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Abstract. Energy absorption during an impact is very important in
a vehicle’s bumper system. This work aims to study the improvement
of energy absorption and intrusion characteristics of bumpers made of
carbon nanotube-reinforced polymers in comparison with conventional
materials used in the automotive industry. A parametric investigation is
conducted by simulation of impact using contact finite element methods,
while the composite material is modeled using multiscale methods, based
on computational homogenization. The immense computational require-
ments associated with the aforementioned methods are addressed by a
surrogate modeling technique, which utilizes neural networks, trained
to predict the nonlinear stress-strain relationship of the composite. The
obtained results suggest that the energy absorption of the bumper sys-
tem increases significantly for the bumpers made of reinforced polymer.
Our future goal is to deploy this model on exascale HPC systems for
performing material optimization to find the optimal material configu-
rations that will maximize the vehicle’s crashworthiness.
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1 Introduction

The growing socioeconomic concerns on transport safety and fuel consumption
have made the need for designing lighter and crashworthy structures more and
more recognized. In the automotive industry, structural crashworthiness, which
refers to the vehicle’s response as it undergoes impact, is an important require-
ment in the design of vehicle parts, as it is essential to increase the safety of
passengers in such scenarios. For instance, the car bumper system plays a major
role in enhancing safety for both passengers and pedestrians, by absorbing maxi-
mum kinetic energy and minimizing damage to vulnerable parts of the vehicles in
cases of impact. At the same time, rapid motorization has made lightweighting of
the vehicle imperative due to concerns in energy consumption and environment.

For these reasons, there has been a growing interest in crashworthiness
research and development over the recent years with particular emphasis
on innovative material solutions that combine increased crashworthiness with
lightweighting [1,2]. These include fiber reinforced composite materials such as
E- Glass/Epoxy bidirectional laminates [3], glass mat thermoplastic with short
glass fibers [4] and kenaf/glass fibers [5]. In all cases, the addition of fibers in the
polymer resulted in improved mechanical properties (tensile strength, flexural
modulus and strength), but the impact properties of the composite remained
inadequate.

As an alternative to natural fibers, polymer composites reinforced with car-
bon nanotubes (CNTs) have been also considered as high-performing materials
for the development of vehicle parts. Over the last few decades, CNTs have been
widely used in the polymer material industry due to their superior mechanical
and physical properties, as they are characterized by outstanding thermal [6]
and electrical properties [7], high Young’s modulus [8] and low density, mak-
ing them ideal for high-performance multifibres and composites. In structural
applications their incredible strength and nano-dimensions make CNTs unique
as mechanical reinforcements. In addition, CNT-reinforced composites are char-
acterized by good impact properties such as impact toughness, impact strength
and interlaminar shear strength [9,10]. This is attributed to the CNTs’ ability to
absorb more impact energy compared to the unreinforced polymer, contributing
to a remarkable improvement in impact strength. The high energy absorption of
CNT-reinforced polymers along with their low density and increased strength,
stiffness and fracture resistance [11,12] make them excellent candidates for vehi-
cle parts.

Even though CNTs have the potential to create high performance compos-
ites, yet, the large amount of resources required for experimental studies of their
behavior hinders the progress on this field. A promising approach to overcome
this problem is by using computational approaches that will enable researchers
to study a large number of material combinations and microstructural configu-
rations with marginal investment in terms of money, time and labor. However,
the development of accurate numerical models for nano-reinforced composites
is a very challenging problem in the field of computational mechanics due to
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the increased complexity of modeling the various physical laws governing the
problem at different length scales [13,14].

In this work, a computational model is developed for characterizing the
mechanical behavior of CNT-reinforced polymers, based on the concept of com-
putational homogenization [15]. In particular, the composite material’s consti-
tutive law is obtained through the analysis of a representative volume element
(RVE) of the composite material under various loading conditions and averaging
over the field variables of the RVE. Next, the FE2 technique [16] is employed
in order to study the response of a car bumper made up from the composite.
Despite its accuracy, FE2 is associated to extreme computational costs as it
requires the solution of the RVE boundary value problem at each integration
point in the finite element model of the bumper. To overcome this issue, sur-
rogate models of the RVE were developed using artifical neural networks that
were trained to emulate the RVE’s nonlinear stress-strain relation, as proposed
in [17,18]. Lastly, a contact finite element formulation is developed, which is cou-
pled with the FE2 scheme in order to perform impact analysis on the bumper.
A parametric investigation is then performed to assess its crashworthiness for
the case of 1.0wt.% CNT-reinforcement in the polymeric matrix.

