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Abstract 

The paper proposes an innovative concept for energy absorption in case of localized impacts. 

The concept is based on the contraction capability of cellular structures with negative Poisson’s 

ratio under impact, which is combined with the energy absorption capability of a foam filler. 

An experimental assessment was accomplished considering a 3D-printed polymeric hexa-chiral 

frame filled with open-cell soft polyurethane foam inserts, subjected to quasi-static and 

dynamic indentation. The energy absorbed by the combination of the auxetic frame and foam 

is significantly higher than the sum of the energies absorbed by constituent elements tested 

separately. Based on the experiments, a numerical approach for foam-filled absorbers is 

developed and validated. Then non-linear models of metallic chiral units are considered in a 

genetic optimization process, set up to optimize the maximum frame contraction under 

compression before its failure. Finally, the previously validated numerical approach is applied 

to the optimised geometries, and it is shown that the foam filler can provide significant 

enhancement of specific absorbed energy and load uniformity ratio also for frames made of 

ductile metallic material.  
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1. Introduction 

The progress in science and technology enables engineers to produce more advanced composite 

materials, which offer safer and more efficient transportation, buildings, clothes and other 

engineering parts [1]. In the last decades, composite sandwich panels with core from cellular 

materials are in use especially for crash absorption, blast and ballistic protection, thermal and 

sound insulation [1]. A common configuration is based on low stiffness material entrapped 

between two solid plates: the outer skin provides load carrying capability while the inner core 

provides energy absorption capabilities. Usually the core of sandwich panels is made of a 

cellular structure, with smaller or larger pores. Such pores can also be filled with other types of 

material, thus enabling a hierarchical energy absorption on different length scales with a 

potential benefit in greater energy absorption capabilities. Energy absorbers with such 

characteristics are promising composite structures and meta-materials that could provide 

superior mechanical properties compared to conventional materials. 

Composite sandwich tubes made from glass fibres, polystyrene foam and epoxy resin with 

tubular inserts were tested under quasi-static compression in [2], where also the effect of design 

variables and their interactions were studied. Lateral crushing of polyurethane foam-filled 

epoxy composite tubes made from natural flax fabric composite was evaluated in [3]. The 

influence of design parameters (tube thickness, inner diameter and foam filler) on the 

mechanical response was evaluated, where the main conclusion was that filled composite tubes 

are able to spread the deformation under lateral loading and enhance energy absorption. It also 

was found that the specific energy of the empty and foam-filled flax/epoxy tubes in lateral 

crushing were significantly lower than those in axial crushing [3]. Axial crush performance of 
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aluminium tubes filled with hybrid foam (aluminium foam and polymer [4]) was  evaluated in 

[5], where it was shown that the increase in specific energy absorption can be up to 78 % higher 

in comparison to the empty tubes. Furthermore, the aluminium tubes were also filled with 

closed-cell foam [6] and foam with advanced pore morphology [7]. Filling with closed-cell 

foams was also investigated considering in-situ techniques, where the aluminium foam was 

fabricated inside the tube, thus achieving a stronger interface between the tube and foam [8,9]. 

Foam-filled tubes with transversely graded foam and wall thickness were evaluated and 

optimised in [10], where combination of experiments and computational simulations were used. 

It was found that the functionally graded crush absorber with an ascending transverse foam 

density could largely improve the specific energy absorption and only slightly increase the 

maximum force. The study on energy absorption of curved plate filled with aluminium foam is 

given in [11,12]. The actual application as a blast resistant building was studied and it was 

proved that filling the structure with aluminium foam enhances blast resistance. Polyvinyl 

chloride foam-filled aluminium honeycombs were evaluated with homogenisation technique in 

[13], where it was proven, that foam filling leads to enhance in- and out- of plane properties of 

honeycombs. Low-speed impact of a sandwich panel with a filled honeycomb core was studied 

in [14]. The results show that the filled sandwich panel provides superior impact resistance 

capacity in comparison with the hollow honeycomb panel. 

Auxetic materials and meta-materials are a relatively new class of materials [15,16], which 

possess negative Poisson’s ratio and therefore offer some enhancements in mechanical 

behaviour which can also improve behaviour of crash absorbers [17,18]. Special group of 

auxetic materials are chiral auxetic structures [19], which’s mechanical behaviour was 

evaluated under axial compression loading [20] and impact loading [21,22]. Auxetic materials 

can be a part of crash absorber as a crushable core, or also as a filler material of a sandwich 
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panel’s core. Most of experimental tests and computational studies of absorbers with auxetic 

behaviour are for now done under uniaxial quasi-static and dynamic regime [23–26] and some 

limited research was done in the field of high strain rate loading behaviour [27–30]. Several 

types of cellular structures exhibit auxetic response. For instance, in-plane elasticity of a novel 

auxetic honeycomb with a combination of re-entrant hexagonal geometry and thin plane was 

evaluated in [31]. The theoretical and numerical models for tensile modulus, shear modulus and 

Poisson’s ratio were developed and showed good agreement with experiments. Such type of 

cellular topologies can be used to enhance energy absorption capabilities, exploiting the auxetic 

effect that densifies material under compressive loading. Blast response study of sandwich 

structures with graded and non-graded auxetic cores was evaluated in case of re-entrant [29,32] 

and chiral [33] geometry, where it was proven that the auxetic core can enhance the response 

under blast loading. Negative Poisson’s ratio is also exhibited by foams and square tubes filled 

with polymeric auxetic foam, which were analysed under quasi-static [34] and dynamic [35] 

loading. It was determined that increasing the auxeticity level of a foam filler enhances 

crashworthiness of foam-filled structures under both quasi-static and dynamic loading 

conditions. Auxetic lay-up of composite laminates can be also conceived by using standard 

unidirectional plies. Low-velocity impact response of multilayered structural composites with 

auxetic effect was studied in [36]. It was concluded that the auxetic composite has a better 

energy absorption performance. The application of auxetic springs filled with foam in 

composite seats was studied in [37]. It was shown that filled and non-filled seats exhibited 

comparable stiffness and comfort. 

