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Abstract: Origami-shaped composite structures are currently being explored for their ability to absorb
energy in a progressive and controlled manner. In vehicle passive safety applications, this prevents
the occurrence of peak forces that could potentially cause injuries to vehicle passengers. The work
presents the design of a carbon fiber-reinforced polymer (CFRP) crash box for a Formula Student
race car, using a numerical model validated by experimental tests. An initial characterization of the
material is conducted according to the standards. Following, six origami samples are manufactured
and subjected to crash tests to gather accurate experimental data. The numerical model is validated
on the tests and used for the design of the race car’s impact attenuator. The designed crash box
meets the Formula Student requirements while reducing the total mass by 14% and the maximum
deceleration of 21% compared with the previous design. The study confirms the potential use of
origami structures to improve crashworthiness while reducing vehicle weight.

Keywords: crash boxes; composite; lightweight; Formula Student

1. Introduction

The article presents the design of an origami-inspired crash absorber made of a
carbon fiber-reinforced composite for a race car. The work focuses on the experimental
characterization of manufactured prototypes, followed by the validation of the numerical
models to be used in the design of the impact absorber. These origami crash absorbers
are used in the Formula Student competition, which is organized by the Institution of
Mechanical Engineers (IMechE) and uses the same rules as the original Formula SAE.
In this section, a general overview on the thin-walled structures for energy absorption is
given. Following, the state of the art on the use of composite materials for crash structures
is discussed, finally delving into the application of origami-inspired design in this field.

1.1. Crash Structures for Vehicle Safety

Crash absorber devices are components specifically engineered to absorb kinetic en-
ergy during vehicle impact events. Their primary function is to reduce the load transmitted
to the passenger compartment by dissipating energy through controlled deformation and
fracture mechanisms. Limiting the load peaks that occur during the impact events is cru-
cial. Excessive load peaks can lead to high deceleration for the occupants of the vehicles,
which is a high risk for passenger injuries. Specifically, crash boxes play a crucial role in
preserving the structural integrity of the front car body during low-velocity impacts. These
sacrificial components are designed to absorb kinetic energy during the initial stage of
a frontal crash without damaging the front sub frame. The energy-absorbing response
and collapsing mode of the crash boxes are highly influenced by their shape and material.
Thin-walled structures, such as beams and tubes, are the most common geometries and
have been intensively investigated. Abramowicz et al. [1,2] studied the axial crushing
behavior of thin-walled square steel tubes with different cross-sections and formulated a
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folding element theory for predicting the mean crushing force of axially crushed square box
columns. Reid and Reddy [3] extended this study to single and double-tapered thin-walled
tubes with rectangular sections, demonstrating the extended capability of this geometry to
absorb energy in oblique impacts. Mamalis et al. [4] investigated the crushing response
of circular section and frusta (truncated cone) tubes under axial impact, showing how
these geometries could enhance the energy-absorbing capability while lowering the initial
force peak.

1.2. Composite Materials for Crash Structures

In recent years, there has been extensive research on the analysis of composite materials
for crush-absorbing purposes. The use of composite materials offers, together with the
possibility to customize the mechanical properties with different fibers, matrices, and
geometries, the opportunity to be lightweight [5-7]. The influence of fiber and matrix
type, fiber orientation, tube geometry, cooling rate in the cure cycle, and fiber volume
fraction on the energy-absorbing response of fiber-reinforced polymers has been extensively
investigated as reviewed by Jacob et al [8], Isaac [9] and Wang [10]. The use of thermosetting
carbon fiber-reinforced polymers (CFRPs) for energy attenuation purposes has been the
subject of numerous studies. The intrinsic brittle failure mode of thermosetting CFRPs,
coupled with debris formation during crushing, can lead to pronounced load oscillations.
Consequently, optimizing the geometry and thickness of crash absorbers becomes crucial
for achieving an optimal crush response. Boria et al. [11] experimentally crushed truncated
conical structures made of thermosetting composite material, assessing the influence of
geometrical parameters (wall thickness, cone angle, and minor internal diameter) on energy
absorption capacity. Obradovic et al. [12] designed and experimentally crushed an impact
attenuator for a Formula SAE vehicle made of a thermosetting composite material. Later,
Boria et al. [13] tested and compared the crush response of attenuators with the same shape
made of a thermoplastic composite material by finding that to avoid unstable behavior the
diameter of the tubes should be carefully designed. Despite the desirable plastic crushing
behavior exhibited by the thermoplastic attenuator, research outcomes underscored its
limited energy absorption capacity compared to the CFRP impact attenuator.

