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Abstract: This paper presents an experimental study on impact behaviour and plastic evolution of chiral
structure subjected to in-plane impact loading using a Split Hopkinson pressure bar (SHPB). The finite element
(FE) model developed in ABAQUS/Explicit was validated and utilized for parametric study, and further
developed as an extension of experimental work. The impact scenarios from both structure itself and external
input are considered, including relative density, topology parameter r/R and initial impact energy. Results
indicate that chiral structure exhibits three critical failure modes corresponding to various impact velocities
ranging from 5 m/s to 50 m/s. Interestingly, chiral structure occurs with two densification stages induced by
ligaments-dominated and nodes-dominated crushing deformation, respectively, proving the capability of
independent energy management mechanism. Increasing the value of relative density from 0.19 to 0.39
contributes to a maximum of 250% increase in the specific energy absorption (SEA). Although increasing the
value of r/R from 0.04 to 0.2 can dramatically decrease Poisson’s ratio (PR) from 0.07 to -0.63 (significant
negative PR), high strain-rate dependence of PR is also observed. In addition, the impact displacement is mostly
influenced by initial impact energy but not by impact velocity and mass. The obtained results of this study
provide a new insight into the impact performance of chiral structure, which contributes to the optimal design
of auxetic crashworthiness system.
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1. Introduction

Lightweight cellular structures have been widely used for structural protection against impact or blast loads
benefiting from the excellent energy absorption capabilities and high strength-to-weight ratio. The energy
absorption mechanism of these lightweight structures such as honeycombs, foams and lattice structures
usually attribute to the progressive crushing failure of the thin wall or the ligaments. Among various
lightweight cellular structures, conventional honeycomb structures are widely used as core components in
composites constructions for a variety of industrial applications such as in the automotive industry, aerospace
industry and marine industry. At length, a sufficient number of studies on the in-plane compressive behaviours
[1-8] and the out-of-plane compressive behaviours [9-18] of hexagonal honeycomb structures have been
investigated considering both quasi-static and dynamic scenarios. By conveniently changing the geometry
shape of honeycomb unit cells, e.g., tuning the interior angles of hexagonal honeycomb to be concave, re-
entrant auxetic honeycomb can be obtained with unique deformation feature characterised by negative
Poisson’s ratio (NPR) [19-21]. This particular structural behaviour can result in unique deformation modes and
energy absorption mechanisms from convention hexagonal honeycombs, and thus provide opportunities to
change structural mechanical properties by just changing the cell microstructures [22]. In the last decades, the



NPR materials have attracted much attention in the research field of impact and blast resistance.

Materials exhibiting unexpected and counter-intuitive NPR characteristics, also known as ‘auxetic
materials’ or ‘auxetics’ termed by Evans et al. [23], are capable of shrinking in the transverse directions when
compressed in the longitudinal direction. Similarly, when they are stretched in the longitudinal direction, they
expand in the perpendicular width-wise directions. It is known that isotropic materials satisfy the relationship:
G = 3K(1-2v)/[(2(1+v))], where G is shear modulus, K is bulk modulus. Hence, 1+v > 0 as v - -1, it is known that
the typical deformation behaviour of NPR materials will trigger enhanced shear modulus compared to non-NPR
materials. As we also know that the indentation resistance of isotropic materials improves proportionally with
the increasing ratio of materials’ Young’s modulus E to 1-u? [24], the materials with NPR in the range of -1 < v <
-1/2 will possess enhanced indentation resistance compared to non-NPR materials when they have the same
value of E [25]. Additional merits have also been observed in NPR materials such as fracture toughness,
synclastic curvature, crushing energy absorption, wave guidance, deploy-ability, thermo-auxeticity and
mechanical impedance [26-33]. Owing to the unique deformation features and great mechanical potential, a
number of applications would include, e.g., sports protective equipment, biomedical devices, fasteners, nails
and rivets, smart filters and sensors, auxetic cushion seats and protective textiles based on the concept of
auxetic materials have sprung up in the past couple of years, even though some of these are proposed
tentatively. Literature review [34-42] on auxetic materials has been sufficiently carried out witnessing the
development of auxetics over the past twenty years. However, a large amount of literature has been published
on the studies of elastic mechanical properties [43-45] of auxetic materials under static and dynamic loading.