As can be seen from the above review, the work done on the field of auxetic energy absorbers 

filled with foam is quite limited. Especially, there are no studies on the field of localised impact 

on foam-filled auxetic crash absorbers despite auxetic effects could provide significant 
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improvements in the impact response and specific energy absorption levels. From these reasons, 

it follows a need for the development of a concept of novel crash absorber with optimised 

auxetic frame filled with foam, which will lead to possible enhancement of energy absorption 

capabilities for novel crash absorbers subjected to localized impacts. In the concept presented 

in this paper, auxeticity is provided by a frame with a periodic chiral topology, which is filled 

with a commercially available energy absorbing foam having a non-auxetic response. 

Experiments are conducted considering a polymeric 3D printed frame, filled by open-cell 

polyurethane foam, as presented in the second section of the papers, following this introduction. 

A numerical approach is developed and validated in the third section. Thereafter, an 

optimization of the frame properties is conducted in the fourth section, considering a metallic 

material, and the performances of a new absorber configuration is studied by applying the 

validated numerical approach. The findings of the research activities are summarized in the 

final section. 

2. Experiments on foam-filled polymeric chiral frames subjected to 

indentation 

2.1 Design and manufacturing of the energy absorbers 

A first experimental evaluation of the concept proposed in this paper was based on a 3D printed 

polymeric chiral frame filled by a visco-elastic foam subjected to a local indentation at two 

different velocities. The absorbers consisted of a rectangular element, with a length of 193 mm, 

a height of 93 mm and a depth of 25 mm. Three types of absorbing elements were tested: a pure 

foam element, an element made of a polymeric chiral frame, and the frame filled by pre-cut 

inserts of foam. Tests were performed with a MTS 858 Minibionix II system, with an impactor 

represented by a steel cylinder with a diameter of 100 mm. An indentation at a constant velocity 
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of 1 mm/s was performed to evaluate the response in a static indentation, whereas a dynamic 

indentation test was performed at a constant velocity of 500 m/s. In all the tests the impacting 

surface of the element was reinforced by a sheet of Al6060 alloy with a thickness of 0.5 mm, 

bonded to the upper surfaces of the absorbers. Such plate was mainly used to avoid local failures 

of the impacting surface of the two absorbers with the polymeric frame, but was also used in 

the pure foam absorber to obtain the same impacting conditions.  

The filler material chosen was a CF-45M foam, with a density of 96 kg/m3, which is one of the 

commercially available versions of Confor® open-celled urethane foams, used in motorsport, 

automotive and aerospace fields. The set-up of the indentation test for the absorber made of 

pure foam is shown in Figure 1-A. The foam mass in the absorber was 43.1 g. The specimen 

was constrained between aluminium guides to prevent lateral buckling of the foam block during 

the indentation. The deformed specimen at the end of the quasi-static test is shown in Figure 1-

B. 
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Figure 1 – Indentation tests on foam absorber: (A) lay-out, (B) deformed configuration in 

quasi-static test 

The design of the chiral frame is presented in Fig. 2-A, showing the main dimensions. Chiral 

topologies consist of a non-centrosymmetric tessellation made of nodes connected by ligaments 

[38]. The geometry selected was based on thick-walled hexagonal nodes, almost solid with an 

inner hexagonal hole to reduce the overall weight. Such geometry mitigates the risk of failure 

at the ligament ends, both in tension and in compression, as discussed in [35]. Moreover, the 

stiffness of the nodes is also increased, so to enhance the auxetic behaviour, in agreement with 

the analytical models that prove the auxetic behaviour of chiral lattices [39]. Indeed, the 

numerical studies carried out in [35] indicate that the adopted geometry is adequate to design 

hexa-chiral topologies with a Poisson’s ratio very close to  -1 in elastic range. A further 

advantage is due to the fact that  the triangular spaces external to the hexagons can be filled 

completely by triangular pre-cut foam inserts without cusps at the corners, thus simplifying the 

production of foam-filled frames. 

 

Figure 2– (A) Design of hexa-chiral frame and (B) manufacturing of the foam-filled absorber 

The polymeric chiral frames used in the test campaign were laser sintered by using PA 2200 

powder produced by EOS Gmbh, based on a polyamide 12 polymer. An example is shown in 

Fig. 2-B. After some preliminary numerical evaluations, the thick-walled geometry was not 
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chosen for the nodes in the upper and lower rows. Such nodes were designed with a wall 

thickness identical to that of the ligaments, to avoid excessive constraints on the deformation 

of the thin aluminium alloy sheet that reinforced the impacting surface. The difference between 

the thick-walled and the thin-walled hexagonal nodes can be observed in Fig. 2.  The total mass 

of the polymeric frame was 81 g. Such value does not take into account the mass of the 

aluminium plate and of  the adhesive layer used to bond such plate to the upper surface of the 

frame, shown in Fig. 2-A, which amounts to 10 g. The average density of the homogenized 

cellular structure represented by the chiral frame resulted 181.6 kg/m3. The chiral specimens 

were tested with the same lay-out used for foam elements, including the presence of the vertical 

aluminium guides to guarantee the same boundary conditions. 