The increasing interests towards the use of composites in crash structures raised the
need for a numerical model that could accurately, yet rapidly, predict the crash response
of composite parts. A modeling strategy embedding shell layers stacked with cohesive
elements was first introduced in [14], where it is demonstrated to be capable of predicting
the initiation and propagation of composite failure with an accuracy close to that of a solid
elements model. In crash applications, cohesive elements were combined with solid [11,15]
or shell [16] elements to model the response of large structures. The model presented in [15]
combines cohesive with state-of-the-art techniques (e.g., fiber-oriented mesh, non-linear
shear response, and tie-break controlled intra-laminar failure) to model the crash of a
+45 tube with remarkable accuracy but requires 94 h to reach 4 ms. Ref. [17] investigated
the implementation of combined shell and cohesive elements to reduce the computational
cost, and reported accurate results for the out-of-plane impact of a composite plate with
high computational efficiency. Ref. [16] adopted this strategy for modeling the crash
of an IA, demonstrating its accuracy in the prediction of combined fragmentation and
delamination of the structure. In this paper, shell and solid cohesive elements are combined
to model the out-of-plane strength of the laminate. The single-shell model only allows for
the tearing of the laminate, whereas the delamination is inhibited since an out-of-plane
toughness is not defined.

1.3. Composite Crash Structures with Origami-Inspired Design

In the last 10 years, the adoption of crash boxes manufactured with pre-folded origami
patterns for thin-walled structures has been investigated to reduce peak load and control
the collapsing behavior of the tube to maximize energy absorption. The control of the
collapsing behavior of crash boxes to maximize the energy absorption while reducing the
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peak loads is crucial in the design of crash boxes. Indeed, these two factors reduce the
deceleration experienced by the occupants during crash events, avoiding fatalities and
major injuries. New origami crash boxes with squared, rectangular, polygonal cross sections,
and tapered shapes, created by pre-folding the surface of thin-walled tubes, that lead to
an improved collapsing behavior were studied. Ma and You [18] numerically studied
the axial crushing response of origami crash boxes and demonstrated their capability to
reduce peak forces while maintaining the same energy absorption level. Zhao et al. [19]
proposed the geometrical optimization of steel cylindrical origami tubes to enhance the
energy-absorbing capability, and similar research was conducted on different origami
pattern pre-folded tubes [20-22], demonstrating the benefits of these geometries in axial
crush. In recent years, crash boxes with origami shapes have been extensively studied.
The response of CFRP tubes with the full-diamond pattern and its variation with curved
lobes is discussed in [23]. The authors reported a significant influence of the number of faces
and the twisting angle on the failure modes, ultimately governing the crashworthiness of the
tubes. Ciampaglia et al. [5] conducted experimental and numerical studies on the response
of CFRP origami tubes with a trapezoidal pattern. The results underline the importance of
optimizing the pattern to improve crash worthiness, and the authors proposed a physics-
based data-driven method to accelerate the optimization procedure [24]. Song et al. [25]
proposed a hybrid CFRP/steel approach to improve the stability of the crashing response
and induce diamond failure. O’'Neil et al. [26] manufactured and tested pre-folded carbon
fiber-reinforced plastic (CFRP) tubes featuring the Kresling fold pattern, reporting lower
specific energy absorption (SEA) but superior stability of the crash force compared to
squared and cylindrical tubes. Despite extensive research efforts, there is not yet a generally
adopted structure with a high capability to absorb energy and limit deceleration under
threshold limits. However, the literature on origami structures [5,18-23,27] shows that a
customized shape can be designed to obtain a specific impact behavior. The present work
aims to design and evaluate the mechanical behavior of lightweight origami CFRP crash
boxes with high energy absorption capacity and limited force peaks to meet the Formula
SAE requirements.

The work provides a numerical and experimental analysis of a full-scale prototype,
designed to fit within the regulatory framework as described in Section 3. Six crash boxes
made of CFRP were produced and tested on a drop tower with an impact velocity of
6.5 m/s. The results of the crash test, alongside the material parameters experimentally
defined with tension and compression tests, were used to validate the numerical model
presented in Section 4. Finally, a Finite Element Analysis (FEA) was carried out to validate
a numerical model on the real impact test and then to simulate the final component that
will be used on the vehicle. For the numerical modeling activity, two different approaches
were used: shell and cohesive models.

2. Materials and Methods
2.1. Geometry

Origami structures are created by folding a flat sheet into a three-dimensional shape.
Figure 1 illustrates one of the three basic modules that are axially stacked to create the
whole crash box.

The rectangular sheet shown in Figure 1a in the unfolded configuration has a longer
edge of 8¢ and a height of I, parameters which are already discussed in [5]. When the sheet
is folded, an angle 0 is created between the plane orthogonal to the tube axis and the folded
faces. The crash box will have a sequence of square and octagonal cross-sections, with the
latter one described by a width parameter c. The sheet must be rectangular when unfolded;
therefore, it follows that

8b + 4c = 8e. (1)

This implies that the height of the module / is smaller than the height / of the sheet. Ac-
cording to the Formula SAE rules, the crash box must have dimensions 210 x 100 x 100 mm.
The design space can accommodate two origami crash tubes with the base dimensions of
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the single module reported in Table 1. Although the variations of b and ¢ do not change
the total mass of the crash box, they affect the crash response and should be optimized
accordingly [5].

