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A B S T R A C T

This study proposes, validates, and optimizes an innovative recoverable composite energy absorber based on a 
foam-filled hexachiral auxetic architecture made of a visco-hyperelastic polymer. The absorber combined a 3D- 
printed hexachiral frame made of thermoplastic polyurethane reinforced by waste tire rubber (TPU-WTR) and a 
strain-rate-sensitive highly compressible open-cell polyurethane foam. While the combination of frame auxeticity 
with foam filling enhanced localized energy absorption, the specific materials adopted guaranteed full recov
erability after impact and the variation of geometrical parameters in the hexachiral topology provided a sig
nificant design flexibility. A comprehensive mechanical characterization was performed, based on static and 
dynamic tests, which were used to calibrate accurately their numerical models. An absorber prototype was 
produced and experimentally tested, assessing the full recoverability at different impact velocities. Finite element 
models of the absorber were developed by using the identified material models and were validated from the 
quantitative and qualitative standpoint. Leveraging the design flexibility of the concept, fully parametric models 
were used to optimize a configuration for an impact of a 12 kg mass at 9 m/s, with a force constraint repre
sentative of the limit referred to a collision between a vehicle bumper and a pedestrian leg. The exploited 
Gaussian process regression (GPR) surrogate models, combined with a genetic algorithm, were able to predict the 
largely variable performance indices of the different configurations and enabled the identification of an optimal 
solution that significantly minimized the indentation of the impactor, while satisfying the force constraint and 
preserving full recoverability.

1. Introduction

In the last decades, the quest to develop lighter, stronger, and more 
efficient energy absorbers has been a driving force behind industrial and 
academic research, leading to innovative configurations with unique 
properties [1,2].

Many studies regarding energy absorbers consider a specific class of 
metamaterials, auxetic materials, which have the ability to exhibit 
negative Poisson’s ratio (NPR), becoming wider when stretched and 
thinner when compressed [3]. They have attracted significant interest 
thanks to their exceptional characteristics, including enhanced energy 
absorption capability, shear resistance, synclastic behavior, indentation 

resistance due to the prevention of material flow from the impacted area 
[4,5], and very promising innovative applications [6–8]. There are 
numerous studies focusing on auxetic energy absorbers under uniform 
compression and impact loads [9–11], while fewer studies examine the 
same type of structures under localized impacts [12–14], which deserve 
considerable interest. For example, in [15] a comparison between an 
auxetic-cored sandwich panel and a traditional aluminum foam-cored 
panel under a ballistic impact is described, whereas an innovative 
concept is proposed in [16,17], which is based on an auxetic hexachiral 
frame filled with foam to absorb indentation energy in an impact sce
nario. The latter two studies investigate the synergistic effect of an 
auxetic frame and a foam filler on the energy absorption performance. 
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Some studies have covered this topic of auxetic composites with fillings: 
in [18], the authors compare two specific auxetic composites with two 
non-auxetic composites subjected to a uniform compression, while the 
improvements given by the filler are highlighted in [19]; the mechanical 
properties of re-entrant honeycomb frames filled with polyurethane 
foam are investigated in [20,21]; the effects of foam filling on flexural 
properties of chiral cellular sandwich structures are analyzed in [22]; a 
recent literature review explored the classifications, mechanical re
sponses, and underlying mechanisms of the auxetic composites with 
fillings [23]. Overall, as described in [8], auxetic composites with filling 
represent one of the top research hotspots of NPR materials in the last 
decades, and their use as energy absorption devices deserves attention 
and further investigation, also considering the capability to fabricate 
complex auxetic structures thanks to increasingly mature and 
commercially applicable additive manufacturing technologies [2,5,24,
25].

Mechanical energy absorbers have been extensively employed in 
diverse contexts, including personal protection, crashworthiness in 
automotive and aerospace systems, as well as other engineering appli
cations. A range of strategies has been investigated to design structures 
capable of dissipating mechanical energy efficiently, such as plastic 
deformation in ductile materials (metals and polymers), fragmentation 
in ceramics, and rate-dependent viscous processes [1,26–28]. Never
theless, each one of these approaches is constrained by inherent limi
tations, in particular issues of recoverability and sensitivity to strain-rate 
effects. Recently, studies have focused on the fabrication of meta
materials with recoverable energy-absorbing behavior, suggesting novel 
strategies for mechanical energy dissipation [29]. One category is rep
resented by ultralow-density hollow metallic and ceramic microlattices 
capable of fully recovering from large compressive strains while dissi
pating a considerable portion of the elastic strain energy through a 
buckling-related damping mechanism [30,31]. Another category in
cludes structures with bistable elastic elements to be used as fully elastic 
and reusable energy-trapping structures [32–35]. While conventional 
elastic structures return to their original shape once the load is removed, 
structures with bistable elements snap between two distinct stable states 
and preserve their deformed configuration after unloading. Therefore, 
combining energy absorption with full recoverability enables the design 
of impact-protection devices with extended service life. Moreover, this 
recoverability enables the development of reusable structures that 
withstand repeated impacts while meeting crashworthiness 
requirements.

Accordingly, considerable progress has been made in the field of 
energy absorbers, and numerous innovative strategies with unique 
properties have been investigated. The category of NPR materials and 
the subcategory of foam-filled auxetic frames present particularly 
interesting aspects for the development of effective energy absorbers. 
However, there are few studies on feasible and practical engineering 
applications for this subcategory, despite all the promising improve
ments deriving by the synergistic interaction between the auxetic frame 
and the filling [23]. For these reasons, the aim of this study is the 
investigation of a specific auxetic composite with filling, namely a 
foam-filled hexachiral structure, with a recoverable behavior to be used 
in a low-energy impact scenario as a vehicle bumper. A fundamental 
novelty is represented by the material used for the hexachiral frame, 
which is fabricated using a viscoelastic material that allows complete 
recovery of the structure after impact, while ensuring the dissipation of 
kinetic energy. The use of a viscoelastic material in the auxetic frame 
introduces damping and impact-mitigation capabilities that offset the 
reduced stiffness typically associated with auxetic structures, improving 
their durability and stability under sustained deformation [36]. The 
paper also considers an engineering application, moving from some 
studies in the literature [37–44] on the design of vehicle bumpers based 
on metamaterials aimed at mitigating injuries to vulnerable road users 
(VRUs) such as pedestrians. However, to the best of the authors’ 
knowledge, none has exploited a foam-filled hexachiral structure. 