Manufacturing of the foam-filled frame was carried out by cutting prisms of foam with a 

professional foam cutter and inserting them manually into the triangular spaces between the 

ligaments, as presented in Fig. 2-B. No adhesive was used between the inserts and the chiral 

frame. The total mass, excluding the Al plate and the adhesive set between the plate and the 

upper surface of the frame, resulted in 125 g. The mass of the foam inserts was about 26 g, 

which is lower with respect to the foam element mass, due to the space occupied by the nodes 

and ligaments. An average density of 239.5 kg/m3 was evaluated for this case. The chiral frame 

and the completed foam-filled absorber are presented in Fig. 3, during the tests, which were 

performed with the same lay-out as for the foam element, including the vertical aluminium 

guides. 
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Figure 3 – Deformation in quasi-static indentation: (A,B,) chiral frame, (C,D) foam-filled 

absorbed 

2.2 Results and discussion  

The collapse mode of the chiral frame and of the foam-filled absorber in the quasi-static test is 

presented in Fig. 3 at two increasing displacements of the indenter, namely 35 mm and 45 mm. 

The auxetic effect given by the chiral frame avoids the transversal expansion of the absorbing 

material, which was evident in the foam element under the same test conditions, as presented 

in Fig. 1-B. In the initial phase of the indentation, the collapse modes of the frame and of the 

foam-filled absorber are almost identical and are characterized by the onset of ligament 

buckling (Fig. 3-A,C). Some differences can be observed as the indenter entered into the 

absorbers, because the densifying foam supported the ligaments in the final phase of buckling 

and prevented their mutual contact. Three examples are evidenced by the red circles in Fig. 3-

B,D, but similar phenomena can be observed in several other areas.  The deformed 

configuration presented in Fig. 3-B,D, shows also that the three central nodes of the frame 
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remained aligned during the indentation. The mutual contact of such hexagons led to a 

premature peak in the force vs. displacement curves obtained in the tests, shown in Fig. 4. 

 

Figure 4 – Comparison of force vs. displacement curves in indentation tests: (A) quasi-static, 

(B) dynamic 

The force vs. displacement curves obtained in the quasi-static tests performed at 1 mm/s are 

shown in Fig. 4-A. It is apparent that the chiral frame collapsed at an almost constant load level 

until a load peak at about 55 mm of indenter displacement, which was caused by the mutual 

contact of the three central hexagonal nodes. In the elements made of pure foam, densification 

occurred at higher displacements than the maximum ones visualized in the plots, as it will be 

shown in the characterization of foam material presented in section 3.  The sum of the force 

responses from the foam element and the chiral frame is also plotted in Fig. 4-A. This sum can 

be compared with the force obtained in the test of the foam-filled frame, which is significantly 

higher. Such comparison is aimed to provide a first quantitative evaluation of the performance 

increment that can be obtained by the foam-filled configuration, due to the interaction between 

the foam material and frame structure. Indeed, the amplification effect on the indentation 

strength can be attributed to the local densification of the foam triangular prisms confined by 

the auxetic frame and to the supporting effect of the foam on the buckling of chiral ligaments.   
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In the response of the tests performed at an indenter speed of 500 mm/s, presented in Fig. 4-B, 

the plateau force during the indentation of the chiral frame remained almost identical to that of 

the quasi-static case, though the load peak at 55 mm is more evident and the curve is more 

irregular. Indeed, dynamic failure mode is characterized by brittle failure of ligaments during 

buckling, as it can be observed in Fig. 5-A. As a consequence, most of the ligaments in the 

central zone of the frame were broken during the test, as evidenced in the picture of the indented 

specimen after the test shown in Fig. 5-B.   On the contrary, the force levels in the dynamic 

indentation of the foam element increased for one order of magnitude with respect to the quasi-

static test, thus exhibiting a remarkable strain rate sensitivity. The supporting effect of the foam 

on the ligament and the auxetic densification of the material under the indenter led to a much 

higher force response of the foam-filled frame in dynamic conditions, which is noticeably 

higher than the sum of the forces related to the separate constituents in all the phases of the 

dynamic tests.  

 
Figure 5 – Dynamic test on the chiral frame: (A) snapshot during indentation, (B) specimen 

after test 
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The energy absorption capabilities of all three types of absorbing elements are summarized in 

Table 1. The energy absorption was evaluated at 50 mm of displacement, before the occurrence 

of contact events among the central nodes of the frame. The increment of energy, energy, was 

calculated considering the performance of the foam-filled frame with respect to the sum of 

energies absorbed by the elements made of a single material. A more rigorous comparison is 

presented, by defining a  a Specific Absorbed Energy (SEA), which was evaluated on the basis 

of the absorber mass displaced by the indenter, considering the average density of the different 

absorbers. The increment of  SEA, SEA, refers to the performance of the foam-filled frame with 

respect to simple chiral frame. 

All the quantitative indices confirm that the combination of the foam and the auxetic frame 

significantly improves the performances achieved by absorbers made by single materials. 

Improvement could be maximized by finding an optimal combination and geometries, which 

have to be identified for each application scenario, considering specific requirements related to 

impact energy, indenter shape, available displacement and maximum force levels. 

Table 1 – Energy absorption performance of absorbers tested for an indentation of 50 mm 

 v Foam Chiral Frame Foam-filled frame energy  SEA  

(mm/s) E (J) SEA (J/kg) E (J) SEA (J/kg) E (J) SEA (J/kg) (%) (%) 

1 1.39 147.5 9.54 535.1 15.23 647.8 39.30 21.07 

500 9.73 1032.4 11.95 670.3 40.51 1723.2 87.00 157.09 
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3. Development of a numerical approach  

3.1 Calibration and validation of foam material model  

Numerical models of dynamic tests performed on the absorbers were developed using the 

Simulia/Abaqus Explicit solver in order to prepare an approach for the analysis and prediction 

of foam-filled auxetic frames. The characterization of foam response was a fundamental part in 

the development of the models. Indeed, the development of a reliable model for the Conform® 

foam required the accomplishment of additional compressive tests, performed on foam 

parallelepipeds with a cross section of 100 mm x 52 mm and an height of 50 mm. Specimens 

were uniformly crushed between two rigid plates by using an MTS 858 Minibionix II system 

at a crosshead speed of 2 mm/min, 250 mm/s and 500 mm/s. The data obtained from such tests 

were used to define three stress vs. strain curves at different strain rates, shown in Fig. 6, which 

were used in the form of tables to calibrate a material model available in the solver code, 

specialized for low density foams with strain rate sensitivity (*Low Density Foam material 

[40]). The material model interpolates such tables and provides the stress response as a function 

of the strain and of the strain rate. The last point in the curve defined for the strain rate of 10 s-

1 was actually extrapolated from available data to provide a better control of the densification 

phase at high strain rate.  