(a) (c)

2e

[re———

Figure 1. Structures description: (a) single module unfolded configuration, (b) single module folded
configuration, (c) whole crash-box.

Table 1. Description of single module parameters.

Parameter Dimension

0 1.28 rad

b 25 mm
Single module ¢ 50 mm

h 70 mm

1 73 mm

2.2. Materials

The composite crash boxes were produced by using epoxy carbon-based prepreg,
Tenax HTA-DT806W42 from DeltaPreg (Teramo, Italy). This prepreg is constituted of twills,
and Tenax HTA-3k carbon fibers, from Toray (Tokyo, Japan). This is a 2 x 2 woven fabric
that presents an areal weight of 200 gsm and a twill wave of 3 k. Composite laminates were
fabricated to produce tensile and compressive specimens that were used as input data for
material card parameters. Thirteen layers of prepreg were used to fabricate the composite
laminates. Two molds were used on the bottom and top of the laminates and then were
vacuumed before the curing in the autoclave. The laminates were cured under a pressure of
5 bar and a temperature of 65 °C for 30 min followed by a temperature of 120 °C for 120 min.

Experimental Characterization

The tensile tests were executed using an Instron 8801 testing machine (Instron, Nor-
wood, MA, USA) equipped with a 100 kN load cell. As reported in ASTM D3039 Stan-
dard [28], the testing cross head speed was set to 2 mm/min. The strain values in both
the longitudinal and transversal orientations were measured by strain gauges, HBM 1-
LY48-3/350) purchased at HBM (Herning, Denmark), and positioned in the center of the
specimens. This allowed us to determine the Young’s modulus. As outlined in ASTM
D3039, the specimens present a rectangular cross-section, a width of 25 mm, a thickness of
2.9 mm, and a length of 250 mm. For precise stress calculations during the tests, the actual
width and thickness of each specimen were measured using a digital caliper with a resolu-
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tion of 0.01 mm. National Instruments NI 9237 were used to properly acquire the signal.
Four specimens were tested.

Compression tests were carried out using the ASTM Standard D3410 [29]. Specimens
with rectangular cross-sections and nominal width equal to 13 mm, a thickness of 2.9 mm,
and a length of 150 mm were tested. An anti-buckling fixture, as reported in the ASTM
D3410, was used to avoid the bending of the specimen. The unclamped length of 10 mm
was set during the tests. A cross head speed of 1.3 mm/min was used for these tests.
The strain was measured with a strain gauge (HBM 1-LY48-3/350) attached at the center of
the unclamped length, and the National Instruments NI 9237 system was employed for
properly acquiring the strain signal. Four specimens were tested.

These are the parameters that were used in the model that was used in FEM simulations
(Table 2). On the other hand, the shear properties were provided by the material supplier.
The shear modulus was set to 3.5 GPa and the shear strength 120 MPa.

Table 2. Mechanical properties of the CFRP: elastic modulus in tensile (ET) and compression (E¢),
ultimate tensile strength (UTS), and ultimate compression strength (UCS).

UTS [MPa] ET [GPa] UCS [MPa] Ec [GPa]
Mean Value 705 57.9 611 57.9
DEV.STD 36.19 0.25 37.42 0.15

2.3. Tube Manufacturing

The crash tubes used in the impact tests were produced with the hand layup of the
prepregs following an autoclave curing of the preformed part. Aluminum and epoxy resin
molds were used to laminate the origami tubes as shown in Figure 2a. Both molds were
manufactured with a clearance angle of 3° to accommodate the de-molding of the part.
To achieve a gradual crashing, the thickness of the single modules is increased from the
crash front to the base of the crash box. The thickness variation is complied by varying the
number of laminae in each module, with the external ply being common to all the modules
and the inner plies trimmed to achieve such variation. As a result, the first module had
3 layers; the second had 6 layers; and the third had 9 layers. The adoption of modules
with increasing thickness promotes a progressive failure of the crash box as found in
a preliminary study. The final thickness after curing measured 0.69 mm, 1.38 mm and
2.07 mm, respectively, for the three modules. While the geometry of the origami tube was
defined to accomplish the SAE regulation, the thickness of the tube was estimated on the
base of a previous study [5].