Therefore, the design flexibility of the concept could be exploited to 
identify a configuration that optimized performance in a scenario 
representative of the aforementioned case study, by choosing specific 
values of impact velocity, geometry, and mass of the impactor. 
Accordingly, the concept of the foam filled recoverable viscoelastic 
auxetic absorbers is optimized to minimize the indentation required to 
maintain the force level below a limit related to the acceleration expe
rienced by the impacted mass, by considering impact conditions and 
requirements chosen to be representative of a bumper impact on a 
pedestrian.

The manuscript is structured as follows: Section 2 describes the 
design and characterization of a recoverable foam-filled hexachiral 
structure, in particular, the experimental tests performed for the char
acterization of the materials used and the validation of finite element 
(FE) models of the foam-filled hexachiral structure through numerical- 
experimental correlations. Section 3 focuses on an engineering appli
cation of the foam-filled hexachiral structure in conditions representa
tive of an automotive crash scenario, analyzed by exploiting an 
optimization procedure to find the best combination of geometrical 
parameters for designing the energy absorber and using the numerical 
technique of surrogate models. Finally, Section 4 summarizes the 
research findings.

2. Material characterization, design, and testing of a foam-filled 
hexachiral structure

2.1. Mechanism and design

The auxetic energy absorber investigated in this study was based on 
the hexachiral topology, one of the classes of chiral cellular structures, a 
distinct category of NPR materials. Such topology is notable for its 
pronounced auxetic behavior, which arises primarily from the rotation 
of cylindrical elements and the bending of ligaments. Fig. 1(a) shows the 

Fig. 1. Schematic drawings showing the main geometrical parameters: (a) 
fundamental hexachiral unit cell, (b) hexachiral structure with a unit cell 
highlighted in red (here a specific case with Nx = 5).
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fundamental hexachiral unit cell, which consists of circular elements, 
acting as nodes, interconnected by six ligaments tangent to the nodes 
[9]. The ligament length L, the node radius r, and the thickness of the 
ligaments and nodes, tL and tN, respectively, represent the main 
geometrical parameters of the hexachiral unit cell, while the key 
parameter for the mechanical performance of the cellular structure is the 
L/r ratio.

Effective mechanisms of strength enhancement in this type of NPR 
material can be obtained thanks to the addition of a foam filling into the 
hollows of the hexachiral frame. These mechanisms can be described 
considering three main contributions: 1) the change in the deformation 
mode of both the auxetic frame and the filling, resulting in a more stable 
global deformation, which prevents or delays ligaments buckling and 
puts the filling in a state of biaxial compression; 2) the compression of 
the filling, which absorbs the impact energy thanks to its viscoelastic 
properties; 3) the friction between the frame and the filling and the 
constraints imposed by the filling on the deformation of the auxetic 
frame [23]. Furthermore, as demonstrated by several studies [6,10,18,
45], this type of chiral NPR structure, compared to another functional 
structure, namely the re-entrant honeycomb, exhibits isotropic in-plane 
behavior and preserves the auxetic effect over a larger deformation 
range, thanks to the rotational symmetry. These are desirable properties 
for an energy absorber, especially when loads are applied in different 
directions.

The hexachiral structure was parameterized considering the 
geometrical parameters reported in Table 1 and shown in Fig. 1. In this 
way, once the global dimensions of the hexachiral structure, i.e., LA, 
WA, and HA, are fixed, it is possible to build any hexachiral configura
tion within certain geometrical constraints. The boundary skin, at the 
top of the structure, was flat, though it could have any shape, enabling 
the design of a variety of geometric configurations. Lastly, it is worth 
noting that the number of fundamental unit cells in the vertical direction 
was a dependent parameter.

2.2. Mechanical properties of materials

2.2.1. Hexachiral frame material
Some research in the literature [36,46] justifies the use of thermo

plastic polyurethane (TPU) filaments to fabricate, through 3D-printing 
technologies, energy absorbing auxetic structures, particularly in cases 
where structures must withstand both static and dynamic loads while 
maintaining their shape. For this reason, the 3D-printed auxetic hex
achiral frame presented in this paper was made of TPU-WTR, a ther
moplastic polyurethane with micronized waste tire rubber (80/20%wt) 
composite filament, hardness 80 Shore A, with a 1.75 mm diameter 
(Pneumatique, Treed Filaments, Italy). This peculiar elastomeric mate
rial was chosen for its interesting mechanical properties, which were 
superior to those of virgin TPU, and for the added value represented by 
the use of recycled materials. The main properties are as follows: density 
of 1150 kg/m3, Poisson’s ratio of 0.482, isotropic behavior (despite the 
different raster angles and printing temperatures), and viscoelastic 
behavior. Printability, mechanical behavior and morphological 

characteristics of this commercial filament were described in [47].
Due to the intrinsic variability of the recycled materials, a series of 

experimental tests were carried out for the present work to characterize 
the TPU-WTR both statically and dynamically. The tests carried out for 
the static response were uniaxial tensile, planar tensile, and uniaxial 
compression; these tests were useful for a direct calibration of the 
hyperelastic contribution. The dynamic response was analyzed by car
rying out a series of indentation tests allowing the strain-rate sensitivity 
to be revealed and enabling inverse calibration of the viscoelastic 
contribution. The numerical calibration will be described later in Sec
tion 2.5.2.1.

The setup of all experiments is reported in Table 2, while some of the 
specimens are shown in Fig. 2 (a-d). All specimens were fabricated using 
the fused filament fabrication (FFF) technology by NemoLab research 
center using a Sharebot QXXL 3D printer with a nozzle diameter of 0.8 
mm to prevent clogging by the WTR particles, 100% infill density, and a 
layer height of 0.4 mm. The other printing parameters adopted were in 
accordance with the optimization performed by Badini et al. in [47]. 
Thus, the printing temperature was set to 230◦C, the raster angle to 0◦, 
the plate temperature to 55◦C, and the printing speed to 1000 mm/min. 
The extrusion width was set to 0.96 mm with an extrusion multiplier of 
1.0, outline overlap of 75%, coasting distance of 2.5 mm, wipe distance 
of 5 mm, and retraction vertical lift of 1 mm.