The auxetic materials profiting from the counter-intuitive deformation law has also been demonstrated
that it can contribute to improved performance in energy absorption against compressive loading, for example,
in impact and blast scenarios. The re-entrant auxetics in both 2D and 3D configurations are the most discussed
NPR materials used in structural protection to date. Liu et al. [26] numerically conducted a comparative study
between conventional hexagonal and re-entrant honeycomb in terms of deformation mechanism, impact force
and energy absorption capacity. It was found that the NPR effect contributed to more plastic energy dissipation
but resulted in higher impact stress. Imbalzano et al. [46] carried out a numerical investigation on the blast
resistance of sandwich panels with auxetic cores. It was noticed that auxetic composite panels were more
effective in impulsive energy absorption, displacement and velocity attenuation of the back facets in
comparison with the monolithic ones. Wu et al. [47] proposed a graded design of re-entrant structures which
could exhibit enhanced energy absorption under both low-speed and high-speed impact. Logakannan et al. [48]
investigated the dynamic crushing of a 3D re-entrant structure by both experimental and numerical methods,
and it was found that the specific energy absorption (SEA) of which was not superior compared with other
cellular materials such as foams and honeycombs although the density was tunable over a wide range.
Experimental and numerical investigations on foam-filled re-entrant cellular structures were conducted by Yu
et al. [49], and the benefits such as higher specific energy absorption and possible reversible deformation were
obtained. In addition, the energy absorption capacity of other auxetic structures such as helical yarns[50],
arrowhead honeycomb [5, 51] and auxetic foam [52-54] has also been less studied. Since the above studies are
among the first on topic of structural crashworthiness assessment, a limited number of auxetic structures have
been covered. Hence, there is insufficient data to develop a comprehensive understanding of the effectiveness
of NPR merits in practical application. Meanwhile, although auxetics have drawn a lot of attention in academia
and business, and much efforts have been made aiming to invigorate the application of auxetics, finding
solutions to the technical issues such as the improvement of mechanical strength, reliable repetitive and batch
manufacturing are still the challenges faced by the researchers in pursuing the practical application of auxetics.

Chiral auxetic structures exists an NPR effect undergoing in-plane deformation, which was first
implemented by Lakes et al. [55] in 1991. The in-plane layout of the chiral structure depends on the key



geometric parameters of the nodes and ligaments, as shown in Fig. 1. Every six ligaments of length L are
tangentially attached to one node of radius r. The distance between adjacent nodes is R. The wall thickness of
nodes and ligaments is t, and t, respectively. The angle between adjacent ligaments and the angle between
tangential line and node centre line is 28 and 8. The in-plane and out-of-plane mechanical properties of chiral
lattices in the elastic range have been elaborated systematically by Spadoni et al. [56-58]. The elastic constants
of structures in chiral family including uniaxial stiffness, Poisson’s ratio, shear modulus and buckling strength
have also been measured by other researchers [43, 44, 59-64]. Gao and Zhang [65] performed the first
numerical and theoretical study on the in-plane impact performance of chiral structure, and the research
findings indicated that chiral lattices dissipated plastic strain energy in two stages: ligaments buckling and
nodes buckling under the low-speed impact. This merit of unique energy storage mechanism motives us to
design a crashworthiness system in which one part of the structure experiences irreversible plastic
deformations in the wake of impact while the other part can still remain intact. However, to the authors’
knowledge, comprehensive experimental study and further discussion on the plastic energy management of
chiral structure at different stages are not reached.

To this end, this study aims to investigate the impact behaviour, failure mode and energy absorption
mechanism of chiral auxetic structure by both experiments and numerical simulations. The experimental work
is implemented with the aid of Split-Hopkinson pressure bar (SHPB) and Digital Image Correlation (DIC)
technique. This could capture the deformation process and strain evolution of specimen under impact loading.
In order to reduce the boundary effect in the experiments and prepare for the parametric study, a finite
element (FE) model was developed by means of commercial FE analysis software ABAQUS 6.14-4 (SIMULIA™ by
Dassault Systemes®) and validated against the dynamic test results in terms of force histories. Subsequently,

the validated FE model was used to explore the effects of relative density (,; ), topology parameter r/R, initial

impact velocity (v;) and initial impact mass (m) on the crashworthiness parameters of chiral structure such as
specific energy absorption (SEA), crush force efficiency (CFE), cushion factor (CF) and Poisson’s ratio (PR). The
obtained results could offer insights into the appropriate design of crashworthiness system using chiral
structures.

Fig. 1. Geometric parameters of chiral unit cell.

2. Experimental program

In this section, the design of experimental tests for auxetic structures will be described in terms of dynamic
compression test. Moreover, the capability of the ABAQUS/Explicit models to accurately simulate the impact
behaviour of auxetic structures undergoing compressive loads will be assessed against the experimental
results.



2.1. Materials and specimen preparation

The specimens have been obtained by cutting cylinders and equilateral triangular prism from the
aluminium alloy panel using an ultra-high pressure water-jet machine. The aluminium alloy is labelled as A5052
and has the Young’s modulus of 70 GPa, Poisson’s ratio of 0.3, yield stress of 130 MPa and density of 2.7 g/cm?3
(as presented in Table 1). All the specimens with a dimension of 70 mm x 70 mm in the plane and 30 mm in
depth were made for dynamic crushing tests. To prepare the digital image correlation (DIC) specimens, the
surface of specimens for dynamic testing was processed by spraying black paint on the white painted surface to
obtain the random speckles. It should be noted that the specimens loaded in the present experiments just
represent one of the collapse mechanisms possibly exhibited for the chiral structure under in-plane impact
because of the limitation of specimen size from the available experimental condition. The radius r and distance
R between the two circle centres of adjacent nodes were 5 mm and 25 mm, respectively, as shown in Fig. 2.
The ligaments and nodes of the designed specimens were taking the same thickness of t;=t,=4 mm. According
to designated geometric topology, the relative density of the used chiral structure was obtained to be
£ =0.83. It should also be underlined that this magnitude of relative density p cannot guarantee a fully

bending deformation mechanism of the ligaments conformed to the theoretical model proposed by Prall and
Lakes [55]. The effect of relative density p© on the mechanical response and energy absorption of the chiral

structure in in-plane direction has also been discussed in this paper.
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Fig. 2. Specimens used for dynamic tests. a) Key parameters of chiral structure, where r=5mm, R=25mm, t,; =
t, =4 mm. b) Speckle pattern for DIC.