Figure 2 shows the different phases of the manufacturing process: first, the prepreg is
layered within half molds according to the defined stacking sequence; the two halves of
the mold are then placed together, either by overlapping Figure 2(b.1) or not Figure 2(b.1)
the plies; and the part undergoes pre-curing to consolidate the layers and is finally cured
in the autoclave to obtain the final part. To join the two halves of the specimen, a strip
method and overlap criteria were approached. For the strip method, crash box parts are
laminated separately and when one mold is positioned on top of the other, three strips
(20 mm of width) are added Figure 2(c.1). With the overlap method, the plies are positioned
in a complementary way in the two molds, shifting them 5 mm each, yielding an offset
of the joining lines as shown in Figure 2(c.2). The overlap techniques allow shifting the
joining lines of the two adjacent parts, which represent a weak area of the part. This
configuration conceives a redistribution of the stresses and avoids the interaction of the
stress intensification induced by the material discontinuity.
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(b.2) )

Figure 2. Manufacturing process: (a) Epoxy resin mold. (b.1) Strip lamination criteria. (b.2) Overlap
lamination criteria. (c.1) Detailed strip frontal view. (c.2) Detailed overlap frontal view. (d) Breather.
(e) Final product. The arrows indicate the manufacturing sequence.

3. Numerical Modeling of the Axial Crash of the Origami Crash Box

The numerical model was developed using LsDyna R13.1.0 (Ansys Inc., Livermore,
CA, USA). Given the prismatic symmetry of the origami-shaped tubes, only a quarter of the
structure was modeled and symmetric boundary conditions were applied. The intra-laminar
damage behavior of the woven plies was modeled with the Continuous Damage Model,
while Continuous Zone Modeling was used to describe the inter-laminar delamination.

The elements that were fully damaged were deleted during the simulation to replicate
the crack formation and propagation during the crash and avoid convergence issues caused
by highly distorted elements. A moving rigid wall with a mass of 480 kg, the same as the
hammer used in the experimental test, and an initial speed of 3.615 m/s was implemented
to simulate a kinetic energy of 3200 J. The contact between the wall and the part was
modeled using the AUTOMATIC_SINGLE_CONTACT with a dynamic friction coefficient
of 0.2, typical for CFRP-steel contact. The mesh size was set to 3 mm after a convergence
study. The integration time step was set to 5 ms and hourglass energy control using
Flanagan-Belytschko criteria was implemented. The simulation time was set to 80 ms.

Two different modeling approaches were investigated: (a) shell model with one shell
element through the thickness, and (b) a hybrid model with multiple shell elements stacked
with cohesive elements. The model setup is illustrated in Figure 3.

Vo = 3.615m/s

by

Cutting view

~

Rigid wall

Figure 3. Numerical model of the crash test and detailed view of cohesive modeling.
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3.1. Shell Model

The laminates are modeled with shell elements using the Gauss reduced integration
rule with four points in the plane and one integration point for each ply through the
thickness. The shell approach models the carbon fiber plies with a single layer of shell
elements using a First Order Shear Deformation Theory to simulate the laminate response.
The shell model was modeled solely by the shell element. Each post-cure ply thickness was
set to 0.23 mm, yielding a total thickness of 0.69 mm, 1.38 mm, and 2.07 mm for the three
modules, respectively. Fully integrated shell elements (ELFORM = 16) were used with a
shear correction factor equal to 0.625.

3.2. Hybrid Model: Shell and Cohesive

The hybrid model contains thin modules modeled with shell elements only and thicker
modules modeled with shell elements connected by solid cohesive elements. More precisely,
the first module is modeled with shell elements only since the absorbed energy is assumed
to be related to in-plane failures because of its reduced thickness. The thicker modules
are modeled with combined shell and cohesive elements to allow for the delamination
of the composite. The energy absorbed by the second and third modules is assumed to
have both contributions from the intra-laminar and inter-laminar strength, given its larger
thickness. As a rule of thumb, the thickness associated with the cohesive elements was set
to one-fourth of the ply’s total thickness. The cohesive model is summarized in Table 3
with a detailed description of each module.

Table 3. Thickness of the shell and cohesive elements used to model the CFRP laminate of each module.

. Shell Thickness Cohesive Thickness
Plies
[mm] [mm]
Module #1 3 0.69 -
Module #2 6 1.38 0.345
Module #3 9 2.07 0.5175

The cohesive layer was modeled with 8-noded solid elements (ELFORM = 20), where
the traction force is computed from the displacement between nodal pairs interpolated on
four integration points. The element is featured with an offset distance to work in combina-
tion with shell elements and properly apply moments computed from the nodal forces.