Moreover, another dynamic indentation test was taken into consideration, which was performed 

on a 230 mm x 110 mm x 25 mm foam specimen at an impact speed of 250 mm/s, by adopting 

a different indenter, but the same lay-out as shown in Figure 1, including the vertical guides 

and the lateral supports. In this test the 100 mm diameter indenter was substituted with a smaller 

15 mm diameter cylinder mounted on a fork fixed to the moveable crosshead of the test system. 

A 0.5 mm aluminium plate was bonded to the upper and lower surface of the foam element, as 

in the tests performed with the bigger indenter.  
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Figure 6 – Stress vs. strains curves at increasing strain rates adopted to characterize the foam 

material model in numerical analyses 

The three models of a uniformly crushed specimen and of two dynamic indentation tests 

performed on pure foam specimens were developed and solved with Simulia Abaqus/Explicit, 

considering the physical density of the foam and the actual impact speed of the impactors. The 

specimen uniformly compressed in the crushing test was modelled by 4225 hexahedral elements 

with reduced integration scheme (C3D8R elements [40]), with a typical size of 4 mm. The top 

and bottom surfaces of the deformable mesh were set into contact with a moveable and with a 

fixed rigid surface, respectively, made of rigid shell elements (R3D4 elements [40]). The 

contour of displacement magnitude shown in Fig. 7-A is referred to the crush analysis 

performed at 250 mm/s. A two-dimensional model of the dynamic indentation with the 15 mm 

diameter indenter was also developed, as shown in the contour of displacement magnitude 

presented in Fig. 7-B. Only a one-element wide slice was represented by using 4863 elements 

(C3D8R elements [40]) in order to validate the material model for the same type of finite 

element that will be used in further research. The depth of slice was 0.5 mm, whereas the typical 
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dimension of the elements in the plane of the slice was 2.5 mm. Symmetry constraints were 

used on one side of the model to avoid any displacement out of the plane of the modelled slice. 

On the other side, the contact with the vertical aluminium guides was established. The edges 

were also set in contact with the models of the lateral supports, to accurately represent the test 

lay-out shown in Fig. 1.  

 

Figure 7 – Numerical analysis of (A) crush test at 250 mm/s, (B) dynamic indentation at 250 

mm/s with 15 mm diameter indenter, and  (C) dynamic indentation with 100 mm diameter 

indenter at 500 mm/s 

All the aluminium parts were modelled by using an elastic-plastic material model with a Young 

modulus of 70 GPa, a Poisson’s ratio of 0.3 and a yield stress of 300 MPa. Finally, the model 

of the test performed with the 100 mm indenter is presented in Fig. 7-C, where contours of the 

displacement magnitude are shown. A one-element wide slice, with a width of 1.0 mm, was 

modelled by using hexahedral C3D8R elements with a typical size of 5 mm in the plane of the 

slice. Boundary conditions and material models were identical to the ones used in the model of 
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the test performed with the small indenter. It can be observed that the deformed shape shown 

in Fig. 7-C is in good agreement with the experimental evidence reported in Fig. 1.  

The numerical-experimental correlation of the force vs. displacement curves obtained in the 

three abovementioned analyses is shown in Fig. 8. It can be seen the foam model provided 

appreciable results in all considered conditions. Densifications occurred at different 

displacement levels for the three tests and this aspect is accurately represented by the models. 

In the analysis of the dynamic test performed with a 100 mm diameter indenter, the energy 

absorbed at an indentation of 50 mm was of 9.68 J, with a discrepancy of 0.52% with respect 

to the experimental value. Overall, the foam material model can be adopted for a reliable 

estimation of the response in the foam-filled absorbers. 

 

Figure 8 – Numerical-experimental correlation in the tests performed on pure foam elements  

3.2 Numerical model of absorbers with auxetic frames 

The FE model of the polymeric chiral frame was developed considering a slice with a width of 

1.0 mm, as shown in Fig. 9-A. The ligaments and the external borders of the hexagonal frame 

were modelled by shell elements with a reduced integration scheme (S4R [40]) and a typical 

size of 1 mm. The upper and lower plates were separately modelled and connected by using a 
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TIE algorithm, available in the solver code to join dissimilar meshes. A general mutual contact 

interaction was introduced among all elements, with a friction coefficient of 0.2, in agreement 

with the values used for the analyses of tubes filled by polyurethane foam in [41]. The internal 

parts of the filled nodes were meshed by solid hexahedral elements (C3D8R [40]). The indenter 

and the lower ground surface were modelled by rigid elements included in the general contact 

interaction. A total number of 4344 elements were used.  

 

Figure 9 – Numerical models of (A) chiral frame, (B) foam-filled absorber 

A fixed vertical velocity of 500 mm/s was prescribed to the reference node of the rigid body 

representing the indenter. A symmetry constraint was imposed to all the nodes at one side of 

slice, in order to prevent lateral displacement, whereas preliminary analysis indicated that there 

was no need for modelling the vertical guides used in the test lay-out.     

