same time be as light as possible.

Three solutions involving thin-walled structures, CFRP laminates, and aluminum honeycomb
were considered: the first consisted of a thin-walled truncated pyramid that directs the load paths
toward the main structural members of the chassis; the second IA consisted of a simple honeycomb
crash-box, the dimensions of which were relatively easy to calculate with simple equations; and the
third IA was a hybrid solution, designed to integrate the benefits brought by the two previous solutions.
The three IAs were mounted on CFRP anti-intrusion plates, designed with the help of numerical
optimization techniques.

A numerical model of the three impact attenuation systems was created to predict their energy
absorption. Particular attention was paid to the characterization of the honeycomb crushing
behavior. The honeycomb was modeled with a numerical homogenization technique to reduce
the computational effort.

After a virtual validation of the three designs, three prototypes were produced for the impact test,
which was executed following the rules of the competition. The results of the experimental tests were
in close agreement with the numerical results.

The three systems satisfied the regulations well, thus the best design was chosen according to
the performance results only. The hybrid IA system presented the highest energy absorption and the
lowest mass among the three solutions.

The test bulkhead used for the impact test differed from the intended bulkhead structure. Some
simple calculations were made to provide proof of the structural equivalence between the two bulkhead
structures. These calculations followed the rules of the competition that the car would race in. For a
more general purpose, the designer should either use the same bulkhead structure, both in the virtual
and in the experimental crash test, or give more detailed proof of the structural equivalence between
the two structures.

The predictive numerical simulations could be refined by assessing the mechanical response of
the glued contacts. A numerical-experimental correlation is needed to determine the shear properties
of the glue film.

The regulations prescribe a purely frontal impact with no offset. The IA designs could be improved
by considering a non-purely frontal impact or an offset frontal crash. To do so, the out-of-plane shear
properties of the honeycomb need to be determined with a further numerical-experimental correlation.
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have read and agreed to the published version of the manuscript.
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Appendix A —Material Modeling

Appendix A.1 Composite Lamina

The CFRP lamina was modeled as a homogenized orthotropic shell. The constitutive equations
(Equation (A1)) in the linear elastic field are:

&1 [ 1/E; -v21/E2 0 0 0 0 o1
& —012/E1 1/E2 0 0 0 0 02
€3 0 0 1/E3 0 0 0 03

= Al
€23 0 0 0 1/G23 0 0 023 ( )
€31 0 0 0 0 1/G31 0 031
€12 0 0 0 0 0 1/G12 ] 012

The coefficients of the compliance matrix are calculated according to the classical theory of
laminates, starting with the properties of the constituent materials. A T700 plane fabric and an epoxy
resin were considered.

The crash survivability (CRASURV) criterion, available in Altair® Radioss, was used to determine
the CFRP failure. CRASURYV is a modified Tsai-Wu failure criterion (Equation (A2)), based on a
definition of a yield surface F:

F = Fio1 + Fyop + F110%+ F2263+2F120102+ F44G%2 (A2)

The F; and F;; coefficients depend on the plastic deformation work Wp* and on the strain rate ¢.
They are defined in Equations (A3)-(A6):

1 1

Al ) = W) (W) o
Co 1

R b TR e 0

Fip = —% VF11#F (A5)

Fu(Wp, &) = ! (A6)

Ulz(W;/ é) * Glz(W;, é)
where i is the orthotropic direction (i = 1,2).

When F > 1, the post-yield behavior depends on the strain rate coefficient (c) and the hardening
coefficient and hardening exponent (b,n) defined for each direction (longitudinal, transversal, and in
plane shear Equation (A7)), both in compression (Equation (A8)) and in tension (Equation (A9)).

012(W;’ é) = 012y(1 + b1 {( W};)mz)(l + ClZl"(é)) (A7)
o'i(W;, &) = ogy(1 + Ui {( W};,)”f)(l + cfln(éio)) (A8)
o (W, €) = o, (14 861 W};)”f)(l + cfln(é)) (A9)

The reduction coefficient & should be determined with a biaxial tensile test. Without this
experimental test, the most common value of « is 1 to enable the Tsai-Wu criterion to degenerate to the
Von Mises criterion, considering an isotropic material with equal tensile and compressive strength.
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The plastic behavior was assumed to be dependent only on the (b,n) parameters, neglecting the
influence of the strain rate.

In the out-of-plane direction (direction 3), the material was assumed to be linear-elastic. The lamina
was assumed to be in a plane strain state.

Two different types of intra-ply failure are available in the CRASURV formulation, the brittle
tensile failure, and the plastic failure, if the cumulated plastic work (W) reaches the maximum value
(both in tensile and compression, Equation (A10)).

Wy
Woref

W, = (A10)
where W,,s is a constant that scales the cumulated plastic work function.

A softening phase and a residual stress could be set before failure and element removal.
A representation of the softening parameters and residual stress is presented in Figure Al for
an orthotropic i direction. In this work, a residual stress was set equal to the tensile/compression
strength of epoxy resin before the element removal (Figure Al).
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/// ’:\\
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/ 1
/ -
/ -l
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ti 1 .
€1 E%‘ €

Figure A1. Softening parameters and residual stress.