3.3. Constitutive Modeling

The elastic response of the woven is modeled with a linear orthotropic law. The intra-
laminar damage is modeled with an orthotropic failure surface described with the Chang-
Chang criterion. Given the balanced nature of twill woven composite, only compression
and tension are here distinguished, while the properties along the two principal directions
are assumed to be the same. The stress-based criterion defines the elastic limit of the lamina
upon three failure indices e f1€c and es, respectively associated with the tensile fiber failure,
compression fiber failure, and matrix failure (only associated with the shear). The failure
indices ef, e; and es are defined at each ply by the tensile strength (X7), the compression
strength (X¢), and the shear strength (S¢) as:

2 vi \* 7ij\? ; -
G=\xy) TPl5) "t Hew=0 i=12 @
e% = (”) -1 ifo; <0, i=1,2 3)
Xc

o\ 2
e;:(”> -1, ij=1,2 (4)
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Whenever the failure indices reach zero, the material undergoes a strain-based pro-
gressive damaging described by the ultimate strain values d? il d; Lipand dj( Lil» respectively
defining the ultimate failure for the compression, tensile, and shear mode. The element is
deleted when all the integration points are failed. The model uses the Enhanced Composite
Damage constitutive law developed by LsDyna (AT_054-055) which features a strength
reduction in the crash-front elements (i.e., elements sharing nodes with a deleted element)
by a factor defined with the SOFT parameter.

The inter-laminar behavior is modeled with a triangular traction-separation law used
for the cohesive elements. The model encompasses a quadratic mixed mode delamination
criterion defined with the mode I fracture toughness G, and the ultimate stress 0y in
the MAT138.

3.4. Manufacturing Induced Variations

The formation of sharp edges during the manufacturing of laminates induces a local
variation of the micro-structure that stretches or wrinkles to accommodate the geometry.
These local alterations cause a reduction in the material properties, which is particularly evi-
dent when compression stresses are applied. Local alterations of the prepreg were predicted
with the draping simulation tool from Hypermesh (Altair Inc., Troy, MI, USA). Figure 4a
reports the result of the draping simulation. Because of the sharp edges, the material in the
rhomboidal diagonal is shrunk, and reduced material properties are expected in that area
as shown in Figure 4b by projecting the numerical result on the manufactured crash box.
The mesh elements associated with a shrinkage factor higher than 80% are identified as
triggers, and their material properties are reduced to replicate the degradation and promote
the failure initiation. The result of the simulations, shown in Figure 4c, displays that these
are the areas where the failure starts. The reduced properties are reported in Table 4.

(a) Draping (b) Projection (c) Crushing

Failure
initiation
| mm—— )
0 25 75 100
Shrinkage (%) Max in-plane stress (MPa)

Figure 4. (a) Amount of woven shrinkage predicted with the draping simulation, (b) corresponding regions
of the manufactured crash box, and (c) failure initiation promoted by the manufacturing imperfections.

Table 4. Material properties used for the trigger elements.

Property CFRP CFRP Trigger
Ei(=Ey) 57.9 GPa 57.9 GPa
Xr 605 MPa 605 MPa
Xc 612 MPa 612 MPa
G12 4.0 GPa 4.0 GPa

Sc 120 MPa 120 MPa
V12 0.0835 0.0835
Gos(= Gi3) 3.7 GPa 3.7 GPa
1/23(: 1/13) 0.083 0.083

a5 0.04 0.04
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Table 4. Cont.

Property CFRP CFRP Trigger
d} il 0.0345 0.0345
dj‘ail —0.1 —0.01
SOFT 0.65 0.9

4. Experimental Crash Test and Comparison with Numerical Results

The experimental setup involves a vertical sledge with a total mass of 480 kg with the
specimen attached to its base as shown in Figure 5. The main axis of the origami tube is
aligned with the vertical axis, simulating the frontal impact.

@)

Guide Rails

Accelerometers

Specimen

Fall height

Load Cell

Figure 5. Sled hammer testing machine: (a) system frontal view, (b) real side view. The red boxes
indicate the specimen (top) and the load cell (bottom).

In addition, the crash tests were recorded with a high-speed camera with a resolution
of 1280 x 800 pixels and a frame rate of 1000 fps.

Data were synchronously acquired thanks to a disposable trigger placed on top of the
load cell. The kinetic energy at the impact was gradually increased in the first experiments
until a value of 3200 ] was defined, corresponding to an initial height of the hammer equal
to 0.68 m. The specimen was fastened to the base of the impacting mass with a steel plate
using four screws, while the load cell was placed at the base of the test rig. The load was
recorded at an acquisition frequency of 200 kHz and filtered with an analogue filter at
5 kHz (Figures 6d and 7d). Two accelerometers were placed on the sledge, on the left
and right sides of the specimen. The acceleration signals were averaged to counter any
rotational oscillation and processed with a low-pass filter with a cut-off frequency of 200 Hz.
The experiments were repeated four times for the strip part and twice for the overlap one.
The test conditions of the experiments are reported in Table 5.

Table 5. Experimental conditions of the crash tests.