The PA2200 polymeric material was represented by an elastic-perfectly plastic material model, 

with a yield stress of 48 MPa, set according to the material datasheet provided by material 

supplier. A damage was activated at a plastic strain of 10% to model material failures (ductile 

damage initiation criterion [40]). Strain rate dependency was modelled by applying a trial and 



 
18

error procedure, which led to acceptable results by increasing the yield strength and by reducing 

the plastic strain at damage initiation by a factor of 2 at a strain rate of 2 s-1.  The upper surface 

of the frame was modelled as a laminated material constituted by a layer of PA2200, a layer of 

epoxy adhesive, with E=1500 MPa and v=0.3, and a 0.5 mm thick layer of aluminium alloy 

sheet, characterized as in the model of pure foam absorbers.   

The numerical model of the foam-filled frame was developed by introducing the meshes of the 

triangular foam prism in the model of the chiral frame slice, made of hexahedral elements 

(C3D8R [40]), as show in Fig. 9-B. The foam was characterized by using the material model 

calibrated in the previous sub-section and the foam elements were included in the general 

contact among all the external surfaces of the parts constituting the model.    

3.3 Numerical-experimental correlation for absorbers with auxetic frames  

The collapse mode of the chiral frame and of the foam-filled absorber are shown in Fig. 10, 

where the contour of displacement in the horizontal direction x is reported to evaluate the 

contraction of the material obtained due to the auxetic behaviour of the frame. The deformed 

shape of the chiral frame, presented in Fig. 10-A is in good agreement with the experimental 

evidence reported in Fig. 3. Damage developed in the elements at the cusps of the sharply 

buckled ligaments, so that ligament breakage is predicted with an acceptable accuracy. 

Displacements in x direction have positive values at the left side and are negative at the right 

side, thus indicating an evident contraction of the frame. The collapse mode of the foam-filled 

absorber is also in an acceptable agreement with the experimental results, as it can be observed 

by comparing the Fig. 10-B with the Fig. 3. Foam prisms in the model were highly compressed 

by the collapsing ligaments, with the development of gaps where the foam was not able to flow 

in the space created by ligament buckling. The auxetic behaviour is less evident than in the case 

of the unfilled chiral frame, since the foam expansion opposed to the contraction of the frame. 
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Such phenomenon indicates, at the macroscopic level, the presence of an effect of the foam on 

the deformation, and the subsequent collapse, of the frame ligaments.       

 

Figure 10 – Numerical contour of horizontal displacement at 50 mm of indenter displacement: 

(A) chiral frame, (B) foam-filled absorber 

The quantitative numerical-experimental correlation is presented in Fig. 11. Both numerical 

models did not capture the occurrence of the force peaks due to contact of the three centrally 

aligned polygonal nodes, which occurred at 55 mm and 50 mm for the chiral frame and the 

foam-filled absorber, respectively. Such phenomenon, which was described in the discussion 

of the text results in section 2.2, is not completely modelled in the numerical analyses. Indeed, 

in the analysis of the chiral frame, the three nodes lost the alignment in the initial phases of the 

collapse, whereas, in the analysis of the foam-filled absorber, contact occurred without 

producing a peak, since the nodes slid apart during the interaction. Despite such discrepancy, 

the correlation up to 50 mm of indenter displacement is appreciable. The initial ramp followed 

by a plateau in the chiral frame and by a linearly increasing force level in the foam-filled frame 

are captured with a good accuracy. Overall, the results indicate that the modelling approach 
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provided realistic predictions of the response of the chiral frames and the foam-filled chiral 

frames in dynamic indentation and localized impacts.   

 

Figure 11 – Numerical-experimental correlation of force vs. displacement response for 

absorbers with auxetic frames 

4. Numerical studies of absorbers with optimized frame response in plastic 

range 

4.1 Definition of a general objective for optimization of frame behaviour 

The auxetic response of the chiral frame played a fundamental role in the performance of the 

foam-filled element presented in the previous section. The frame deformation opposed to the 

lateral expansion of the foam, despite the progressively increasing volume occupied by the 

penetration of the indenter. A direct consequence is that more material was involved in 

deformation process. Moreover, the auxetic effects helps the local densification of the foam, 

which interacted and supported the frame ligament during collapse, thus resulting in failure 

modes more efficient for energy absorption. 
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It must be observed that, in the application considered, the chiral frame worked mostly in plastic 

range. Moreover, experimental tests and numerical results showed that ligaments were subject 

to the development of plastic hinge and to failures beyond certain strain levels, so that the frame 

locally lost the ability of contraction under indentation. According to such observations, the 

optimization of the auxetic response in the elastic range is not adequate to provide the best 

geometries for the energy absorption performance of a foam-filled chiral frame. A more 

appropriate objective could be the increment of the maximum contraction achievable in plastic 

range, before the occurrence of any failure in the ligaments. Such objective is actually quite 

general and independent of the combination of materials selected for the absorbers and of the 

specific requirements of the application scenario. Indeed, the geometries identified through 

such approach, could be adopted to enhance the performance of a generic foam-filled frame. 

Moreover, such geometries could be scaled, so to fulfil different requirements related to specific 

impact scenarios, such as the maximum allowable force levels, the impact energy, and the 

available crushing depth. Finally, a study regarding auxetic behaviour of chiral structures 

undergoing plastic deformation has never been conducted so far in literature and is retained of 

particular interest to achieve a better insight on the design rules of energy absorbers based on 

auxetic frames.  