The paper is organized as follows. Section 2 revisits the fundamentals of
impact theory and introduces the numerical tools for impact simulation, focus-
ing on the discretization of a contact interface using the finite element method.
Section 3 presents a computational framework based on the FE2 method for
studying the behavior of systems made from CNT-reinforced composites. This
section also describes a surrogate modeling technique based on neural networks
to drastically reduce the computational cost of the problem. Section 4 provides a
numerical application of a rear truck bumper made of CNT-reinforced polymer
and compares its performance in terms of energy absorption with conventional
bumper materials. Lastly, in Sect. 5 the concluding remarks and future research
directions are discussed.

2 Numerical Model

This section presents the spatial discretization and time discretization methods
used in this work in order to study the dynamic response of a solid body, and in
particular a car bumper, during impact.

2.1 Spatial Discretization

The weak formulation which describes the spatial and structural interaction
of the two bodies that come in contact is presented in Eq. (1). The first part
in brackets describes the structural problem and the last part of the equation
describes the contact interface problem.

2∑

β=1

{∫

V β

S · δEdV −
∫

V β

b · δudV −
∫

Aβ
σ

t · δudA

}
+

∫

Γc

eNgnδgndΓ = 0 (1)
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where S is the second Piola stress tensor, E the Green strain tensor, b the body
forces, t the tractions, u the displacement vector, eN the interface stiffness and
g the gap function.

For the spatial discretization, the finite element method was implemented
using two types of elements. An 8-node hexaedral element based on the Solid-
Shell formulation [19] was used to discretize the solid bodies. To capture the
interfacial interactions between the two solid bodies a 8-node contact element
was used based on Surface to Surface formulation.

The matrix formulation of the structural part of Eq. (1) is given in Eqs. (2)
and (3), for the stiffness matrix and the residual vector respectively.

Ksolid = Kuu − KT
auK−1

aa Kau (2)

Rsolid = Fext − Fint + KT
auK−1

aa Fenh (3)

where Kuu, Kau, Kaa, Fint, Fenh, Fext are quantities presented in Eqs. (4)–(9).
For details on matrices B, Γ, C, Smod, Nc and vectors b∗, t∗ the reader can
see publication [20].

Kuu =
∫

V0

BT CBdV (4)

Kau =
∫

V0

ΓT CBdV (5)

Kaa =
∫

V0

ΓT CΓdV (6)

Fint =
∫

V0

BT SmoddV (7)

Fenh =
∫

V0

ΓT SmoddV (8)

Fext =
∫

V0

NT
c b∗dV +

∫

Aσ

NT
c t∗dV (9)

2.2 Contact FE Formulation

The last integral in Eq. (1) over the contact area Cc denotes the normal contact
contribution. For the frictionless case the normal traction is described in Eq. (10).
∫

S

eNgnδgnds =
∫

S

eN (δrS − δρ) · (n ⊗ n)(vS − v)ds

−
∫

S

Naij(δρ,j · (n ⊗ ρi)(vS − v) + (δrS − δρ) · (ρj ⊗ n)v,i)ds

−
∫

S

eNg(δrS − δρ) · hij(ρi ⊗ ρj )(vS − v)ds

(10)
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Fig. 1: Contact conditions

Where eN the penalty factor, rS and ρ the slave and master surface vectors
respectively as shown in Fig. 4b, vS and v the slave and master surfaces veloci-
ties, n the surface normal vector, N the contact normal traction or contact force,
hij the curvature tensor, aij the contravariant components of the metric tensor,
g the measured penetration.

The first step before calculating all contact related quantities is to measure
the interfacial gap as presented in Eq. (11).

g = (rS − ρ) · n (11)

The gap can be measured between two points defined in the slave and master
surfaces. The point on the slave surface is predefined during the analysis and
can be either a node or a Gauss point depending on the contact formulation. In
Surface to Surface formulation it is usually a Gauss point and its coordinates are
already known. The point on the master surface though, is not defined a priori.
The Closest Point Projection or CPP method must be implemented to calculate
the coordinates of the projected point on the master surface. Since the surface
is not linear a Newton procedure is followed. Each increment is calculated based
on Eq. (12).

ξn+1 = ξn + Δξn+1 (12)

Where Δξn+1 is calculated as shown in Eq. (13). The reader can find details on
the (F ′′−1)n and (F ′)n quantities in [21].