Table A1. Mechanical properties of composite laminates.

Parameter Reference Test
En 52 GPa ASTM D3039 0°
Ex 51 GPa ASTM D3039 90° . :
Elastic P t

Git 3.5GPa ASTM D3518 ashic Troperties
vio 0.045 ASTM D3039
be 33

1 o
it 0.55 ASTM D3410 0
b% 27 ASTM D3410 90° Hardening Parameters
1y 0.51
b1 21
s 0.44 ASTM D3518
ell 1.3% ASTM D3039 0°
et? 1.2% ASTM D3039 90°
el 1.3% ASTM D3410 0° Ultimate Strains
e 1.3% ASTM D3410 90°
et 15% ASTM D3518
Ores 40 MPa Deltapreg® DT120 resin datasheet Residual Stress

The mechanical properties of the laminates are reported in Table Al. These data were obtained
performing an experimental campaign, which was carried out according to the ASTM standards.
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Tensile and compressive tests were performed along the two orthotropy axes of the laminate, assuming
0° and 90° as the directions of the first and second axis, respectively. Hardening parameters were
calculated in order to fit the experimental results in term of stress—strain diagram. The material
exhibited brittle failure in tension for both orthotropic directions, so hardening parameters (bﬁ, ni)
were zero.

The initial softening strain value in the material model was set equal to the ultimate strain reported
in Table A1 for tension, compression, and in-plane shear test, respectively.

Maximum strain softening was set in order to correlate the energy absorption due to low-velocity
impact in a drop weight test (ASTM D7136).

The residual stress was set equal to the ultimate stress of epoxy resin both in tension
than compression.

Appendix A.2 5052 Aluminum

The elastic-plastic behavior of aluminum was simulated using the Cowper-Symonds model.
The material was isotropic linear elastic when the equivalent stress was lower than the yield stress:
Oeq < A. For g¢5 > A, the true stress was calculated as reported in Equation (A11):

. 1
gpl P
oyt = (A + BEZI) 14 (?] (A11)

where (B,n) are the hardening parameters and ¢, is the plastic true strain of the element. The effects of
the strain rate on the plastic response of the metal depends on the hardening parameters (C,p).
Failure occurs when the element reaches the maximum value of &pl defined in the FE model.
As soon as the element reaches failure, it is deleted from the model.
The material parameters are briefly summarized in Table A2, and the true stress—true strain curve
is presented in the Figure 6a.

Table A2. 5052 Aluminum law material and elastic properties.

E [GPa] v A[MPa] BI[MPa] n C[s™1] p Epmax
70.3 0.33 207.6 221.5 0.63 6500 4 0.2

Appendix A.3 Homogenized Honeycomb Material

The honeycomb crash box was modeled using LAWS50, available in Altair® Radioss, and used to
model honeycomb and foam structures, taking into account the effects of the strain rate on the response
of the material. This material law was used to model the different nonlinear elasto-plastic behavior in
the three orthotropic directions. All degrees of freedom were uncoupled, and the constitutive elastic
equation is Equation (A12):

&1 1/E1 0 0 0 0 0 01
€ 0 1/E, 0 0 0 0 a2
&3 0 0 1/E3 0 0 0 03

= Al2
23 0 0 0 1/G23 0 0 0923 ( )
€31 0 0 0 0 1/G31 0 031
&12 0 0 0 0 0 1/G12 ] 012

In the FE simulation, direction 1 was the out-of-plane direction, where the properties were higher
in terms of stiffness. The in-plane Young’s moduli were neglected in relation to the loading conditions.
The plastic behavior was defined by the five user-defined true stress—true strain curves shown in
Figure A2a. These curves refer to a value of true strain rate for the material. The first value of strain
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rate was 3.33 x 1073 s71, equal to the strain rate of the quasi-static compression test. The maximum
strain rate was 140 s~1, which was meant to be above the maximum true strain rate occurring in the
impact test simulation.

Whenever the honeycomb was compressed at a strain rate below 3.33 x 103 s71, the plastic
response followed the first stress—strain curve. On the other hand, when the honeycomb was
compressed at any strain rate, its plastic response was obtained from the interpolation (or extrapolation)
of the stress—strain curves relative to the two nearest strain rates.

The curves were obtained based on the results of the compression tests performed on the detailed
honeycomb FE model. The resulting stress—strain curves for the two honeycomb models at the five
strain rates are shown in Figure A2b.

All of the elastic constants are shown in Table A3:

g . P[kN]
[MPa) Detailed £[s~!] Iomogenized
3.4 15 K 3335 ’

100
140

60 E—

™

3.3 & 25 = 140[s 1]

(e}
L

3.1 ,
€1 =3.33-1073[s71]

9.0 € | ' ) . s[mm]
Y0 -0232 -0464 -0.696 -02 -1.16 0 10 20 30 40

(a) (b)

Figure A2. (a) Piece-wise stress—strain laws for various strain rates; (b) correlation between the detailed
and the homogenized FE models.

Table A3. Honeycomb law material and elastic properties.

Eq E, =E; G12 G31 Go3 Density
[MPa] [MPa] [MPa] [MPa] [MPa] [kg/m3]
1999 1 416 193 1 91
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