Manufacturing Exp # Mass [kgl Height [m] Energy []J]
Strip 1 480 0.53 2496
Strip 2 480 0.55 2590
Strip 3 480 0.68 3200
Strip 4 480 0.68 3200

Overlap 1 480 0.68 3200
Overlap 2 480 0.68 3200
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The average deceleration of the impact mass was integrated once to obtain the velocity
reduction and twice to obtain the vertical displacement. The initial velocity was computed
from the initial eight, assuming a negligible dissipation caused by air drag and contact
frictions of the sliding elements. The average decelerations, the computed velocities,
and the computed displacements for the strip and the overlap crash boxes are reported
in Figures 6 and 7, respectively. The computed time histories were processed using a
Savitzky—Golay filter with an eighth-order polynomial interpolation on a time window of
7.5 ms, corresponding to 151 samples.

| Overlap #1
357 |--- Overlap #2
20 i 1 Y 3
& 40+ 2.5
» —
2 2
£ £
§ -oof 2 1s
£ £ 0l
?3) -80 [ >
< 0.5
-100 1 or
Overlap #1 05+F
S120 |- - - -Overlap #2
. -1 :
0 2 4 6 8 10 0 2 4 6 8 10
Time [ms] Time [ms]
(b)
501
Overlap #1
250 - 45 - = = -Overlap #2
40 -
200 - 35r
g
£ —30F
= Z
5150 s
2 3
g 320t
= =
2,
2100 - L
A 15
10 1
50+ st
0

4 6 8 10 0 2 4 6 8 10 12

0 2
Time [ms] Time [ms]
(0) (d)

Figure 6. Results of the overlap tests: measured accelerations (a), computed velocity (b) and displace-
ment (c) of the impact mass, and force measured from the load cell at 200 kHz (d).

Experiments Strip #1 and Strip #2 had a lower impact energy, causing a lower de-
celeration with a larger duration of the impact. Increasing the impact energy to 3200 J
led to an increase in the crushing force, not sufficient to fully stop the impact mass that
went in contact with the ground causing a steep increase in the load signal around 9 ms.
Experiments Overlap #1 and Overlap #2, performed on the overlap crash boxes, showed a
different behavior: in the first, a force spike was observable after the tube crash, suggesting
an incomplete absorption of the impact energy, while the latter reported an almost null
velocity at the end of the impact, meaning that the kinetic energy was completely dissipated
by the structure. As a result, the velocity curve shows three distinguished regions with
different slopes, respectively associated with the three modules of the origami crash box.
Moving further, the slope progressively reduces because of the increasing thickness of the
modules, which controls the crashing force.
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Figure 7. Results of the strip tests: measured accelerations (a), computed velocity (b) and displacement
(c) of the impact mass, and force measured from the load cell at 200 kHz (d).

Absorbed Energy

The energy absorbed by the crash box is computed as the integral of the measured
force over the total displacement. In Figure 8 are reported the results of the crash tests of
the strip and overlap specimens. In Figure 8a—c, it can be observed that the force increases
when the crash front reaches an interface region between two modules (approximately
70 mm and 140 mm), following a second peak induced by the transition from the squared
to the octagonal section. In particular, the first module of the overlap specimen can absorb
the kinetic energy with an almost constant force, yielding a constant deceleration of 1.05 g,
while the remaining modules present an oscillating force response due to an abrupt break
of the part. Together with the dissipated energy associated with friction, the absorbed
energy reduces the kinetic energy of the impact mass as described in Figure 8b,d.

Overall, the overlap production method is preferable to the strip one because of its
regular trend during the crash initiation and its overall superior crashworthiness. It can be
concluded that the strip introduces a discontinuity in the bonding line, yielding a stress
concentration that eventually worsens its energy absorption capabilities.



J. Compos. Sci. 2024, 8, 224

12 0of 18
50
Overlap #1 35007

457 |- - - -Overlap #2 bt

a0t 3000 "’-~¢\\

3T 2500 N
30 SeaeoL
zZ 12000 NE
> 25 = |= = = +Overlap #1 Kinetic N Y
1] 5 | Overlap #1 Absorbed N
G20 5 1500 |~ = = Overlap #2 Kinetic * N

| Overlap #2 Absorbed -
15+ N
1000 - N
10 [ \\ = > -
I N
sk 500 - N
Vs
0 i i i 0 i I i ' ~ \\
0 50 100 150 200 0 50 100 150 200
Displacement [mm] Displacement [mm]
o @ (b)
— Strip #1 3500
45T |- - - -strip#2 -
|| |=-=r=Strip #3 . 3000 -
40 Strip #4 3

w
[
T

2500 F

w
S
T

2000
= = = - Strip #1 Kinetic
Strip #1 Absorbed
5 1500 |- = = - Strip #2 Kinetic
Strip #2 Absorbed
= = = - Strip #3 Kinetic
1000 | ——— Strip #3 Absorbed
Strip #4 Kinetic
Strip #4 Absorbed

Force [kN]
[
o
Energy [J]

500

. . 0 - T L .
0 50 100 150 200 0 50 100 150 200

Displacement [mm]

Displacement [mm]

(0) (d)
Figure 8. Force over displacement for the overlap (a) and strip (c) specimen. Kinetic energy of the
impact mass and absorbed energy for the overlap (b) and strip (d) specimen.