Some aspects regarding material selection and the details of chiral geometries were also 

reviewed, considering the experimental results: 

- the 3D printed polymeric material exhibited a remarkable strain rate sensitivity and a 

brittle behaviour at high strain rate; such behaviour is not desirable and would have a 

strong influence on the result of the optimization process, so that a different material 

could be more adequate to perform the optimization process; 
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- the use of thick-walled nodes increased the mass and led to premature load peaks due 

to mutual contact between nodes; a pre-determined thickness is no more needed if an 

optimization process identifies the optimal thickness of the nodes to maximize the 

contraction before failure; 

Accordingly, the optimization process took into account hexachiral frames with circular hollow 

nodes made of Additive Manufactured Titanium alloy, which exhibit a much lower strain rate 

sensitivity and adequate ductility. Indeed, despite the porosity and orthotropy effects of  AM 

process, titanium alloy sheets produced by Addictive Manufacturing technique, such as SLS or 

EBM, may exhibit strain at failure in plastic range up to 7%8% [42]. 

The optimization was based on the non-linear static analysis of the compressive response of a 

7-nodes chiral unit, which was selected to be easily analysed and for the suitability to future 

experimental testing. The unit, with a height H and a width W, is shown in Fig. 12. During the 

analysis, the lateral contraction of the unit was measured by the displacement h, which was 

obtained as the difference of the displacements at the virtual centres of the two lateral nodes. 

The plastic strains developed on all the ligaments were monitored, so that when the maximum 

plastic strain in the unit,  p
max, exceeded a pre-defined allowable,  p

lim, the corresponding 

contraction was stored as Aux-Fail. This made possible the implementation of an optimization 

process aimed to maximize the ratio  Aux-Fail/H, which was considered a significant measure of 

the auxetic effect in plastic range for a given geometry, before the occurrence of any ligament 

failure.  
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Figure 12 – Chiral unit considered for optimization and objective function 

4.2 Parameterized models  

The optimization process was conducted for three values of the height H of the chiral unit shown 

in Figure 12, namely H = 34 mm, H = 68 mm and H = 136 mm. The width of the units, W, was 

set to 5 mm, 10 mm, and 20 mm for the three values of H, respectively. A Matlab® script was 

developed to generate the mesh of the units, by using bi-linear shell elements (Type S4 - [40]). 

Models were characterized by the set of geometrical parameters shown in Fig. 13-A, which also 

included the thickness values of the ligaments and of the nodes. Tapered ligaments were 

considered with the aim to achieve a more uniform distribution of strains during ligament 

deformation and delay failure. From the technological point of view, such tapering could be 

easily produced in additive manufacturing processes.  
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Figure 13 – (A) Design variables in the chiral unit, (B) numerical analysis of a chiral unit with 

low L/R, and (C) numerical analysis of a chiral unit with high L/R 

The design variables in the optimization processes were defined by using or combining the 

geometrical parameters shown in Fig. 13-A and are summarized in Table 2. The ranges 

indicated were adopted for all three optimization processes with different heights H. An 

absolute limit was set to 0.50 mm for the minimum thickness to obtain technologically feasible 

solutions, since such parameter is typically limited in additive manufacturing processes.  

Table 2 – Design variables in the optimization of the chiral unit 

Design Variable Expression Range 

Ligament length to node radius ratio RL  3  10 

Nodal thickness nodest  0.5 mm  3.0 mm 

Ligament thickness ligt  0.5 mm  2.0 mm 

Percentage of tapered zone   100%  LLLT taper  0.0%  40.0% 

Taper ratio liglig ttt  max
 0.0 mm  1.0 mm 
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The models presented in Figure 13-B and Figure 13-C are based on two different meshes 

produced automatically by the Matlab® procedure. 

The motion of the upper and lower nodes of the samples was coupled to the displacement of 

four pins, modelled by beam elements, which are visible in Fig. 13-B. A kinematic coupling 

was introduced among the nodal degrees of freedoms of the pins and those of the finite elements 

belonging to the chiral nodes, which were allowed to rotate freely about the pin axes but were 

forced to follow the axis translation. A downward displacement was imposed to the axes of the 

upper pins, while the lower ones were kept fixed in the vertical direction. Horizontal 

displacements were kept fixed for all the pin axes. All shell elements were described by a 

thickness according to the parameters given in Table 2. An isotropic elastic-plastic material 

model was used, with a Young Modulus of 105 GPa and a Poisson’s ratio of 0.3. The yield 

stress was set 768.1 MPa and the ultimate engineering stress was set at 854.6 MPa, at a total 

strain of 7.60%. Such values are representative of a Titanium Al6V4 alloy, produced by 3D 

printing [43]. A true stress – true strain curve was defined under the assumption of a Poisson’s 

ratio of 0.5 in plastic range to properly characterize the material for non-linear analyses. 

Non-linear analyses were performed by Simulia/Abaqus Standard code, by imposing a final 

downward vertical displacement equal to 20% of the initial height. Results were post-processed 

to monitor the plastic strain in the ligaments and to identify the horizontal contraction Aux-Fail.  

A convergence study was performed to check the reliability of the stress field, and meshes with 

more than 50 elements along each ligament were considered adequate. After preliminary 

analyses, a contact interaction was set among the surfaces of the ligaments and the nodes, to 

avoid interpenetrations in compression. 
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The models presented in Figure 13-B and Figure 13-C are representative of units with low and 

high L/R ratios, respectively. The contour of plastic strain in Fig. 13-B indicates that, with low 

L/R, plastic hinges tend to develop at the end of the ligaments, close to the nodes, whereas units 

with high L/R  tend to fail by developing plastic hinges in the middle of the ligaments, as 

presented in Fig. 13-C.  