2.2. Test method

The DI-HPB (Direct impact Hopkinson pressure bar) dynamic tests have been carried out to obtain the
failure modes and assess the crashworthiness of chiral structure. The experimental data will also be used to
validate the numerical model developed in the following section.
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Fig. 3. Setup for dynamic DI-HPB tests.

Crashworthiness assessment of chiral structure under dynamic loading has been conducted with the aid of
the Split Hopkinson Pressure Bar (SHPB) apparatus which consists of five major components (i.e., see the image
in Fig. 3): loading system (a gas gun equipped commonly), incident bar, data acquisition system, laser speed
device and high-speed camera. Then, the DI-HPB test is implemented using traditional SHPB apparatus, but the
specimens are attached directly on the top surface of the incident bar instead of sandwiching the specimens
between the incident bar and transmission bar. The projectile will strike the specimens directly. The strain
gauge installed on the incident bar will record the stress variations and assist in investigating the cushioning
effect of the attached chiral structures. Fig. 4 shows the customised DI-HPB for the present study which has a
projectile of 2 m in length, an incident bar of 6 m in length, a transmission bar of 6 m in length, and all the
three cylindrical bars share the same size of the diameter of 100 mm in length. The specimen was attached to
the frontal surface of the incident bar which is 110 mm far from the gas tube. The projectile and bars of DI-HPB
are made of high strength alloy steel labelled 42CrMo which has the density and the elastic modulus of 7850
kg/m?3 and 210 GPa (as listed in Table 1), respectively.

150 mm
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: ;
I 1
| | L
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Fig. 4. Components and configuration of DI-HPB apparatus.

Table 1 Material properties used in DI-HPB test.



. Projectile & Bars
. ) Chiral Structure
Material properties

(5052 Aluminium) (42CrMo Steel)
Young’s modulus, E (GPa) 70 210
Poisson’s Ratio, v 0.3 0.3
Yield strength, o, (MPa) 130 -
Density, p (g/cm3) 2.7 7.85

The Wheatstone bridge has been used to measure the output voltage induced by the resistance changes of
the 120 Q strain gauge positioned 150 mm from the frontal surface of the incident bar. The incident bar and
transmission bar were disconnected, and there is a space of 200 mm length between these two bars. The
projectile, propelled by a gas gun, struck the specimens with velocities of v,=2.36 m/s and v, = 8.43 m/s. The
present range of velocities represents the low-speed and high-speed impact, respectively. Laser speed device
was used to measure the speed of the projectile in each test.

In order to capture the full course of dynamic crushing, the digital imaging correlation (DIC) technique was
applied to obtain the strain fields through analysing the photos which were recorded using a high-speed
camera (Phantom v2511) which was kept at a sample rate of 68,000 fps. Meanwhile, the speed of projectile
before the contact with the specimen and the speed of the incident bar after the impact can also be obtained
by taking photos. The blue lights have also been used to help get higher-resolution data and lower noise.

Then, the impact characteristics of chiral structures subjected to low-speed and high-speed strike were
investigated by DI-HPB tests so as to evaluate how the presence of a chiral lattice structure mitigates the
impact stress imposed on the protected structure (the incident bar referred in the present study). The
experiments were also mimicked by numerical models. First, the DI-HPB tests were carried out in the absence
of the chiral lattice structure attached at the surface of the incident bar, and two impact velocities of
approximate 2.36 m/s and 8.43 m/s were considered in order to estimate the influences of partial deformation
and full compression of the chiral structures on the impact response of the protected structures.

3. FE modelling

In order to ease the boundary effect and effectively identify the possibly different failure modes and
deformation shapes of the chiral structures under impact loading, the chiral structures with the same ratio of L
to R and the value of R as the specimen used in the experimental tests but with a larger in-plane dimension of
200 mm x 200 mm and an out-of-plane depth of 1 mm has been modelled. The ABAQUS/Explicit FE model
setup for the in-plane compression of the chiral structure is shown in Fig. 5.
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Fig. 5. Boundary condition for FE modelling of chiral structure under in-plane compression.

3.1. Material model and element selections

In this study, the elastic perfectly plastic material constitutive model was applied to emulate the aluminium
alloy based chiral structure (details as listed in Table 1). This assumption has been proven to be reasonable in
the simulation of impact behaviour of thin-wall aluminium structures such as hexagonal honeycombs [66],
arrowhead honeycombs [5] and re-entrant honeycombs [26]. Although deformation modes of honeycomb
structures are sensitive to impact velocity, the aluminium alloys itself have no obvious strain-rate effect under
impact loads.