Δξn+1 =
[
Δξn+1

1

Δξn+1
2

]
= −(F ′′−1)n(F ′)n (13)

The matrix formulation for contact elements based on the Surface to Surface
formulation is given in [22] and presented in current paper in Eq. (14) for the
stiffness matrix and Eq. (15) for the related residual vector.

Kcontact = Kmain + Krot + Kcurv (14)

R = −eNξ3AT n (15)
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where quantities Kmain, Krot and Kcurv are presented in Eqs. (16), (17) and
(18) respectively.

Kmain = eNH(−ξ3)AT (n ⊗ n)A (16)

Krot = eNH(−ξ3)ξ3
[
AT

,ja
ij(n ⊗ ρ,i)A + AT (ρ,i ⊗ n)aijA,j

]
(17)

Kcurv = eNH(−ξ3)ξ3AT (ρ,i ⊗ ρ,j)hijA (18)

Where H(−ξ3) the Heaviside function, A the position matrix. More details
regarding quantities presented in Eqs. (10), (15) and (16)–(18) can be found in
[21]. As shown in previous equations, the tangent matrix can be split into three
parts. The main part, the rotational part and the curvature part. The first part
is the most crucial and the one which handles the normal contact between two
surfaces. The rotational part describes potential rotation of the contact surface,
and the curvature part essentially describes potential changes on the curvature of
the contact surface. Contact parts as described previously need to be calculated
on each iteration. For this procedure Algorithm 1 is used.

Algorithm 1 Contact algorithm
1: i −→ n − iterations
2: CPP to calculate projection points � As presented in Eq. 12
3: Calculate penetration g � As presented in Eq. 11
4: if g ≤ 0 then
5: Calculate KN � As presented in Eq. 14
6: Form total K
7: Calculate residual R � As presented in Eq. 15
8: else
9: Exit loop

10: end if
11: Exit loop

2.3 Time Discretization

For time discretization the Newmark scheme was implemented based on the
original publication [23] which solves the hyperbolic Eq. (19). In the present
work, any potential damping effects have been neglected.

MÜ t+Δt + KU t+Δt = Rt+Δt (19)

For the solution of such a system an incremental approach is used. In each
increment, the effective loads Rt+Δt along with the displacement vector U t+Δt

and acceleration vectors Ü t+Δt are calculated. The reader can find a concise
explanation of all related quantities in [24] as well as in Newmark’s original
publication.
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2.4 Energy Absorption

The most common energy-based metrics to assess automotive parts crashwor-
thiness are specific energy absorption (SEA) and energy absorption (EA) ([25],
[26]). Energy absorption during crashing is formulated as Eq. (20)

EA =
∫ s

0

F (u)du (20)

where s denotes the crash displacement and F denotes the impact force. SEA
denotes the energy absorbed per unit mass of the absorber, which can be calcu-
lated as:

SEA =
EA

M
(21)

with M denoting the mass of the structure.

3 Multiscale Analysis and Surrogate Modeling

In order to study the performance of car bumbers made of CNT-reinforced poly-
mers in terms of their crashworthiness and their capacity for energy absorption,
a detailed numerical model has been developed based on the FE2 multiscale
finite element method, which is appropriately customized to take into account
the mechanical interactions between CNTs and the polymeric host material.

Starting from the nanoscale, a single CNT can be described as an assembly
of covalent bonds developed between the carbon atoms (C-C bond) in hexagonal
shapes (Fig. 2a). In the context of the molecular structural mechanics approach
(MSM) [27], CNTs are seen as space frames where the carbon atoms repre-
sent the nodes and the C-C bonds the structural elements (i.e. beams) that
connect them. Although this structural representation is a straightforward and
accurate transition from the molecular mechanics, the complexity of the system
persists, since each space frame that simulates a CNT is inherently defined by
an enormous amount of Degrees Of Freedom (DOFs). To be able to efficiently
incorporate the CNTs in the microstructure modelling, a further simplification
is done. This is performed in a similar manner to the MSM approach with the
projection of each space frame structure onto an equivalent beam element(EBE)
[28] with the relations:

(EA)EBE
eq =

FxLSF

ux
(22a)

(EI)EBE
eq =

Fy(LSF )3

3uy
(22b)

(GJ)EBE
eq =

TLSF

ϕ
(22c)

where the axial stiffness (EA)EBE
eq , the bending rigidity (EI)EBE

eq and the tor-
sional rigidity (GJ)EBE

eq of the EBE, are obtained by measuring the horizontal
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displacement ux, the vertical displacement uy and the angle of rotation ϕ that
emerge from the imposed loads (i.e. axial force Fx, shear force Fy and torsion
T ) on the space frame of length LSF .