The impact and absorbed energies of all the tests are reported in Table 6.

Table 6. Absorbed energy and production method of the specimen tested.

Manufacturing Exp # Impact Energy [J] Absorbed Energy []]
Strip 1 2496 2496
Strip 2 2590 2590
Strip 3 3200 2900
Strip 4 3200 2950
Overlap 1 3200 2750
Overlap 2 3200 3200
5. Results

In this section, the numerical results obtained with different modeling strategies,
namely, the shell model and the hybrid model, are compared with the experiments to
discuss their accuracy. The experimental data from both the overlap and the strip crash box
are considered.

In Figure 9a,b, the force response predicted with the shell model is compared with the
experimental curves: it can be observed that the initial force peak is accurately predicted,
with an average error of 8%. The stiffness of the crash-box appears to be higher than the
experimental one; however, this can be related to edge imperfections and the presence
of the disposable trigger at the base of the crash bed, both promoting a gradual contact
between the crash box and the ground. In the numerical model, conversely, the contact is
instantaneous with a steep increase in the load up to the first failure.

The shell model inaccurately predicts the experimental behavior behind the crash initiation,
especially after the second peak where the crash front transitions from the first module
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(with 3 plies) to the second one (with 6 plies). The transition to the thicker module takes
place at a displacement approximately equal to 70 mm. Figure 9¢,d indicate that modeling
the crash box without allowing for any separation of the laminae yields an underestimation
of the absorbed energy. Indeed, only the in-plane failures can dissipate the internal energy
of the material, while the delamination contribution can not be accounted for, eventually
predicting an absorbed energy 53% lower than the one experimentally observed (Table 7).

The hybrid model overcomes the shortcoming of the shell model and accurately predicts
the crash force response of the second module. The transition to the thicker region triggers
a cohesive failure corresponding to the delamination of the composite Figure 10. This
promotes a higher-energy absorption mechanism that is typically associated with the
formation of two opposite fringes. As discussed in Section 4, two characteristic points can
be defined for each module: a first peak force corresponding to the crash initiation and
a second one corresponding to the transition from the squared to the octagonal sections.
For the second module, the hybrid model predicts a first peak of 17.8 kN—referred to as
point B in Table 7—while the average experimental value is 18.5 kN, yielding a relative
error of —4.1%. The second peak—namely, point C in Table 7—is accurately predicted
with an average error of —8.4%. In the third and last module, the experimental curves
of the overlap tests diverge as discussed in Section 4, with one test showing a superior
crashworthiness with a flat response of the crash force and a lack of the characteristic
peaks previously discussed. The difference in the crash response will be the object of
further investigation, while only the lower curve (Overlap #1) will be considered for the
sake of numerical validation. For the strip tests, the experimental results of Strip #3 are
taken as reference to compute the errors. The crash initiation force of the third module
values 35.0 kN, whereas the hybrid model predicts a lower strength with a maximum load
of 31.1 kN. The last peak (point E) is accurately predicted for the overlap while being
underestimated in the strip tests, yielding an average relative error of —12.3%.

It is crucial to highlight the enhanced capability of the hybrid model compared to the
shell in capturing the carbon fiber delamination effect during crashes in the thick modules,
where the delamination failure is predominant. At a displacement value of 70 mm and
140 mm, the transition between modules introduces the peculiar force spike, which is
accurately predicted. A notable achievement of this model lies in its accurate prediction of
peak force and, consequently, the maximum deceleration, with minimal error, summarized
in Table 7. As a result, the absorbed energy predicted with the hybrid model is close to the
experimental one, except for the third crash region, where the experiments diverge and the
numerical model is found to be following the experimental response with lower energy.

Table 7. A comparison of the predicted peak force and absorbed energy with the experimental values
from the overlap and strip tests.

Peak Forces [kN] Energy [J]

A B C D E Absorbed
Overlap #1 6.1 22.2 22.1 37.5 33.7 1949
Strip #3 52 14.9 24.8 325 40.0 1793
Average 5.6 18.5 23.4 35.0 36.5 1871
Hybrid model 6.7 17.8 21.5 31.1 32.3 1375

(Err. %) (+18.5%) (—4.1%) (—8.4%) (—11.1%) (—12.3%) (—26%)

Shell model 5.2 - - - - 871

(Err. %) (—8.0%) - - - - (—53%)
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Figure 9. The crash force predicted with the hybrid and shell models compared with the experiments
on the strip (a) and overlap (b) samples. The absorbed energy predicted with the numerical models
compared with the strip (c) and overlap (d) tests.

t=10ms t=15ms t=16 ms

*
t=20ms t=25ms t=30ms

Figure 10. A three-dimensional view of the numerical model at progressive stages of the crash.
5.1. Failure Mechanism

A visual comparison between the experiments and hybrid model is presented in
Figure 11, where the high-speed camera images of the overlap crash test (Overlap #1)
are compared with the corresponding deformation predicted with the model. The crash
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initiates with a failure of the tube folding, where the manufacturing imperfections are
expected to be according to the draping simulation. The model can precisely mirror the
real initiation and subsequent progression of the crash failure thanks to the modeling of
these local imperfections as described in Section 3.