The chiral structures were modelled using solid elements of 6-nodes linear triangular prism (C3D6) and
92.4% 8-nodes linear brick (C3D8R) with reduced integration and default hourglass control algorithm. The rigid
walls were modelled using shell elements of S4R. The FE model was meshed with a global element size control.
The basic principle of designating the side length is to ensure that at least three layers of solid elements were
distributed along the thickness of ligaments and nodes.

3.2. Boundary conditions and contact algorithm

The top rigid wall was fixed at all six degrees of freedom (DoFs). The bottom rigid wall was constrained at
the reference node which was allowed to travel only along the Y+ direction. The chiral structure was fixed at all
nodes, including all translational and rotational DoFs in the out-of-plane direction. To avoid the initial
penetration, the initial distance between chiral structure and top rigid wall and bottom rigid wall is assigned to
be 0.05 and 0.15 mm, respectively.

Abaqus/Explicit provides two algorithms for simulating contact interactions among different parts in the
numerical model i.e., the general contact algorithm and the contact pair algorithm [67]. The general contact
algorithm, the default self-contact algorithm in ABAQUS/Explicit, was used in this study to automatically
include all the possible contact interactions during the impact processes. In this algorithm, the penalty contact
formulation was the enforced to introduce contact constraints between surfaces. The penalty stiffness
enforcing a “hard” contact option was chosen automatically by the code. The coulomb friction model was used



to account for the frictional forces between contacting surfaces with a friction coefficient of 0.25.

3.3. Model validation
3.3.1. Size effect

In order to obtain a proper dimension of the FE model using the minimum number of the solid elements,
the convergence analysis of the model size was conducted in terms of the crushing plateau stress. The plateau
stress was calculated from the 10%-20% crushing strain of the chiral structures with the various structural
dimensions ranging from 50 x 50 mm to 300 x 300 mm. These dimensions also represented the maximum
possible number of unit cells 3 and 13 in both the width and height directions. Fig. 6 shows the relative error of
the plateau stress corresponding to different dimensions and different number of unit cells of the FE models.
The result shows that the relative error of the chiral structure model with the dimension of 200 x 200 mm (9 x
9 unit cells) can be controlled in 5%. And this sufficient large dimension of the chiral structure model was
allowed to include all the deformation modes at different crushing strain.

5%- —
0% -7
-10%-
-15%+
-20%-
25%]/
-30% d———————————————
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Fig. 6. Plateau stress of chiral structure with various numbers of unit cells.

3.3.2. Comparison with experimental results

To assess the capability of the ABAQUS/Explicit models in dynamic testing, the same impact process in the
DI-HPB tests was simulated to obtain the whole deformation process of chiral structures at different levels of
strain rates. Although the dimension of FE model in Fig. 5 is different from the specimen in the DI-HPB test, the
same simulation methodology (element types and boundary conditions for chiral structure, principle for mesh
generation and contact algorithm) as in Sections 3.1 and 3.2 was applied here. Fig. 7 shows the detailed
numerical model setup in the DI-HPB experimental test. The impactor and incident bar were meshed well with
pure hexahedral elements C3D8R. The element size for the solid part was approximate 1.3 mm of side length to
ensure that at least three layers of solid elements were distributed along the thickness of ligaments and nodes.
With such an FE mesh control, the discretisation of the 3D FE model resulted in 83,507 solid elements. No
plastic behaviour was included in the material model for the projectile and bars because they did not show any
sign of deformation during the impact test. The strain-rate sensitivity of the aluminium alloy chiral structures
was also neglected in the current paper, which has been proven to be reasonable in most cases [68, 69]. To
avoid the initial penetration between the chiral structure and steel bars, the initial distance between these
parts is assigned to be 0.1 mm. The projectile struck the chiral structure sample with an initial velocity of v, up
to the cease of the simulation, then the stress histories of the assigned element on the incident bar can be
obtained.
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Fig. 7. Schematic diagram of FE model of chiral structure for DI-HPB tests.

In the initial DI-HPB test, the initial contact velocity between the projectile and the chiral structure was
2.36 m/s. The comparison of stress history between the numerical simulation and the experimental test is
shown in Fig. 8a. It can be seen that the results from these two methods are very close. The relatively large
difference at the initial yield stress at the time of about 0.16 ms may be caused by the initial unstable contact
duration from the experimental test. Then, increase the initial velocity of the projectile to the magnitude of
8.43 m/s, Fig. 8b still shows a good agreement between the numerical simulated and experimental recorded
stress histories. From the comparison between experimental and simulated results, it can be concluded that
the control parameters employed in the creation of the present FE model is correct. The ABAQUS/Explicit
model used in the present study has sufficient capability to predict the impact response of the chiral structures.
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Fig. 8. Comparison of stress histories between numerical simulation and experimental test. a) Initial impact
velocity of 2.36 m/s for projectile. b) Initial impact velocity of 8.43 m/s for projectile.