All static tests were performed at a constant crosshead displacement 
of 50 mm/min and at room temperature. Force and displacement were 
recorded during each test, and the nominal (or engineering) stress and 
strain were calculated. The dynamic indentation tests were performed at 
room temperature, using the experimental setup shown in Fig. 2(e): a 
hemispherical stainless-steel impactor with a mass of 5.536 kg and a 
diameter of 16 mm impacted, perpendicularly, the cubic specimen, 
placed on a thick steel plate, at four different impact velocities. The drop 
weight was equipped with a 1 kN load cell to measure force over time. 
The testing machine was equipped with two photocells, allowing the 
measurement of the impact velocity of the indenter on the cubic spec
imen. The magnitude of the impact velocities was about 1.8, 2.7, 3.6, 
and 5.0 m/s.

The results of all experimental tests are reported in Fig. 3. Specif
ically, Fig. 3(a) shows the average nominal stress–strain curves of the 
static tests, while Fig. 3(b) highlights the different viscoelastic responses 
at different impact velocities in the dynamic indentation tests. The 
stress–strain curves of the uniaxial tensile and compression tests were 
consistent with the typical experimental results for elastomeric mate
rials reported in the literature [48], whereas the stress–strain curve of 
the planar tensile test was considered acceptable up to a strain value of 
15%. This was due to issues related to the clamping system that con
strained the elastomeric specimens.

2.2.2. Filling material
The filling was CF45-M, one of the commercially available versions 

of Confor™ open-celled polyurethane (PU) foam, currently applied in 
the automotive and aerospace fields. Such open-cell foam has a density 
of 99 kg/m3. The mechanical properties of the strain-rate sensitive PU 

Table 1 
Geometrical parameters of the hexachiral structure.

Geometrical parameter Expression Unit of 
measurement

Length of the structure LA mm
Width of the structure WA mm
Height of the structure HA mm
Number of fundamental hexachiral unit cells in 

horizontal direction
Nx -

Characteristic ratio of the hexachiral unit cell L/r -
Thickness of the ligaments tL mm
Thickness of the nodes tN mm
Thickness of the boundary skin tB mm

Table 2 
Setup of the experiments carried out for the mechanical characterization of TPU- 
WTR.

Type of test Testing 
machine

Specimen shape Number of 
specimens

Dimensions Reference

Uniaxial 
tensile

MTS 
Synergie 200

Type IV 
dogbone

ASTM 
D638-14

4

Planar tensile MTS 858 
Mini Bionix

140 × 2 × 105 
mm3

[49] 3

Uniaxial 
compression

MTS 858 
Mini Bionix

12.7 × 12.7 ×
25.4 mm3

ASTM 
D695-23

3

Indentation STEPLab 
Drop Weight

40 × 40 × 40 
mm3

- 4
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foam adopted in this study were evaluated by testing nine foam specimens measuring approximately 50 × 50 × 25 mm3, taking the 

Fig. 2. Some of the specimens used for the mechanical characterization of TPU-WTR: (a) ASTM D638-14 type IV dogbone specimen U1 for uniaxial tensile test, (b) 
specimen P1 with a very high length to height ratio according to [49] for planar tensile test, (c) ASTM D695-23 specimen C1 for uniaxial compression test, (d) cubic 
sample D1 for indentation test, (e) front view of the experimental setup of the indentation test.

Fig. 3. Results of the experimental tests on TPU-WTR specimens: (a) average nominal stress–strain curves of the uniaxial tensile, planar tensile, and uniaxial 
compression tests, (b) average acceleration curves of the indentation tests for the four impact velocities.

Fig. 4. Mechanical characterization of Confor™ PU foam through uniaxial compression test: (a) front view of the experimental setup, (b) average nominal 
stress–strain curves for the three strain rates.
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ASTM D3574 Test C standard as a reference. Uniaxial compression tests 
were carried out using a MTS 858 Mini Bionix testing machine (Fig. 4
(a)) at room temperature under three strain rates, specifically 0.033, 5 
and 10 s-1. The three average nominal stress–strain curves are shown in 
Fig. 4(b) and highlight the significant strain-rate sensitivity of the PU 
foam. The use of these curves is described later in Section 2.5.2.2.

2.3. Prototype manufacturing

A prototype representing a simple case of a foam-filled hexachiral 
structure was fabricated to investigate the energy absorber and validate 
the FE model. The hexachiral frame consisted of 2 cells in the X-axis (Nx) 
and 2 cells in the Y-axis, of which the top two were partially cut by the 
flat boundary skin, and could be considered as a parallelepiped with 
global dimensions 225 × 30 × 125 mm3 (LA × WA × HA). The thick
nesses of chiral ligaments (tL), chiral nodes (tN) and boundary skin (tB) 
were 3.62, 3.66, and 3.06 mm, respectively. The characteristic L/r ratio 
was set equal to 4.0.

The 3D-printed hexachiral frame was fabricated with the FFF tech
nology by NemoLab research center using a Sharebot QXXL 3D printer 
(Fig. 5(a)), adopting the same printing parameters used to fabricate the 
specimens for the mechanical characterization of the TPU-WTR (Section 
2.2.1).

The foam inserts, both cylindrical and triangular prism-shaped, were 
cut from a sheet measuring 500 × 500 × 50 mm3 using a band saw. The 
inserts had a width of 30 mm and characteristic cross-sectional di
mensions of 20 mm for the diameter of the cylinders and 40 mm for the 
side of the equilateral triangles. Finally, the inserts were manually 
positioned in the hollows of the auxetic frame (Fig. 5(b)).

The average density of the foam-filled absorber resulted to be 
approximately 444 kg/m3. The total mass was 287 g, of which 244 g was 
TPU-WTR and 43 g was CF-45 M. The foam volume fraction was about 
67% of the structure's total volume.