The material debris formed during the crash cover the camera, compromising the
frames recorded after 20 ms. However, it can be appreciated that the failure progressively
advances in the model, according to what was observed experimentally. Furthermore,
the inward-outward alternating folding of the modules that can be observed in the images
is correctly predicted by the model, suggesting the prediction of a failure mechanism
coherent with the real one.

t=10ms t=20ms t=30ms t=40ms t=45ms t=50ms

Figure 11. The failure mechanism predicted with the hybrid model (top) is compared with the
experimental images acquired with the high-speed camera (bottom).

As previously discussed, the initial peak force results from a failure in the rhomboidal
cross-section, while the subsequent peak is attributed to the unfolding of the origami mod-
ule outside the crash box, clearly depicted in the crush frames in Figure 10. The dynamics
governing the thicker modules differ significantly, where a crack propagates in the transi-
tion region, promoting an internal folding of the origami. The predominant contribution
now comes from delamination failure as observable in Figure 10.

5.2. Design of the Impact Absorber

The hybrid model, incorporating both shell and cohesive elements, outperforms the
shell model in simulating the crash behavior of origami-shaped composite structures. Sev-
eral key factors underpin this superiority: the mixed model captures critical inter-laminar
failure modes, including delamination and fiber-matrix debonding. These failure modes
are essential for understanding the energy absorption mechanisms inherent in composite
materials. Furthermore, it adeptly reproduces the fracture-triggering impact of origami ge-
ometry, which promotes a reduction in the peak force and a more progressively controlled
crushing behavior. In terms of results accuracy, encompassing force-displacement curves,
energy absorption, and specific energy absorption, the hybrid model demonstrates better
performance compared to the shell model.

Finally, the numerical model is employed to determine the ultimate layup configura-
tion in compliance with FSAE rules. Accordingly, the impact attenuator must be located
forward of the front bulkhead, with a minimum width of 200 mm, and a shape compatible
with other primary structures. It must be able to withstand a 300 kg mass impact at 7 m/s
without exceeding a peak deceleration of 40 g or an average deceleration of 20 g, [30].
The IA structure features a parallel arrangement of two crush boxes, fixed to a honeycomb
and CFRP sandwich panel. The honeycomb sandwich is modeled using the material card
MAT138 from LsDyna, developed for honeycomb structures.
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The interaction between the honeycomb panel and the composite parts is modeled with
a node-to-surface contact formulation using a contact stiffness to prevent con-penetration
and a Coulomb’s friction model to model the tangential interaction. The final design
encompasses a 5-7-10 plies structure, Figure 12, which guarantees a notable enhancement in
performance. The designed structure boasts an energy absorption capacity of 7400 J, with an
average deceleration of 7.9 g and a peak deceleration of 32 g. In direct comparison to the
preceding design, characterized by three honeycomb aluminum blocks (Al 5052 5.2-1/4)
each 80 mm high, the new structure excels with a higher specific energy absorption (SEA)
and a lower crush force efficiency. This implies a superior capability to absorb more
energy per unit mass, ensuring a more progressive and stable crushing behavior, yielding a
remarkable mass reduction of 14% and a mean deceleration improvement of 21%.
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Figure 12. The model of the IA comprising the two origami crash boxes and the honeycomb panel to
be fastened to the car body (a), and the results in terms of impact force and absorbed energy (b).

5.3. Conclusions

The present work reports an experimental and numerical study on the mechanical be-
havior of origami crash boxes under real impact conditions. The work aims to analyze two
different types of structures based on manufacturing strategy: a strip of prepreg to close the
origami tube and shifted overlaps. The experimental tests showed that there is not a signifi-
cant difference between the absorption capabilities of the two types of structures. Further,
two different modeling strategies were adopted to simulate the mechanical behavior of
the crash boxes: the shell and the hybrid (cohesive and shell elements). The hybrid model,
incorporating both shell and cohesive elements, outperforms the shell model in simulating
the crash behavior of origami-shaped composite structures. Several key factors underpin
this superiority: the mixed model captures critical inter-laminar failure modes, including
delamination and fiber-matrix debonding. These failure modes are essential for under-
standing the energy absorption mechanisms inherent in composite materials. Furthermore,
it adeptly reproduces the fracture-triggering impact of origami geometry, which promotes a
reduction in the peak force and a more progressively controlled crushing behavior. In terms
of results accuracy, encompassing force—displacement curves, energy absorption, and spe-
cific energy absorption, the hybrid model demonstrates better performance compared to
the shell model.
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