4. Results and discussion

4.1. Plastic evolution and energy absorption of chiral structure in dynamic test

Fig. 9a shows the in-plane deformation process of the specimen in DI-HPB test under the impact speed of
2.36 m/s. The strain evolution was presented by the photographic recordings characterised by DIC technique.
This plastic evolution of chiral structure was also captured by FE simulations, as shown in Fig. 9b. The three
major marked time points respectively representing the initial peak stress (mark ), plummet stress (mark )
and ultimate stress (mark @) in Fig. 8a were chosen to keep track of the failure status. It can be seen from both



the experimental and simulated results that the plastic strain initiates from the ligaments along the impact
direction. Then the plastic strain was further developed and formed a fully plastic zone at some ligaments. As
the insufficient kinetic energy of the projectile at current speed, the ultimate crushing strain was about 6.8%.
As for the impact speed of 8.43 m/s, the similar plastic evolution characteristics were observed in Fig. 10
corresponding to the marked time points at mark @), mark ®), mark © and mark © on Fig. 8b. However, the
obvious crushing failure of the nodes was observed due to the large impact energy. And the eventual crushing
strain of the specimen reached about 45%. It should be noted that it failed to calculate the strain contour using
DIC method under the high-speed impact due to the overlap speckles. Meanwhile, the obvious negative
Poisson's ratio behaviours in the present DI-HPB impact tests were unexpected as the high relative density and
small dimension of the chiral structure.

It is noticed from the stress histories at v, = 2.36 m/s that they experience a plummet before the stress
decrease. The similar phenomenon has also been observed at the impact speed of v, = 8.43 m/s. However, the
stress histories include two unloading/loading processes. This can be explained by the fully plastic deformation
at the ligaments. Due to the increase of stress, the displacement of incident bar increased more rapidly along Z-
direction with the forming of a fully plastic zone at the plummet, as shown in Fig. 8.
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Fig. 9. Deformation process of chiral structure under initial impact speed of 2.56 m/s in DI-HPB tests. a) (Top)
Experimental strain contour plot using DIC method. b) (Bottom) Analysis results (plastic strain) by numerical
simulations, and corresponding to marked time point in Fig. 6.
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Fig. 11 plots the stress histories of the incident bar in the absence of the samples corresponding to the
impact speed of 2.36 m/s and 8.43 m/s, respectively. Compared to the stress histories in Fig. 8, the
participation of the chiral lattice structures can significantly attenuate the stress levels developed along the

incident bar.
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Fig. 11. Experimental stress histories of incident bar in absence of chiral structure.



4.2. Failure mechanism

As a matter of fact, the chiral auxetic structures in the above experimental tests just indicatively represents
the dynamic compression behaviour because of the finite number of unit cells along the width and height
direction of the specimen. In this section, the failure mechanism of the chiral structures has been investigated
by the FE simulations.

Initially, the chiral structure with a wall thickness of t; = t, = 1mm was loaded by the rigid wall, the impact
velocities of which varied from 5 m/s to 50 m/s. The present range of velocities was determined referring to a

normalised velocity ¥ which is defined as ¥ =V / (c,&, ), where ¢, = (E / p)*° represents the elastic wave

speed in the constituent material and &, = oy / E [70]. In the present study, ' varied between 0.53 and 5.3

considering both low-speed impact (17 < 1) and high-speed impact (17 > 1). Three dominated deformation
modes corresponding to impact velocities of 5 m/s, 25 m/s and 50 m/s were observed, as shown in Fig. 12.
Although aluminium alloys have no obvious strain rate effect under impact loads, deformation modes of
cellular structures are sensitive to impact velocities. As for the chiral structure with a relative density of

p ~0.19, the shrinkage was initiated from the buckling of ligaments near the distal when subjected to a

relatively low-speed impact such as v, = 5 m/s. Almost all the ligament parts in the vicinity of the joints entered
the plastic deformation region at the crushing strain of € = 10%. The ligaments winded around the nodes that
they attached and caused their rotational motion. As the compression strain reached to 50%, almost all the
ligaments buckled, and each space formed by the three adjacent ligaments was squeezed to maximise the NPR
effect. Afterwards, the compressive deformation of nodes dominated the crushing processes. When the impact
velocity was increased to 25 m/s, the failure of chiral structure developed from the impact end (proximal end)
with the buckling of nodes at the first row and the ligaments attached to nodes. Then, the further compression
ushered the lateral shrinkage of the chiral structure from the proximal end to the distal end, which was
induced by the rolling of ligaments around the nodes. Similarly, the shrinkage process ceased when the
deformation mode of chiral structure transferred to pure nodes crushing deformation. Continually increasing
the impact speed to 50 m/s, the crushing processes obviously involved both ligaments failure and nodes failure
at the very beginning of the impact near the proximal end. The localised impact deformation suppressed part
of the complete rolling process of the ligaments around the nodes especially these close to the impact end. In
contrast to the global plastic failure mechanism of the chiral structures subjected to low-speed impact loading,
the local plastic failure dominates the entire crushing deformation.
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Fig. 12. Crushing deformation and initial failure mode with plastic strain contour plot of chiral structure
corresponding to impact speed of 5 m/s, 25 m/s and 50 m/s.