2.4. Drop-weight impact experimental setup

The energy absorber prototype was subjected to a series of six dy
namic indentation tests, specifically drop-weight impacts. The experi
mental setup is shown in Fig. 6. A hemispherical stainless-steel impactor 
with a mass of 5.457 kg and a diameter of 100 mm impacted the pro
totype perpendicularly at two different impact velocities and at room 
temperature. Three tests were performed for each impact velocity in 
order to verify the repeatability of the test and, therefore, the recover
ability of the energy absorber. Tests T1 to T3 were performed with an 
impact velocity V1 of 3.100 ± 0.025 m/s, whereas tests T4 to T6 were 
performed with an impact velocity V2 of 5.150 ± 0.037 m/s. After each 
impact, a few minutes were allowed for the viscoelastic absorber to 
recover completely. The energy absorber was placed on a thick stainless- 
steel plate and kept in position by four plexiglass guides to prevent 
lateral displacement during the collapse. The impactor was equipped 
with an accelerometer mounted on the top, which allowed the acquisi
tion of vertical acceleration data at 20 kHz. The impact tests were 
recorded using a Phantom VEO E-310 L high-speed camera. The results 
of the tests are reported in Fig. 13 in the context of the numerical- 
experimental correlation.

2.5. FE model description

2.5.1. Generation of the hexachiral structure FE model
The FE model of the foam-filled hexachiral structure was generated 

using a Matlab® script similar to the one described in [17] and solved 
through the Simulia/Abaqus Explicit code [50]. The Matlab® script was 
based on the parameterization of the hexachiral frame and guided the 
generation of the model mesh and all the input files required for the 
Abaqus simulation. Geometrical parameters were those reported in 
Table 1. Both the cylindrical and triangular prism-shaped foam inserts 
were modelled using solid elements type C3D8 [50], while the auxetic 
frame was modelled using shell elements type S4 [50]. Generating a 
structure with the geometrical values reported in Section 2.3, resulted in 
a FE model consisting of 90,896 nodes and 74,754 elements, of which 
14,460 were of type S4 and 60,294 of type C3D8. In Fig. 7(a) elements 
S4 are shown in black, while elements C3D8 are in cyan. The impactor, 
steel plate, and lateral guides were modelled as rigid analytical surfaces, 
as shown in Fig. 7(b).

The interactions in the model were simple contacts, modeled using 
the general contact algorithm available in the solver code [50]. A 
tangential contact interaction was set up between the two rigid surfaces, 
i.e., the impactor and the plate, and the auxetic frame, considering a 
friction coefficient of 0.9 [51]. No friction was set between the lateral 
guides and the whole structure. The impactor was free to move in the 
three directions, had a concentrated mass of 5.457 kg at its reference 
point, and the impact velocities V1 = 3.100 m/s and V2 = 5.150 m/s, set 
as initial velocities, were imposed downwards in the Y-direction.

Fig. 5. Manufacturing of the hexachiral frame: (a) 3D-printing, (b) filling with 
Confor™ PU foam.

Fig. 6. Experimental setup: (a) schematic drawing (figure adapted from [17]), 
(b) front view of the experiment.
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2.5.2. Numerical model of the materials

2.5.2.1. TPU-WTR. The TPU-WTR used for the hexachiral frame was 
represented as an isotropic visco-hyperelastic material, given its 
hyperelastic behavior, typical of elastomers, and its sensitivity to strain 

rate. The isotropic behavior of the 3D-printed filament was demon
strated in [47]. A modified generalized Maxwell model was then used to 
analytically describe the mechanical behavior of this visco-hyperelastic 
material [52–54].

In summary, the entire calibration was performed in two steps. First, 
the static experimental stress-strain curves were employed to directly 
calibrate the hyperelastic contribution by identifying the best-fitting 
form of strain energy potential. Second, once the hyperelastic contri
bution had been fixed, the inverse calibration of the viscoelastic 
contribution was performed similarly to the procedure presented in 
[54]. However, in the present study, a genetic algorithm on Matlab® 
was coupled with Abaqus FE simulations in an iterative procedure, with 
the aim of minimizing the differences between the experimental results 
of the indentation tests and the results of a FE model developed to 
replicate the experimental indentation tests.

The procedure is illustrated in a flowchart in Fig. 8 and is explained 
in detail below. The TPU-WTR was modelled by combining two material 
cards available in the Abaqus software. First, the hyperelastic contri
bution was modelled with the *HYPERELASTIC material card [55], 
using the experimental curves of Fig. 3(a) for the direct calibration of the 
second order form of the Ogden strain energy potential. It is worth 
noting that the stress–strain curve of the planar tensile test was only used 
up to the acceptable point. This potential proved to be the most suitable 
form of strain energy potential, as demonstrated by numerical simula
tions on both uniaxial tensile and compression tests, as shown in Fig. 9
(a). Secondly, the viscoelastic contribution was modelled with the 
*VISCOELASTIC material card [55], through a Prony series expansion 
whose coefficients were determined by taking as reference the ones used 
in [56]. This work was related to the numerical modelling of a TPU 
filament. The usage of this reference Prony series with eight terms 
returned a certain error, as shown in Fig. 9(b). For this reason, the Prony 
series used for the calibration was constituted by seventeen terms, 
adding new ones for smaller relaxation times comparable to the inden
tation event. So, the numerical-experimental correlation was optimized 
through a single-objective optimization procedure coupling the 

Fig. 7. FE model: (a) frontal view of the energy absorber only, (b) isometric 
view with the hemispherical impactor, the steel plate, the lateral guides and 
rendering of the shell thickness.

Fig. 8. Flowchart of the TPU-WTR calibration procedure.
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Matlab® function ga [57] and the FE simulations. The optimization 
considered the shear relaxation moduli, gi, and the relaxation times, τi, of 
the first twelve terms of the Prony series as design variables, and kept the 
remaining terms fixed at the reference values. This choice was made 
after a sensitivity analysis on the coefficients. The response of the lowest 
impact velocity and the response of the highest impact velocity were 
used in the optimization procedure, and for each of them, the root mean 
square error (RMSE) between the experiment and the simulation was 
evaluated. The objective of the minimization was the average of these 
two RMSEs. The remaining two intermediate impact velocities were then 
used to validate the optimal results found. The results of the genetic 
optimization are shown in Fig. 9(b), where the experimental responses 
are compared with the numerical responses obtained with the optimized 
Prony series expansion. Therefore, the ability of the numerical model to 
reproduce the experimental response across different impact velocities 
demonstrated that the adopted formulation effectively captures the 
strain-rate dependent behavior of the TPU-WTR. This property is also 
highlighted by the numerical force-displacement curves of the impactor 
shown in Fig. 10, where it is evident that the mechanical response is 
dependent on the loading rate.