Preliminary analyses revealed the validity of a scaling law for the responses of the chiral units 

in the linear and non-linear range. The curves reported in Fig. 14-A are referred to chiral units 

with L/R = 5.0, fixed ratios between ligaments length and ligaments and nodal thickness (L/tlig
 

= 30,  L/tnodes = 20), and no tapering, but with different heights. Responses were characterized 

by a yielding, followed by a peak and a subsequent softening regime, until a contact between 

the buckled ligaments and the nodes was achieved, towards the end of the analyses. If the forces 

are normalized with respect to a reference area given by HW and the displacements are 

normalized with respect to H, the curves can be perfectly superimposed, as shown in Fig. 14-

B. Moreover, the normalized performance index, Aux-Fail/H, were identical for all the three 

curves. Thanks to the scaling law, performing the optimization processes for different height 

could have been considered redundant, but the technological absolute limit set on the minimum 

thickness achievable by additive manufacturing process actually led to different optimal 

solutions for units having different dimensions.  
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Figure 14 – (A) Force-displacement numerical response of chiral unit with different heights 

and (B) normalized responses 

3.3 Implementation of the process and results       

The Optimax software package developed at University of Maribor [44] was used to implement 

the optimization process. A genetic algorithm was adopted, with control parameters that were 

adjusted by means of preliminary trials performed on a unit with H=68 mm, which converged 

towards a solution that maximized Aux-Fail after 12 generations. The control parameters adopted 

to obtain the results presented in this sub-section are indicated in Table 3.   

Table 3 – Control parameters of genetic algorithm 

Parameter Value 

Population 50 

Number of generation 30 

Crossover rate 0.8 

Mutation rate 0.05 

Elitism Implemented 
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The samples generated during the optimization process were used to create response surfaces, 

by using the Delaunay triangulation and natural neighbour interpolation method provided in 

Matlab® code.  

The section of the response surface for the unit with H=34 mm and reported in Fig.15-A shows 

that the Aux Fail /H index is maximized in a region with L/R = 34 and a tapered zone extended 

for 10% of the ligament. The influence of ligament thickness is significant, as shown in the 

results reported in Fig. 15-B, and optimal solution was actually found on the frontier of the 

variability range for the L/tlig ratio, at L/tlig.  25. Hence, the limit to the minimum value of tlig, 

set to 0.5 for technological reasons, played an important role in the optimization process. This 

is confirmed by the results obtained for the unit with H = 68 mm, which are shown in Fig. 16. 

Indeed, the optimal values of L/R are close to the previous ones and the optimal solution is 

again at the frontier of L/tlig ratio range. For this case, the optimal L/tlig is about 50 and the 

maximum value of objective function is higher than that of the cell with H = 34 mm. In the 

optimization process with H = 136 mm, the optimal solution was found inside the design space, 

as shown in Fig. 17. The optimal tapering parameter remained unchanged to about 10%, while 

the L/R ratio was close to 5. An optimal L/tlig ratio of 110 was found, corresponding to a tlig = 

0.54 mm.  
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Figure 15 – Sections of  response surfaces for the chiral unit with H=34 mm: (A) in the T%-L/R 

plane, (B) in the L/tlig-L/R plane  

 

Figure 16 - Sections of  response surfaces for the chiral unit with H=68 mm: (A) in the T%-L/R 

plane, (B) in the L/tlig-L/R plane 

 

Figure 17 - Sections of  response surfaces for the chiral unit with H=68 mm: (A) in the T%-L/R 

plane, (B) in the L/tlig-L/R plane 

The average values of parameters identified in the last generation of the genetic algorithm are 

reported in Table 4. Overall, it can be observed that a high L/tlig ratio is required to delay the 

ligament failure, so to maximize the contraction capability of the chiral frame. Sensitivity 
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analyses do not reveal a large influence of the tnodes parameter, after a certain threshold. 

Therefore, maximum contractions can be achieved with relatively thin nodal thickness, thus 

allowing a significant weight saving. Thickening of the ligament thickness at the end is 

desirable for about 10% of the length. However, such indication is likely to be influenced by 

the local solution of the shell model at the intersection between nodes and ligaments, which 

cannot be considered totally reliable.  

For the specific material selected, optimized units may achieve a contraction in plastic range 

between 10% and 26% of the initial height, without exceeding the failure limit. The gain with 

respect to a randomly selected configuration can be as high as 300%.  

Table 4 – Optimized parameters and optimal results obtained by the genetic algorithm  

H (mm) RL  ligtL  nodest  (mm) ligt  (mm) %T  (%) t (mm) HFailAux  

34 3.68 26.0 2.63 0.51 9.5 0.11 0.116 

68 3.57 51.3 1.19 0.51 7.5 0.11 0.189 

136 4.89 110.8 2.04 0.54 11.5 0.88 0.269 

 

3.4 Numerical simulation of foam-filled metallic chiral frames with enhanced geometries         

The optimization performed proved that it is possible to improve the capability of an auxetic 

frame to contract in plastic range, thus contributing to densification of the material under the 

indentation. This represents a first step in the design of an optimised absorber based on the 

combination of an auxetic frame combined with an energy absorbing filler, although 

configurations should be optimized for each specific impact scenario. Moreover, the optimal 
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combination of materials for the filler and the frame must be defined, carefully considering 

properties of available materials and the limits of technological processes. 

Despite such limitations, the research presented in this paper enabled a numerical evaluation of 

the performance obtained by applying titanium alloy frames, based on the geometries identified 

in the previous optimisation study, filled by the visco-elastic polyurethane foam considered in 

the experimental tests. Results provided an evaluation of the possible advantages that can be 

achieved by the filler material, even if its mechanical properties are much lower than those of 

the frame material.  