Fig. 13 plots the impact force of the chiral structures under a certain crushing velocity as a function of
strain. It can be seen that the crushing forces generated by the motion of the rigid wall against the chiral
structure tend to present a positive relationship to the impact velocities. In the general view of the force-strain
curve at the low-speed impact (v,,= 5 m/s), the initial peak formed followed by a large plateau stress region,
then the stress value increases continually due to the structural first stage of the densification from the
sufficient participation of nodes in the crushing processes. Increasing the impact speed to 25 m/s slightly
distorts the crushing plateau, which is caused by the partial crushing failure of nodes. The multi-peak stress is
observed from the force-strain curve at the impact speed of 50 m/s since the sufficient axial compression
deformation of ligaments participated in the crushing processes.

In the current case, the limiting strain of first stage densification of the chiral structures is dependent on
the impact velocities. The increase of the impact velocities results in the late densification of the chiral
structures. The indication of the first stage densification for the chiral structures is deemed to be the
completely node-dominated crushing deformation.
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Fig. 13. Force-strain curves and densification of chiral structures corresponding to impact velocities varied from
5 m/s to 50 m/s.

4.3. Parametric studies

In this section, five crucial impact parameters used for the evaluation of the impact performance of the
present chiral structures have been defined: total plastic energy absorption (TEA), specific plastic energy
absorption (SEA), crushing force efficiency (CFE), cushion factor (CF) and Poisson’s ratio (v). Based on these five
parameters, the effect of the relevant density, the unit cell geometry and the initial impact energy has be
identified numerically. To avoid counting the output in the ultimate densification stage, all the parameters
were calculated up to the strain of 0.6.

The TEA here is the output of the total strain energy dissipated by the plastic deformation of chiral
structures in the crushing processes. The SEA is defined as the plastic energy dissipated per unit mass of the
crushed sample, namely SEA = TEA / m. The parameter of SEA is important to determine the appropriate design
of specimen with the lightweight objective and the higher SEA is preferred. The CFE represents the ratio of the
average impact force F,, to the maximum impact force F,,,, in the total impact processes and is expressed as
CFE = F,,/ Frax- The F,, is obtained by dividing the total absorbed energy (the area under the load-displacement
curve) by the crushing displacement. The Fmax is either the value of initial peak force or the ultimate force at
the crushing strain of 0.6. The CFE is an effective measure for the uniformity of crushing force and higher CFE is
preferred. The cushion factor is calculated as CF = F,,, / TEA, which is useful to balance the structural design
between structural crashworthiness and safety of protected equipment. The lower CF is preferred. The
Poisson’s ratio (v) is given as vV = -Eqans/Eaxial- The transverse strain (gqans) and the axial strain (g,4) are defined as
the ratio of change in width and height direction of the chiral specimen due to the crushing deformation and
are measured at the ultimate strain before the densification at the second stage (nodes-dominated crushing
densification). As the irregular transverse shrinkage deformation, the minimum absolute value of €, is
considered in the present study.

4.3.1. Effect of relative density

In order to evaluate the effect of relative density on the impact parameters of chiral structures, the
numerical simulation of chiral structure under impact load was conducted considering different values of the
structural relative densities varying from 0.19 to 0.39. The same FE model described in Section 4.2 was used for
the present study. The various values of structural relative densities were obtained by synchronously changing
the thickness of both the ligaments and nodes between 1 mm and 2 mm with an increment of 0.25 mm while



the topology parameter r/R was kept constant, as shown in Fig. 14.
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Fig. 14. Geometry of chiral structures corresponding to increasing wall thickness from t=t,=1 mm to t=t,=2 mm
(left to right) while keeping topology parameter r/R constant.

Fig. 15 presents the variation of SEA with relative density. Meanwhile, for the SEA under each relative
density, three crushing velocities of 5 m/s, 25 m/s and 50 m/s were considered in this study. The crushing
velocities keep always constant during the entire crushing processes. It can be seen that the SEA increases
significantly by varying the relative density from 0.19 to 0.39. For the same relative density, the relatively slight
increase in SEA is also observed as the crushing velocity increases.

Figs. 16-18 plots the CFE, CF and Poisson’s ratio (v) of chiral structures under different relative densities,
and the effect of crushing velocity is also presented. It is observed that the impact parameters are
comparatively independent on structural relative density at the crushing velocities of 5 m/s and 25 m/s. When
it is subjected to the crushing velocity of v,, = 50 m/s, the chiral structure with larger relative density shows the
superiority over that with lower relative density on CFE and CF. The Poisson’s ratio (v) increases dramatically as
changing the crushing velocity from 25 m/s to 50 m/s but still keeps a negative value. This can be explained by
observing the densification deformation of chiral structures in Fig. 19. When the value of impact velocity is
relatively low (e.g. v, = 5 m/s), the ligaments bending failure dominates the entire lateral shrinkage
deformation and contributes to exhibit a negative Poisson’s ratio behaviour for all the chiral structures
regardless of the values of relative density. However, when it comes to high-speed impact (e.g. v, = 50 m/s), a
sufficient number of ligaments and nodes bulk simultaneously due to the dynamic effect. Since the high
strength of nodes and low porosity, the chiral structures having large value of relative density are still capable
to allow more ligaments winding around the nodes compared to that having smaller value of relative density. It
is apparent that the increase of structural relative density causes the early densification for both low-speed and
high-speed impact.