Overall, the final numerical calibration of the TPU-WTR could be 
considered acceptable, thanks to the improvement achieved in the 
numerical-experimental correlation of the indentation tests, particularly 
for the higher impact velocities. It should be also noted that this material 
model was further tested and validated through the numerical- 
experimental correlation of the drop-weight tests performed on the 
foam-filled hexachiral structure described later in Section 2.6.

2.5.2.2. Open-cell polyurethane foam. The CF-45M was numerically 
modelled through the *LOW DENSITY FOAM material card available in 
the software [55]. The low-density foam model is a nonlinear visco
elastic model suitable for specifying strain-rate sensitive behavior of 
low-density elastomeric foams. This material model requires as input the 
tabulated experimental results represented by the three stress-strain 
curves of Fig. 4(b). To simulate the failure behavior of the foam, a 
tension cutoff stress with elements deletion was used, and this value was 
set at 14.0 MPa based on the numerical-experimental correlation pre
sented in Section 2.6.

2.5.3. Simplification of the FE model
The preliminary numerical simulations of the foam-filled hexachiral 

structure turned out to be quite time-consuming. To optimize the design 
of the recoverable hexachiral structure in a low-energy impact scenario 
and thus perform numerous FE simulations, as described later in Section 
3, a simplification of the FE model was implemented to reduce 
computational time. The simplification was based on the assumption 
that the indentation load was applied uniformly across the entire width, 
i.e., the Z-direction, with reference to Fig. 11(a). This assumption was 
carefully verified through the numerical-experimental correlation 
described in Section 2.6. Therefore, only a 1-mm-slice of the FE model 
was considered, as visible in Fig. 11(b). With this assumption, the nu
merical impactor had a concentrated mass of 0.182 kg, i.e., the actual 
mass of 5.457 kg divided by the actual width of the energy absorber, i.e., 
30 mm. Furthermore, the 1-mm-slice energy absorber, which was 
actually 1-finite-element-wide, had the nodes of one side constrained 
with a Z-symmetry condition, while the nodes of the other side were free 
to move. For clarity, from here on, the simplified model will be referred 
to as the “slice” model, as opposed to the “whole” model.

2.6. Numerical-experimental correlation

The numerical-experimental correlation presented here was per
formed to validate the two FE models of the hexachiral structure, 
namely, the whole and the slice FE models. The correlation was carried 
out in two ways: the first was qualitative, examining the overall 

Fig. 9. Comparison of the experimental and numerical results on TPU-WTR: (a) nominal stress–strain curves of the uniaxial tensile and compression tests, (b) ac
celeration curves of the indentation tests for the four impact velocities with the dotted reference curves obtained using the Prony series from [56].

Fig. 10. Numerical force-displacement curves of the impactor in the indenta
tion tests for the four impact velocities, considering the optimized Prony se
ries expansion.
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deformations of the structure, while the second was quantitative, 
comparing the experimental and numerical force-displacement curves of 
the impactor. The correlation was done for both the impact velocities, i. 
e., V1 and V2.

Considering the qualitative correlation, Fig. 12 shows the experi
mental and numerical deformations of the structure at the maximum 
indentation of the impactor, just before rebound, i.e., the restitution 
phase. For the sake of simplicity, only test T1 for impact velocity V1 and 
test T5 for impact velocity V2 are reported, as the deformations in the 
other experiments were practically the same. Fig. 12 (a-b) shows the 
case with impact velocity V1, while Fig. 12 (c-d) shows the case with 
impact velocity V2. Qualitatively, there were just a few local differences 
related to the buckling of some ligaments, particularly those located 
below the area affected by the impact. Overall, the numerical simula
tions correctly represented the qualitative behavior of the structure for 
both impact velocities.

The quantitative correlation provided the validation of both the 
whole and the slice FE models. Fig. 13 shows the experimental and 
numerical force-displacement curves of the impactor, with the numeri
cal results filtered with a CFC 180 filter. The experimental results in both 

Fig. 13(a) and Fig. 13 (b) prove the repeatability of the test for each of 
the two impact velocities, thus confirming the recoverability of the en
ergy absorber for the series of the six impact tests carried out for the 
present study. The numerical curves of the whole FE model showed 
consistent trends with those of the experiments, with a well- 
corresponding peak. Slight differences were found in the restitution 
phase, attributable to an imperfect calibration of the viscoelastic 
contribution of both the CF45-M foam and the TPU-WTR filament. The 
force-displacement curves of the slice FE model can be compared with 
those of the whole FE model. As shown in Fig. 13(a), the two numerical 
curves matched perfectly for impact velocity V1, while a slight differ
ence in the peak value was observed for impact velocity V2 (Fig. 13(b)). 
This was attributed to a different behavior of the shell elements in the 
final compaction phase of the buckled ligaments, possibly due to the 
boundary conditions applied in the simplified model.

Further considerations concern the rebound or restitution phase of 
the impact event [1]. Indeed, the viscoelastic behavior of the structure 
allowed complete recovery after the impact, but it also induced a 
rebound effect on the impactor. During the compression phase, the 
initial kinetic energy, associated solely with the impactor, was partly 

Fig. 11. Isometric and lateral views of the two FE models: (a) whole energy absorber, (b) 1-mm-slice energy absorber.