At the microscale scale level, we consider a representative volume element
(RVE) of the composite material which consists of polymer as the host material
and randomly scattered EBEs inside it (Fig. 2b) . To simulate the interaction
between the CNTs and the cement paste, the embedding finite element technique
is implemented according to [29]. Based on this approach, the complete stiffness
matrix of the whole system’s interaction is:

Kmicro = Ks +
N∑

i=1

K
′
bi

(23)

where Ks is the solid stiffness matrix, while K
′
bi

is the stiffness matrix of the
ith EBE for a system of N total EBEs.

Lastly, at the macroscale we consider the finite element model of a car
bumper, which is described by a homogeneous material with a constitutive rela-
tion formulated by the coupling with the previous scale (Fig. 2c). This coupling
is achieved with a standard computational homogenization scheme where the
macroscopic stress vector σM and the tangent modulus CM are obtained after
averaging over the microscopic stress field σm that is developed within the RVE
for prescribed boundary conditions according to the following equations:

σM =
1

‖Ω‖
∫

‖Ω‖
σmdΩ (24)

CM =
1

‖Ω‖
∂

∫
‖Ω‖ σmdΩ

∂εM
(25)

where ‖Ω‖ denotes the volume of the RVE’s domain Ω.
In the context of the FE2 solution scheme, the constitutive law of the com-

posite material at each integration point of the macroscale FE model is given
from Eqs. (24) and (25). Then, the macroscopic quantities σM and CM are
used in Eqs. (4)–(9) to calculate the stiffness matrices for the composite and the
internal force vectors. The issue with this approach, however, is that at each
integration point, one needs to solve an RVE boundary value problem for pre-
scribed macroscopic strains εM in order to retrieve the microscopic stress field
σm, which will be later averaged to get σM . This results in an enormous com-
putational cost, especially for detailed FE models that contain a large number
of integration points.

To alleviate this computational burden, the idea has been proposed in [18,29]
and employed herein, to utilize feedforward neural networks that learn the stress-
strain (input-output) relation of the RVE based on a limited set of RVE analyses,
as schematically depicted in Fig. 3. To construct the training data set, N RVEs
are solved via FEM for different strain combinations {εM

i }N
i=1 and the corre-

sponding macroscopic stresses {σM
i }N

i=1 are computed. A feedforward neural
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network is then tasked to learn the relation and predict the macroscopic stress
for a given macroscopic strain. The tangent modulus CM is straightforwardly
computed using automatic differentation. With this approach, the NN mimics
the composite material’s behavior and effectively overcomes the need for solving
the RVE boundary value problem, resulting in drastic cost reduction.

Fig. 2: Distinct scales in the multiscale problem

Fig. 3: Surrogate modeling strategy to train NNs that mimic the RVE’s strain-stress
relation
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4 Numerical Application

The computational tools developed in the previous sections are utilized in a real-
life application of a rear truck bumper colliding with a rigid impactor. A 3D finite
element model has been developed for the description of impact of the bumper
with the impactor (Fig. 4a). The bumper is made of PEEK material, where the
Young’s modulus is set to E = 3.5GPa and the Poisson’s ratio to 0.40, assuming
a bi-linear elastic-plastic material model with 30% hardening ratio. The PEEK
density is 1320 kg/m3. A cylindrical impactor with height and radius of 0.20 m
and a 12 kg mass hits the middle section of the bumper with an initial velocity of
25 km/h . For the boundary conditions of the model, fixed supports were placed
on all the nodes of the rear side of the bumper in contact with the truck brackets
as shown in Fig. 4b. Figure 5a and b depict two views of the finite element mesh
for the two bodies in contact.