Table 2 presents energy absorption rate during first stage of densification for different values of relative
density of chiral structure. It can be seen from the table that percentage of plastic energy absorption in the first
stage of densification (ligaments-dominated crushing deformation) generally increases with impact velocity
and decreases with relative density. When subjected to the impact velocity of v, =5 m/s and v,, = 25 m/s, the
chiral structure with small value of relative density shows better flexibility in structural design. However, the
converse is noted when the impact velocity increases to v,, = 50 m/s.
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Fig. 17. CF of chiral structures corresponding to different relative densities.
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Fig. 19. Low-speed (v, = 5 m/s) and high speed (v,, = 50 m/s) impact deformation at first densification (about to
nodes-dominated crushing process) for chiral structures having different values of relative density.

Table 2 Energy absorption rate during first stage of densification for different values of relative density of chiral
structure.



»=0.19 p=0.24 p=0.29 =034 =039

Vi =5m/s 44.2% 38.8% 33.8% 31.2% 30.3%
Vi =25m/s 52.5% 45.2% 37.8% 34.1% 29.6%
V=50 m/s 91.6% 70.8% 60.1% 49.6% 41.6%

Note: The value is calculated by (TEApensification 1/ TEAso%crushing) %-

4.3.2. Effect of topology parameter r/R

When varying the ratio of the topology parameter r/R, it will exhibit possible topologies ranging from a
hexagonal arrangement of rings (r/R — 1) to the classic triangular lattice (r/R — 0) [56]. In order to
investigate the effect of the present topology parameter r/R on the impact parameters, the parametric study
was conducted by tuning the ratio of r/R between 1/5 to 1/25 (e.g., see Fig. 20). In the present study, the
parameter R was always kept constant of 25 mm, but the parameter r ranged between 1 mm and 5 mm.
Meanwhile, the total mass of the chiral structures corresponding to different ratio of r/R was kept constant by
changing the wall thickness between 1 mm and 1.217 mm.
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Fig. 20. Geometry of chiral structures corresponding to decreasing r/R from r/R=1/5 to r/R=1/25 (left to right)
while keeping the total mass constant.

Figs. 21-24 show respectively the TEA, CFE, CF and Poisson’s ratio (v) curves of the chiral structures
corresponding to different ratio of r/R while the total mass keeps constant. It is observed that the small r/R
tends to absorb more plastic energy for all the crushing velocities. However, the TEA changes slightly with r/R if
the crushing velocity is small enough. When the r/R varying between 0.04 and 0.2, the small r/R has lower CFE,
larger CF but larger TEA under the crushing velocities of v,, = 25 m/s and v, = 50 m/s. Nevertheless, although
low crushing velocity (e.g., vi, = 5 m/s) results in the smaller plastic energy dissipation, desired impact
performance such as high CFE and low CF can be achieved. When subjected to the crushing velocities of v, =5
m/s and v, = 25 m/s, the topology parameter r/R can significantly influence structural Poisson’s ratio which
decreases with the increase of r/R. The slight variation of the Poisson’s ratio with the r/R is observed when
continually increasing the crushing velocity to be v, = 50 m/s. The chiral structure exhibits an average Poisson’s
ratio of v = -0.6. The negative Poisson’s effect is not observed as the r/R is sufficiently small (e.g., r/R = 0.04).
This is clearly explained as the densification deformation shown in Fig. 25. With the decreasing value of nodes
radius, the ligaments cannot make a full twist around the attached node, which results in the ligaments
stacking up row by row disorderly.

Table 3 presents energy absorption rate during first stage of densification for different values of r/R of
chiral structure. It can be seen from the table that the percentage of plastic energy absorption in the first stage
of densification (ligaments-dominated crushing deformation) decreases with r/R and increases with impact
velocity. No obvious second stage densification of chiral structure will be observed if r/R is sufficiently small



such as r/R = 0.04 and r/R = 0.08. Generally, the chiral structure with large value of r/R shows better flexibility

in structural design.
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Fig. 22. CFE of chiral structures corresponding to different r/R.
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Fig. 24. Poisson’s ratio (v) of chiral structures corresponding to different r/R.
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Fig. 25. Low-speed (vm =5 m/s) and high speed (vm = 50 m/s) impact deformation at the first densification
(about to nodes-dominated crushing process) for chiral structures having different values of r/R.

Table 3 Energy absorption rate during first stage of densification for different values of r/R of chiral structure.

r/R =0.04 r/R =0.08 r/R=0.12 r/R=0.16 r/R=0.20
Vi =5m/s 100% 100% 80.3% 52.1% 44.2%
Vi =25m/s 100% 100% 91.2% 64.1% 52.5%
V=50 m/s 100% 100% 100% 99.7% 91.6%

Note: The value is calculated by (TEApensification 1/ TEAso%crushing) %-

4.3.3. Effect of initial impact energy

In order to investigate the inertia effect on the impact performance of chiral structures, the same
ABAQUS/Explicit simulation model as employed in section 4.2 was used in the present study, but the constant
impact energy was replaced by different values of initial impact velocity and mass.