Fig. 12. Deformations of the structure at the impactor maximum indentation, with rendering of shell thickness: (a-b) experiment T1 and whole FE model impacted at 
V1 = 3.100 m/s, (c-d) experiment T5 and whole FE model impacted at V2 = 5.150 m/s.
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dissipated and partly transformed into elastic strain energy; thereafter, 
during the restitution phase, only the elastic strain energy was released 
and transformed back into kinetic energy of the impactor. With refer
ence to Fig. 13, the amount of energy dissipated in each impact is the 
area between the curves of the compression and restitution phases. A 
useful parameter to quantify the rebound effect is the coefficient of 
restitution COR, also denoted by e, whose values fall within the range 
0 ≤ e ≤ 1: if e = 1, the collision is completely elastic, whereas if e = 0, the 
collision is completely inelastic [1]. For an object impacting a stationary 
target, as in the case of the present study, the coefficient of restitution 
can be calculated as the ratio of the rebound velocity of the impactor 
after impact, vf, to that prior to impact, vi, as shown in Eq. (1). Thus, e is a 
comparison between the kinetic energy, Ekin, of the impactor immedi
ately before impact and that immediately after impact. 

e =

̅̅̅̅̅̅̅̅̅̅̅
Ekin,f

Ekin, i

√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
0.5⋅m⋅v2

f

0.5⋅m⋅v2
i

√

=
vf

vi
(1) 

Experimental and numerical coefficient of restitutions for the two 
impact velocities, calculated using Eq. (1), are reported in Table 3. A 
good correlation between the numerical and experimental values can be 
observed, thus confirming the quality of the numerical simulations.

Overall, the results of the numerical-experimental correlation indi
cated that both modelling approaches provided realistic predictions of 
the response of the foam-filled hexachiral structure in a dynamic 
indentation test. Furthermore, it was inferred that the assumptions un
derlying the simplification of the whole FE model, and thus the slice FE 
model itself, could be considered valid, as the differences were deemed 
acceptable, especially considering the computational time saved. 
Indeed, given that all simulations were solved using the Simulia/Abaqus 
Explicit code in parallel on 25 threads of an Intel(R) Xeon(R) Gold 6338 
CPU @ 2.00 GHz, the slice FE model in the case of impact velocity V1 
required 16% of the time of the whole FE model (13 min vs 79 min), and 
in the case of impact velocity V2, the slice FE model required 15% of the 
time of the whole FE model (14 min vs 94 min).

3. Engineering application of the energy absorber in a crash 
scenario

A potential engineering application of the recoverable foam-filled 
hexachiral structure is hereby considered, focusing on a simplified sce
nario selected to be representative of a low-energy impact between a 
vehicle bumper and a pedestrian (a typical VRU). Numerous studies in 
the literature analyze in detail the response of vehicle front-end systems, 
for example in [38,40,41,58]. In the present work, it was decided to 
prove the design flexibility of the concept of this type of recoverable 
energy absorber by conducting analyses using simpler and plausible 
conditions. The EEVC/WG17 EURO Phase 2 regulation [59] and the 
Regulation (EC) No 78/2009 — Annex I, Section 3.1(a) [60] provide 
specific requirements and load conditions for pedestrian lower extrem
ity safety. These regulations were used to define the impact conditions 
and limit force requirements.

The study was conducted adopting the numerical technique of sur
rogate models, also known as metamodels, built with regression models, 
which allowed the optimization procedure to be performed more 
quickly using a genetic algorithm. The application of this methodology 
has proven effective in many cases, including the design of vehicle 
bumpers, as explained in the review reported in [61] and demonstrated 
with practical examples in [37,44,62]. Surrogate models can provide an 
approximate functional relationship to relate design variables to a spe
cific objective with a moderate number of full numerical simulations.

3.1. Description of the design optimization problem

The design optimization problem consisted of the impact of a cy
lindrical impactor, with geometry and mass representative of a lower 
legform of a pedestrian, against a portion of a foam-filled hexachiral 
energy absorber. Although in the real crash scenario the legform is 
deformable and contributes to energy absorption and force limitation, a 
conservative simplified approach was adopted by considering a rigid 
impactor with a concentrated mass of 12 kg, a diameter of 100 mm, and 
an impact velocity of 9 m/s (or 32.4 km/h). As regards the geometrical 
parameters of the energy absorber (listed in Table 1), the global di
mensions were set as fixed variables, i.e., 300 × 100 × 150 mm3 (LA ×
WA × HA), while the thicknesses of chiral ligaments (tL), chiral nodes 
(tN) and boundary skin (tB) as well as the number of cells in X-axis (Nx) 
and the characteristic L/r ratio were considered as the design variables 
of the problem. An example of such a whole FE model is shown in Fig. 14
(a). The width of the energy absorber, as well as the diameter and mass 
of the cylindrical impactor, were similar to the typical vehicle front 
bumper [37,40,41] and lower legform [59], respectively. The height HA 
is higher than the typical distance between the external surface of a 

Fig. 13. Comparison between the force-displacement curves of the impactor in the experiments and in the whole and slice FE models: (a) impact velocity V1 = 3.100 
m/s, (b) impact velocity V2 = 5.150 m/s. Compression and restitution phases are highlighted.

Table 3 
Experimental and numerical coefficient of restitutions.

Impact velocity V1 Impact velocity V2

vi (m/ 
s)

vf (m/s) e (-) vi (m/ 
s)

vf (m/s) e (-)

Average of 
experiments

3.100 1.8097 0.58 5.150 2.3423 0.45

Whole FE model 3.100 1.6381 0.53 5.150 2.3651 0.46
Slice FE model 3.100 1.7161 0.55 5.150 2.3534 0.46
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bumper and the rigid beam that represents its primary structure, in 
connection with the car chassis. However, the scope of the optimization 
was the minimization of the indentation required to fulfil an equivalent 
injury criterion in the simplified scenario, so to provide a first assess
ment related to the possibility of an effective installation of the recov
erable system, with minimal modification of the configurations adopted 
in the automotive field. Finally, with regard to the duration of the 
simulated impact event, it was set at 0.07 s.

The optimization was actually performed on the slice FE model, to 
reduce computational time. The adequacy of such reduced model to 
represent the wider absorber was validated in Section 2.6. Hence, slice 
FE models were adopted to construct the metamodels and conduct the 
design optimization, resulting in a significant reduction in computa
tional time. Accordingly, the numerical impactor width was reduced to 1 
mm and a mass of 0.12 kg was considered, corresponding to the actual 
mass divided by the actual width of the energy absorber. An example of 
the slice FE model is shown in Fig. 14(b).

