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Abstract

The present study focuses on the deformation mechanisms of re-entrant honey-
comb auxetic structures under inclined loading. An auxetic finite element proto-
type is compressed by a rigid plate during a static Riks analysis. Analysing the
deformation response of the structure has revealed that a new transitional defor-
mation stage emerges that highly restricts the elastic response. This new macro
stage consists of consecutive micro stages of plateau-densification (yielding-
hardening) that corresponds to a highly localised deformation mode, and alters
the mechanical response in the following macro stages.

Keywords: Metamaterial, computational mechanics, pushover analysis

1. Introduction

Auxetic behaviour is characterised by shrinking in the transverse direction
under longitudinal compressive loads (i.e., a negative Poisson’s ratio), respec-
tively. Similarly, transverse expansion is observed under tension. This behaviour
is provided by modifying the material properties or geometrical structure. An5

example of the former is adjusting the material contrast in composites [1] and of
the latter is the planar re-entrant honeycomb structure (RHS) that is of inter-
est herein. This auxetic structure is obtained by increasing the obtuse internal
angle of a conventional honeycomb to a reflex angle, see Fig. 1a. This simple
tweak introduces a local geometrical instability that is the source of the auxetic10

behaviour under compression.
The mechanical behaviour of the RHS has been studied under various static,

impact and dynamic loading conditions. Various characteristics like high stiff-
ness and high fracture toughness [2], high energy absorption capacity [3], and
increased shear modulus [4] were reported in the literature. Compared to con-15

ventional honeycombs, the RHS demonstrates improved blast resistance [5], and
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thus becomes a good candidate for body armours and helmets [6]. Moreover,
considering the anisotropy of the RHS [7], random nature of loads, and possi-
ble manufacturing imperfections, the effect of off-axis or inclined loads becomes
relevant. This is one aspect that is not considered in most of the previous20

experimental/computational efforts so far.
Understanding the involved deformation modes of RHSs under various load-

ing conditions would allow for understanding the mechanical response and there-
fore to improve the designs. Thus, the aim of this study is to investigate the
deformation mechanism of an RHS under inclined loading. To this end, a compu-25

tational model is prototyped, validated, and analysed. The results are discussed
and concluded in the following sections.

2. Methodology

A planar RHS (an array of 8×7 unit cells) was studied herein, see Fig. 1. The
ABAQUS commercial finite element (FE) package [8, 9, 10] was used to create30

the prototype. The geometry was discretised into plane stress elements of 50 mm
thickness and the in-plane translations of the bottom edge were constrained.
The FE prototype was validated against the experimental data provided in [11]
where a Riks analysis was carried out on a RHS made of Nylon, see Fig. 2a.
The displacement-controlled pushover compression was applied by a frictionless35

rigid plate to the structure. The arc-length method is used to obtain the FE
solution as localised instabilities are expected in the internal structure.
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Figure 1: Re-entrant structure: (a) FE mesh, and (b) cell geometry (all dimensions are in
millimetres)

An elastoplastic material with isotropic hardening was adopted to represent
stainless steel (AISI 1045 steel, quenched and tempered to 450 HB: an elastic
modulus of E = 187.5 GPa, a Poisson’s ratio of ν = 0.3, a yield strength of
σy = 1085.5 MPa, an ultimate strength of σu = 1593 MPa, and a final strain of
εu = 0.53) [12]. A uniform mesh was refined for the mesh convergence study,
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Figure 2: Validation and verification of the FE prototype: (a) validation against the bench-
mark experiment, and (b) mesh convergence study (piece-wise linear approximation)

which was quantified introducing the uniform mesh density (γ) as [13, 14]

γ :=
1

`
, (1)

where ` is the characteristic length of elements. The convergence of the peak
force was tested where γ = 1.25 1

m satisfied the convergence criterion (relative
error below 1%), see Fig. 2b.40

The FE prototype was analysed under uniform loading (θ = 0◦) and inclined
loading (θ = 5 − 20◦).

3. Results and Discussion

The stress-strain response of the load cases are illustrated in Fig. 3a. Anal-
ogous to the dynamic deformation mechanisms in [15], three macro stages exist45

in uniform static loading (in-plane compression):

I. the linear stage (0 − P ),

II. the plateau stage (P −D), and

III. the densification stage (D − U).

From the unloaded state (0), the cell walls compress and bend to reach the50

plateau stage where plastic hinges form in the cell walls. Due to geometrical
instability, they collapse and make self-contact; thus, a strain hardening effect
is initiated until the ultimate failure point U . In contrast, it was found that
under inclined loading, an additional transitional stage emerges after Stage I
but before Stage II, and affects the response in the subsequent stages. This a55

critical finding that has not previously been reported in the literature.
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Figure 3: Response to the angle variation: (a) stress-strain curve, and (b) final deformed
configuration

By increasing the angle of loading, the response of the material becomes
more compliant and ductile compared to the uniform case. The initial stiffness,
and plateau stress reduce and result in a softer Stage-I response. Moreover, the
contact area of the structure is limited to the vicinity of its upper right corner,60

see Fig. 3b. Thus, a localised overturning force is applied that results in a
concentrated deformation pattern. Namely, the load path is realised by following
the compressed region that extends from the initial contact point downward to
the support. Consequently, some cells remain under-loaded, which means that
the energy dissipation capacity is not completely exhausted.65
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The localisation of deformation highly limits the elastic behaviour in inclined
cases; they behave purely elastic only until their common point at P ′5−20 after
which some micro stages of strain hardening and yielding emerge. Namely,
the mechanical response becomes a combination of several plateau-densification
micro stages (P ′5−20−P ). The early onset of plasticity is due to the collapse of a70

corner cell, which quickly leads to severe deformation, collapse, and self-contact
(local densification). This process is repeated as the deformation propagates
from the first cell to its adjacent ones. Consequently, a new transitional stage is
created between Stages I and II, which consists of several plateau-densification
micro stages. This stage does not exist in the uniform loading case since a75

homogeneous deformation regime consumes the resilience of the structure before
accessing the plastic energy reserve. Moreover, it alters the response of the
structure in Stages II and III.

In the Stage II of uniform loading, plastic hinges are consecutively formed
where cell walls collapse, and self-contact is made. This micro-cycle propagates80

from one layer to another, and causes some undulations along an upward trend
in the mechanical response. In contrast at higher angles, the overturning force
compresses the cells laterally and reduces the number of completely collapsed
rows. Thus, a more stable downward plateau is obtained. Stage III results from
the complete and partial self-contact of cells in uniform and inclined loading,85

respectively. Finally, the material failure happens at U0 by reaching the ultimate
strength, see Fig. 3b.

4. Conclusions

A re-entrant hexagon-based auxetic structure was loaded at various angles
and its deformation mechanism was studied. It was shown that a new transi-90

tional failure mode emerges under inclined loads that consists of micro stages of
yielding-densification and highly restricts the elastic domain. Namely, inclined
loadings induce more localised deformation in the structure, and thus an early
onset of localised plasticity and instability is expected. Consequently, the re-
sponse becomes more compliant and ductile by increasing the loading angle.95

The current study has illustrated that inclined loads induce a new response
mechanism in RHS auxetic structures. Such a resisting mechanism becomes
particularly interesting under dynamic loads, which are often of a stochastic na-
ture. Namely, a more compliant response along with additional damping could
be expected as self-contact happens internally.100
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