Specifically, the effect of impact velocity on impact behaviour of chiral structures was explored for a
constant impact mass of 0.5 kg while the value of initial impact velocity changing between v;=5 m/s and v;= 11
m/s. Fig. 26 presents the impact force-displacement curves for different initial impact velocities ranging from v,
=5m/stov;=11 m/s. It can be seen that the increase of initial impact velocities causes the growing crushing
displacement as the growth of initial kinetic energy. Fig. 27 shows the forces-time curves and ultimate
deformations of chiral structures under different impact velocities. Since the participation of first stage
densification, the impact at v; = 11 m/s terminates prior to that at v, = 9 m/s and causes the rapid increase of
impact force.

Fig. 28 plots the impact force-displacement curves for different initial values of impact mass ranging from
m = 0.5 kg to m = 2.42 kg. Similarly, the crushing distance increases with the increase of initial impact mass
value. Fig. 29 plots the force-time curves for different values of impact mass. Nevertheless, although the
impactors (e.g. vi=7 m/s, m=0.98 kg or v;=9 m/s, m = 1.62 kg or v;= 11 m/s, m = 2.42 kg) possesses the same
initial impact energy, the impact terminates at different times and higher initial impact velocity tends to
dissipate the energy more rapidly. Instead, the crushing displacement is independent of initial impact velocity
and impact mass and is determined by the initial impact energy. It is also noted that the impact curves for
different values of impact mass present higher convergence up to the rebounding displacement than that for
different initial impact velocities.



Fig. 27. Force-time curves and ultimate deformations under different impact velocities while impact mass is 0.5
kg.

Fig. 28. Force-displacement curves for different values of impact mass while impact velocity is 5 m/s.
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4.4. Comparison with other cellular structures

Fig. 29. Force-time curves for different values of impact mass while impact velocity is 5 m/s.

In order to compare the plastic energy dissipation capacity of the chiral structure in this study with other

cellular structures, the dissipated plastic energy was normalised as U p = U, /oy V,.Inthis expression, U, is

—2
total plastic energy dissipation, V,, is volume of structure, o, =0.5p o, is effective yield strength. The

results on normalised plastic energy dissipation, in combination with that of hexagonal honeycomb [66], re-
entrant structure [26] and arrowhead honeycomb [5] in the previous study by other researchers, are presented
in Fig. 30. With the increase of crushing velocity, the plastic energy dissipation capacity increases significantly.
It is noted that the current chiral structure has lower inertial effect than other cellular structures. Chiral
structure presents better plastic energy dissipation capacity than re-entrant structures at relatively low
crushing velocity, especially at 70% crushing strain. Because the second densification stage of chiral structure
plays a more important role in energy absorption than the first densification stage.
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Fig. 30. Normalised plastic energy dissipation of different cellular structures under compressive loading. The
results for hexagonal honeycomb, re-entrant structure and arrowhead honeycomb are obtained from the study
by other researchers[5, 26, 66].

5. Conclusions

The in-plane compressive behaviour of chiral structures has been investigated by both experimental tests
and numerical simulations. The explicit nonlinear finite element models were validated by comparing the
impact response in terms of impact force history with the experimental results. It is observed that there are
good agreements between numerical and experimental results. Afterwards, the plastic evolution, energy
absorption and failure mechanism of chiral structures have been discussed in terms of both DI-HPB test and
numerical simulation. Moreover, the parametric study has been conducted to investigate the effects of several
parameters such as the relative density, topology parameter r/R, initial impact velocity and mass on the in-
plane impact performance of chiral structures. From the results of this study, the main conclusions can be
drawn as follows:

(1) Chiral structure initiates the crushing deformation by three important failure modes: I - ligaments
buckling; II - combined nodes and ligaments buckling; III- crushed nodes and ligaments corresponding
to the impact velocity of 5 m/s, 25 m/s and 50 m/s, respectively. The failure mode transformed from
global buckling of the structure to the local bucking at the impact end as the increasing impact velocity.

(2) Chiral structure occurs with two densification stages induced by ligaments-dominated crushing and
nodes-dominated crushing deformation. Small value of relative density and large value of r/R present
better designability of chiral structure. However, chiral structure with large value of relative density is
preferred when the impact velocity is sufficiently high such as v,, = 50 m/s.

(3) Increasing the value of structural relative density from 0.19 to 0.39 contributes to a maximum 250%
increase in specific energy absorption. When subjected to high-speed impact such as v, = 25 or 50 m/s,
impact performance in terms of crushing force efficiency and cushion factor benefits from the increase
of r/R. Although increasing r/R from 0.04 to 0.2 can dramatically decrease Poisson’s ratio from 0.07 to -
0.63, structural Poisson’s ratio is still highly controlled by the crushing velocity.

(4) The impact displacement is mainly influenced by the initial energy but not the impact velocity and mass.
The participation of first stage densification causes the rapid increase of impact force, but it
significantly reduces the crushing duration time.

(5) In comparison with other auxetic structures, chiral structure subjected to relatively low impact velocity
presents better plastic energy dissipation capacity at 70% crushing strain. Meanwhile, the current chiral
structure in this paper has lower inertial effect than the other cellular structures in a wide range of
impact velocities.
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