Concerning the injury criterion, the regulations [59,60] prescribe a 
maximum acceleration measured at the upper end of the tibia (AccLimit) 
not exceeding 170 g. In the simplified scenario considered, a force limit 
of 13 kN was selected for the 12 kg rigid mass impactor (mimpactor), 
corresponding to an acceleration value of approximately 110 g, thus 
providing a safety factor (SF) of about 1.54 on the regulation value. 
Consequently, the force limit per unit width (FLimit) considered in the 
slice FE model was 130 N/mm. The relationship between FLimit and 
AccLimit is illustrated in the following Eq. (2): 

FLimit =
(AccLimit/SF )⋅mimpactor

WA

=
(170 g/1.54 )⋅9.81 m/s2⋅12 kg

100 mm
= 130 N

/

mm
(2) 

The main objective of the design optimization was to identify the 
geometrical parameters of the foam-filled hexachiral structure, i.e., the 
five design variables (Nx, L/r, tL, tN, tB), that minimize the maximum 
indentation (δmax) of the impactor and simultaneously limit the 
maximum force (Fmax) exerted on the impactor. This objective, related to 
the indentation with force limitation, was chosen because these two 
quantities are generally in conflict in the design of an energy absorber.

3.2. Setup of the design optimization problem: metamodels and genetic 
algorithm

The parametric slice FE model was used to build a dataset for the 
training of two surrogate models, or metamodels. A Latin hypercube 
sampling (LHS) was used to generate 200 well-distributed samples, i.e., 
combinations of the five design variables, given the lower and upper 

bounds reported in Table 4. These bounds were consistent with those 
adopted in [16] and were related to technological limitations. Subse
quently, 200 Abaqus FE simulations were performed. Several simula
tions were not completed due to numerical issues and were not used to 
train the metamodels. Eventually, 137 simulations were considered 
reliable to estimate the impactor maximum indentation (δmax) and the 
impactor maximum force (Fmax), which were stored and then added to 
the dataset.

The Matlab® Regression Learner App [57] was used to train, vali
date, and test two metamodels. Among the available regression models, 
the Matérn 5/2 Gaussian process regression (GPR) was employed to 
construct two distinct metamodels, as it proved to be the most accurate. 
Specifically, the first metamodel was used to predict the impactor 
maximum indentation by giving the five geometrical parameters as 
predictors, whereas the latter was used to predict the impactor 
maximum force by giving the five geometrical parameters and the 
maximum indentation as predictors. For this latter metamodel, adding 
maximum indentation as a predictor increased accuracy.

The two distinct metamodels, constructed with a Matérn 5/2 GPR, 
were trained on 90% of the 137 samples, with validation performed 
using a 5-fold cross-validation scheme to prevent overfitting, and finally 
tested on the reserved 10% of the 137 samples not used for training and 
validation. The validation and testing metrics of the two metamodels are 
reported in Table 5. To allow for a better comparability of the meta
models, the normalized root mean square error (NRMSE) was provided, 
calculated as the RMSE divided by a normalization factor represented by 
the range of the true response, i.e., the difference between maximum 
(ymax) and minimum (ymin) values of the parameter under consideration, 
as reported in Eq. (3): 

NRMSE =
RMSE

ymax − ymin
⋅100 (3) 

Both the validation and the testing metrics reported in Table 5, as 
well as the correlations between predicted and sample responses visible 
in Fig. 15, confirm that the metamodels can be considered reasonably 
accurate, and thus usable for an efficient optimization procedure using a 
genetic algorithm.

The optimization of the foam-filled hexachiral structure was per
formed having the objective of minimizing the maximum indentation of 

Fig. 14. Example of FE model adopted in design optimization problem: (a) whole FE model, (b) slice FE model.

Table 4 
Lower and upper bounds of the five design variables (Nx allowed integer values 
only).

Design variable Nx (-) L/r (-) tL (mm) tN (mm) tB (mm)

Lower bound 2 2 0.8 0.8 0.8
Upper bound 8 10 3 3 3
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the impactor and simultaneously limiting the maximum force applied on 
the impactor. The mathematical model is defined in Eq. (4), and the 
Matlab® function ga [57] was adopted to solve this constrained 
single-objective optimization problem using the two constructed meta
models. The control parameters adopted to obtain the results are indi
cated in Table 6. In addition to the force constraint, a linear constraint 
and a non-linear constraint were imposed: the former considered the 
thicknesses tL and tN and was due to how the FE model was generated, 
while the latter considered the diameter of the cylindrical foam inserts 
(Dcylinder) and was due to manufacturing reasons. 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Minimize δmax(Nx, L/r, tL, tN, tB)

s.t.

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

2 ≤ Nx ≤ 8

2 ≤ L/r ≤ 10

0.8 mm ≤ tL ≤ 3 mm

0.8 mm ≤ tN ≤ 3 mm

0.8 mm ≤ tB ≤ 3 mm

Fmax(δmax) ≤ 130 N

tN ≥ tL/2

Dcylinder(Nx, L/r, tL, tN) ≥ 10 mm

(4) 

3.3. Results of the optimization problem

The optimal combination of the five design variables obtained from 
the constrained optimization problem is reported in Table 7, along with 
the corresponding predicted maximum indentation and maximum force 
of the impactor. This optimum is shown in Fig. 16 together with the 

dataset values, which highlight the effect of the five design variables on 
the impactor’s maximum indentation. Looking at the trend for each 
design variable in the range considered, the indentation δmax was more 
sensitive to three design variables, namely Nx, L/r, and tL, than to the 
other two, namely tN and tB. Furthermore, as shown in Fig. 17, the op
timum was found exactly on the boundary of the feasible region related 
to the force constraint: this optimal geometrical configuration was 
characterized by a very satisfactory performance with a maximum 
indentation significantly lower than most samples of the dataset, thus 
confirming the high design flexibility of this foam-filled hexachiral 
structure concept. According to Fig. 17, the Fmax-δmax dataset confirms 
the existing conflict between the minimization of indentation and the 
limitation of the force, as it would be expected in the design of an energy 
absorber. It can therefore be said that if a high indentation is desired, 
which means having a more compliant energy absorber, then there is a 
risk of obtaining high force levels due to the compaction of the structure; 
on the other hand, if indentation is to be limited, there is a risk of high 
force levels due to the fact that the impactor strikes a more rigid energy 
absorber.