Table 1: Finite element mesh statistics

Type of element Number of nodes Dof Number of
elements

Bumper Solid Shell 3726/11178 1760

Impactor Hexa8 1408/4224 1060

Contact elements Surface – to – Surface (–) 3712

Total 5134/15402 6532

For the bumper mesh, Solid Shell elements with 7 internal degrees of freedom
were used, while the impactor was meshed using 8-noded Hexahedron elements.
For the contact interaction frictionless Surface – to – Surface elements based on
the penalty formulation were utilized. Without the application of a more effi-
cient collision detection algorithm, a set of predefined master surfaces candidates
located on the potential contact zone of the bumper is paired with a set of slave
surfaces located on the potential contact zone of the impactor and the closest
point projection procedure as well as the evaluation of the respective gap func-
tions is calculated for each pair in order to determine the active contact zone
in each time increment and iteration of the solution process. The finite element
mesh statistics of the model are given in Table 1.
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Fig. 4: Truck bumper

Fig. 5: Truck bumper mesh

For the composite material 1 case was considered, assuming 1.0wt.%. The
obtained results that include comparative diagrams of the maximum deflection
of the bumper, the strain energy, the dissipated energy as well as the deformed
configuration of the bumper, for the cases of the base PEEK material and the
case of 1.0wt.% CNT-reinforced composite are presented next.

From the results given below it is apparent that the 1.0wt.% CNT-reinforced
PEEK material is stiffer as the maximum displacement displays a reduction of
approximately 7.5% (5.74 Vs 6.2 cm). As a result of that, the impact duration
also displays a decrease for the CNT-reinforced composite (0.013 Vs 0.0152 s).
Finally, the maximum permanent displacement is slightly reduced from 2.87 cm
to 2.71 cm.
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Fig. 6: Resulted displacements for various time steps during the implicit dynamics
analysis

From the results we obtained that are given in the last two figures, an increase
of the dissipated energy due to plastic deformation is observed, for the same
amount of energy absorption of the bumper structure. These results indicate
that even for only 1.0wt.% CNT-reinforcement a significant improvement of the
crash-worthiness of the bumper is obtained, as a larger amount of energy is

Fig. 7: Results diagrams
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dissipated while the bumper’s displacements remain lower than in the case with
the base PEEK material.

5 Conclusions

In this work, a novel computational model has been developed for the investi-
gation of the behavior of car bumpers made of CNT-reinforced composites in
crash scenarios. In particular, the FE2 multiscale finite element method has
been coupled with a dedicated contact finite element formulation, enabling us to
solve accurately the partial differential equations that govern the impact prob-
lem. Additionally, a surrogate modelling technique has been employed based on
artificial neural networks in order to accelerate the computationally demanding
FE2 solution scheme. With these tools at hand, a parametric investigation has
been performed to assess the energy absorption properties and crash-worthiness
of CNT-reinforced car bumpers for a given weight fractions of CNTs in the
polymeric matrix. The results suggest that the addition of CNTs to the mate-
rial improves the energy absorption of the car bumper system and it is expected
that the energy absorption of the bumper system will increase significantly as we
increase the weight fraction of CNTs. As a future step, our aim is to validate this
hypothesis, and deploy this model on an exascale HPC systems for performing
material optimization in order to find the optimal material configurations that
will maximize the vehicle’s crash-worthiness.

Acknowledgments. This work has been supported by the REGALE project. The
REGALE project has received funding from the European High-Performance Comput-
ing Joint Undertaking (JU) under grant agreement No 956560. The JU receives support
from the European Union’s Horizon 2020 research and innovation program and Greece,
Germany, France, Spain, Austria, Italy. The REGALE project has also been funded by
the German Federal Ministry of Education and Research (BMBF) based on a decision
of the German Bundestag.

References

1. Y. Zhang, P. Zhu, G. Chen, Z. Lin, Study on structural lightweight design of auto-
motive front side rail based on response surface method, The Journal of Mechanical
Design 129 (5) (2007) 553–557. https://doi.org/10.1115/1.2712223.

2. J. Fang, G. Sun, N. Qiu, N. H. Kim, Q. Li, On design optimization for struc-
tural crashworthiness and its state of the art, Structural and Multidisciplinary
Optimization 55 (2017) 1091–1119.

3. S. Prabhakaran, K. Chinnarasu, M. S. Kumar, Design and fabrication of composite
bumper for light passenger vehicles, International Journal of Modern Engineering
Research 2 (4) (2012) 2552–2556.

4. R. Hosseinzadeh, M. M. Shokrieh, L. B. Lessard, Parametric study of automotive
composite bumper beams subjected to low-velocity impacts, Composite Structures
68 (4) (2005) 419–427.

https://doi.org/10.1115/1.2712223


200 K. Margaronis et al.

5. M. Davoodi, S. Sapuan, D. Ahmad, A. Ali, A. Khalina, M. Jonoobi, Mechani-
cal properties of hybrid kenaf/glass reinforced epoxy composite for passenger car
bumper beam, Materials & Design 31 (10) (2010) 4927–4932.
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