A numerical model of a one-element wide stripe of a foam-filled frame was built in Abaqus 

software based on an optimised cell geometry determined in previous chapter. The numerical 

model and boundary conditions are shown in Fig. 18. Bi-linear quadrangular shell elements 

with a reduced integration scheme (S4R, [40]) with a typical size of 0.8 mm were used for the 

frame, while three-linear hexahedral elements with reduced integration scheme (C3D8R, [40]) 

and a size of about 1 mm were used for the foam discretization. The Z-symmetry boundary 

conditions were applied to the front face of the absorber, while kinematic coupling [40] 

constraint was prescribed to the transversal translations of the nodes on the back face of the 

absorber. Coupling ensured that the absorber’s frame and foam inserts expand or contract 

identically in transversal direction, which guaranteed that the absorber remained planar without 

enforcing a plane strain conditions. This avoided irregular behaviour of the foam and of the 

contact interactions. General contact interaction with a friction coefficient of 0.2 was used for 

all the analysed cases [41].  
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Figure 18 – Geometry of crash absorber (A) and boundary conditions of numerical model (B) 

Titanium alloy was used as a material model for the auxetic frame as was used in the 

optimisation procedure and for the foam inserts the same material parameters as presented in 

Section 3.1 were used. 

The results of numerical simulations are shown in Fig. 19, where the influence of the foam filler 

can be observed. The initial peak force and general force levels are larger in the case of the 

foam-filled crush absorber. Response is characterized by a series of force drops, occurring at 

different displacements for the two absorbers types, which will be further analysed later. 

 

Figure 19 – Comparison of mechanical responses of Ti frame and Ti foam-filled frame 
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The deformation behaviour of the crash absorber is shown in Fig. 20, where the deformation of 

Ti frame and foam-filled Ti frame is shown at increasing displacements. The analysis of the 

crushing mechanism indicates the reason for the recorded force drops after the peaks labelled 

in Fig. 19. Recorded force drops are a consequence of the ligament buckling that are marked in 

Fig. 20. 

 

Figure 20 – Analysis of the force drops in Ti frame (A) and Ti foam-filled frame (B) 

In this case, the differences between the deformation of the ligaments between the two types of 

absorbers are not so evident as in the polymeric frame cases, since the foam could provide an 

adequate supporting force to prevent complete buckling of titanium ligaments. However, the 

force vs. displacement response in Fig. 19 shows that ligament buckling in the foam-filled frame 

occurred at generally higher and much more uniform force levels than in the case without the 

foam. 

The results of the energy absorption performance of the titanium crash absorber (extrapolated 

to a 25 mm wide absorber) were calculated with the same procedure as described in the section 

2.2 (Table 1) and are shown in Table 5. The density of the titanium alloy frame equals to 
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737.9 Kg/m3, whereas the addition of the foam increased the density to the value of 

806.4 kg/m3.  

The energy absorption was evaluated at 50 mm of indentation and the specific energy 

absorption was based on the volume of material that was displaced by the cylindrical impactor. 

Results indicate that the foam-filled frame provided an increment of absorbed energy and 

specific energy of 50 % and 37 %, respectively, compared to the frame alone. The difference 

in energy absorption performance between the frame and the foam-filled frame is lower than in 

the case of polymeric frames in dynamic conditions. This can be explained by considering the 

much lower absolute energy absorbing capability of the foam with respect to the titanium. 

Accordingly, the densification of the foam cannot provide a significant increment of absorbed 

energy. However, the presence of the foam led to an increase of energy absorption performance 

that is higher than that of the polymeric frame in static condition. Such effect is to be attributed 

to the supporting effect of the foam, which can be particularly significant when the foam is in 

the densification state. 

It should also be observed that the application of the titanium material and of the optimized 

geometry led to an increase of the SEA values with respect to the original polymeric frame. The 

increase equals to 212% for the chiral frame alone and to 67% in the case of the frame filled by 

the identical polymeric foam in the same dynamic conditions.   

Table 5 – Energy absorption performance of Ti absorber tested at an indentation of 50 mm 

 v Chiral Frame Foam-filled frame energy  SEA  

(mm/s) E (J) SEA (J/kg) E (J) SEA (J/kg) (%) (%) 

500 151.7 2094.1 227.6 2874.8 50.02 37.28 
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5. Conclusions  

Experiments carried out on the polymeric frames showed that auxetic frames based on chiral 

topologies and energy absorbing foams can be combined to obtain enhanced energy absorption 

performances in the case of localized impact. The chiral frame helps by densifying the energy 

absorbing medium close to the contact zones, whereas the foam provides a supporting effect to 

the ligament of the frame, thus improving its specific energy absorption capability. These 

findings were confirmed both by indentation tests at different speeds and by the analysis of the 

numerical models, validated against the experimental results. 

The developed numerical approach can be considered as a valid tool to predict the response of 

the foam-filled auxetic frame under impact and indentation conditions. However, the 

identification of optimal configuration depends on the specific impact scenario considered and 

must take into account the possibility offered by available materials and technologies in order 

to determine the best combination between the frame and the filler materials. A first attempt 

towards the definition of configurations that could be considered of general validity was carried 

out by optimizing the capability of an auxetic metallic frame to contract under compression 

without exhibiting localized failure. The results of the optimization outlined the importance of 

technological limitations regarding the thickness of the ligament walls, confirmed the validity 

of scaling laws to evaluate the forces, the compressive displacements and the contractions at 

failure for differently sized chiral topologies, and indicated the possible advantages coming 

from the adoption of tapered ligaments. An optimized geometry was adopted to evaluate 

numerically the energy absorption performance of a Titanium frame filled by a polymeric foam, 

by adopting the numerical procedure previously validated. Results confirm the enhancement 

that can be achieved by the supporting effect of the foam even if, in this case, the titanium 

ligaments buckled at much higher loads than in the case of the polymeric frame.  
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These results are promising for the further development of the foam-filled auxetic frames and 

indicates the importance of choosing an optimal combination of frame and foam material. In 

particular, the research activity points out that innovative energy absorbers, optimized for 

localized scenarios, could be manufactured by exploiting the possibility offered by the new 

manufacturing processes. Indeed, additive manufacturing techniques could be used to produce 

auxetic frames with complex and even graded geometries that could be filled to increase both 

the force levels required for the frame collapse and the amount of filler material involved in the 

indentation. 
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