In addition to the optimal values, Table 7 reports the result of the 
slice FE model simulation, which was performed to verify the optimi
zation result. From the table, the relative errors for δmax and Fmax be
tween the optimization and FE simulation results are 1.98% and 9.74%, 
respectively. These values were due to the quality of the two meta
models, and they were consistent with the validation and testing errors 
reported in Table 5. It could therefore be concluded that the constrained 
optimization exploiting the two metamodels was able to find a solution 

Table 5 
Metrics of the two metamodels.

Metamodel Number of predictors Validation Testing

RMSE NRMSE R2 RMSE NRMSE R2

Impactor max indentation, δmax 5 1.81 mm 2.61% 0.99 2.54 mm 3.66% 0.97
Impactor max force, Fmax 6 12.86 N 8.32% 0.87 13.09 N 8.47% 0.85

Fig. 15. Predicted vs true response: (a) impactor maximum indentation, (b) impactor maximum force.

Table 6 
Control parameters of the genetic algorithm.

Parameter Value

Population size 50
Max number of generations 100
Crossover fraction 0.25
Elitism Implemented

Table 7 
Optimization results and corresponding slice FE model results.

Nx 
(-)

L/r 
(-)

tL 

(mm)
tN 

(mm)
tB 

(mm)
δmax 

(mm)
Fmax 

(N)

Optimization 6 3.32 2.51 2.49 1.87 68.42 129.98
FE 

simulation
​ ​ ​ ​ ​ 69.80 144.00

Relative 
error

​ ​ ​ ​ ​ 1.98% 9.74%
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that met all requirements, and that the actual correctness of the solution 
could be improved by increasing the quality of the metamodels, for 
example, by considering a much larger number of samples for the 
training. Finally, it is worth noting that the value Fmax of the FE simu
lation exceeded the imposed limit of 130 N, but this solution remained 
below the threshold imposed by the regulations, thanks to the safety 
margin defined initially, as clearly visible in the force-displacement 

curve of the impactor obtained from the simulation on the slice FE 
model, shown in Fig. 18(a). The optimized foam-filled hexachiral 
structure and its deformation at the impactor maximum indentation are 
shown in Fig. 19. The whole structure contributed to the absorption of 
the energy, and the auxetic effect of the structure prevented the foam 
from flowing away from the impact zone. The average density of the 
optimal absorber was approximately 562 kg/m3. The total mass was 
2679 g, of which 2415 g was TPU-WTR and 264 g was CF-45 M. The 
foam volume fraction was about 56% of the structure's total volume.

The last consideration, regarding this optimal configuration, con
cerned the coefficient of restitution that permitted to quantify the 
rebound effect, as described in Section 2.6. With reference to Fig. 18(a), 
the amount of energy dissipated was the area between the two curves of 
the compression and restitution phases, while, with reference to Fig. 18
(b) showing the velocity of the impactor, the coefficient of restitution e 
was 0.44, evaluated using Eq. (1). Overall, this could be an interesting 
property for a recoverable vehicle bumper since the geometrical design 
variables of the energy absorber could be tuned to minimize the rebound 
effect on the VRU.

4. Conclusions

This work presented a recoverable composite energy absorber based 
on a foam-filled hexachiral auxetic structure, designed to mitigate in
juries in a representative low-energy impact scenario involving pedes
trians. The viscoelastic absorber consisted of a 3D-printed auxetic frame 
made of thermoplastic polyurethane with waste tire rubber (TPU-WTR) 
and a strain-rate sensitive polyurethane foam filling (CF45-M). Its 
working principle relied on the synergistic interaction between the 
auxetic frame and the foam, which enhanced energy dissipation, stabi
lized deformation, and enabled full structural recovery after impact.

A prototype of the energy absorber was manufactured and subjected 
to mechanical characterization and drop-weight impact tests. These 

Fig. 16. Dataset values: effect of the five design variables on the impactor maximum indentation. The optimization result is also reported.

Fig. 17. Dataset values: impactor maximum force vs impactor maximum 
indentation. The feasible region for the genetic algorithm was below the 130 
N limit.
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experiments confirmed the repeatability of the performance of the 
absorber and validated its recoverability. Finite element models were 
developed and calibrated using experimental data, accurately repro
ducing the responses observed during the testing activity. The appre
ciable numerical-experimental correlation was achieved after 
identifying, through a series of experimental tests, the material models, 
such as the visco-hyperelastic model adopted for the TPU-WTR, which 
combines an Odgen hyperelastic model and a generalized Maxwell 
viscous model.

The validated numerical approach was used to build a dataset of 
responses depending on geometrical parameters, and then the dataset 
was used to train and validate two surrogate models based on Gaussian 
process regression enabling efficient exploration of the design space. A 
genetic optimization procedure, performed with such surrogate models, 
proved effective in finding the optimal configuration of the energy 
absorber that minimized indentation while keeping the peak force 
within the imposed limits. The auxetic configuration prevented foam 
from flowing and improved global stability during impact, with the 
rebound effect quantified by a coefficient of restitution of approximately 
0.44.

From this work, some general considerations could be made about 
the design and application of recoverable auxetic absorbers: 

• The viscoelastic combination of auxetic frame and PU foam effec
tively mitigated the limitations of each constituent, providing both 
energy absorption and recoverability.

• Optimization using metamodels significantly reduced computational 
cost compared to full FE simulations, though accuracy depended on 
the quality of the metamodels.

• The rebound effect requires further investigation to assess its influ
ence on pedestrian safety and to develop strategies to mitigate it.

Despite the limitations represented by the simplified crash assump
tions, these findings highlighted the potential of the concept to design 
reusable absorbers for advanced low-energy impact protection systems.
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Fig. 18. Impactor response resulting from the simulation on the slice FE model with optimal results: (a) force-displacement curve, with the peak of the curve clearly 
below the limit imposed by the regulations, (b) velocity of the impactor. Compression and restitution phases are highlighted.

Fig. 19. Deformation of the optimal structure at the impactor maximum 
indentation just before the rebound, with rendering of shell thickness. The 
undeformed shape is superimposed.
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