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Abstract: Additive manufacturing enables the fabrication of architected materials with
geometries unattainable through conventional processes. Among these, auxetic metastructures,
characterized by a negative Poisson’s ratio, have attracted considerable interest owing to their
unusual deformation mechanisms and superior energy absorption and dissipation. This study
investigates the mechanical behavior of a tetrachiral tubular structure made of AA7075-T651
aluminum alloy under axial compression, focusing on the influence of boundary conditions
at the part—machine interfaces. Finite element simulations accounted for frictional contact,
geometric nonlinearity, and the rotational kinematics of tetrachiral cells. The results reveal that
friction governs the onset and magnitude of the auxetic response. Under highly constrained
contact (¢ = 0.8), ligament rotation is suppressed, and the structure deforms conventionally,
exhibiting a positive effective Poisson’s ratio (v = +0.28), limited twisting (two turns), and a
maximum compressive load of 3.877 kN. Reducing friction to = 0.2 with a fixed base promotes
in-plane node rotation, activating the tetrachiral mechanism and yielding v = —0.25, four turns,
and a higher load of 3.883 kN. The most pronounced auxetic response arises when both ends
are free to slide under low friction, producing v = —0.32, five turns, and an 8.2% contraction of
the outer diameter. Across the investigated configurations, the effective Poisson’s ratio varies
by 0.60. These findings demonstrate that the auxetic behavior of tetrachiral tubes is highly
sensitive to frictional and kinematic constraints, which must be carefully controlled to ensure

reproducible mechanical performance.

Keywords: auxetic tubular structure; tetrachiral lattice; effective Poisson’s ratio; finite

element modeling; axial compression; boundary conditions; additive manufacturing

1. Introduction

In recent years, a new class of engineered materials, known as metamaterials, has
emerged in the field of materials science [1,2]. The field of mechanical metamaterials has
experienced significant growth over the past two decades, driven by the discovery that a
structure’s macroscopic mechanical behavior can be engineered to be largely independent
of the intrinsic properties of its constituent material. While classical structural design
is performed by choosing a material with desired stiffness, strength, and/or damping
properties, the metamaterial concept focuses on the internal topology, such as the
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cell shape, cell connectivity, and the kinematics of the constituent ligaments, to achieve
mechanical properties that are far beyond what the constituent material alone could
ever offer. This shift in material design has been particularly successful in enabling
mechanical properties that cannot be achieved using conventional materials. These
include negative stiffness [3], negative compressibility [4], programmable anisotropy [5],
and, most importantly for the present study, a negative Poisson’s ratio. Since
geometry can be decoupled from chemistry, structural design has thus become an
optimization problem where the unit cell itself is the main parameter of design.
What distinguishes metamaterials from other engineered materials is that their unique
properties arise primarily from the design of their internal architecture rather than from
their chemical composition. Auxetic materials are distinguished by their unconventional
mechanical behavior, exhibiting a response that contrasts with the predictions of
classical mechanics [3]. In contrast to the conventional behavior of isotropic solids,
which become narrower under tensile loading and wider under compression, auxetic
materials expand laterally when stretched and contract laterally when subjected to
compressive loading [4,5]. Therefore, the geometric configuration of the microstructures
in auxetic materials enables complex deformation mechanisms and intricate kinematic
interactions [6]. When auxetic cellular structures are subjected to external loading, the
cells’ geometry initiates spatial deformation, allowing for a negative Poisson’s ratio of
the structure and expansion or contraction of the material in two orthogonal axes. The
literature describes several classes of auxetic architectures, each exhibiting a distinct
deformation mechanism that underpins the negative Poisson’s ratio phenomenon [7].
Honeycombs are auxetic by virtue of the hinge-like flexure of the cell ribs. Re-entrant
honeycombs demonstrate auxeticity by having angled cell walls that straighten out under
tension and collapse more under compression. Rotating-square or rotating-triangle
tessellations are composed of rigid units joined by pin joints that rotate in opposite
directions to form an expanding/contracting network. Chiral and anti-chiral lattices,
of which the tetrachiral topology analysed in the current paper is a member, obtain
auxeticity via the synergistic rotation of central nodes which wind and unwind the
connecting ligaments around the node periphery. In contrast to re-entrant or rotating-unit
designs, chiral lattices exhibit in-plane rotation coupled with an intense twisting motion
if realized in the form of a tubular structure, which associates axial compression with a
torsional response and an actual three-dimensional shrinkage of the cross-section. This
extra twisting degree of freedom makes chiral tubes very promising for the design of
structures with prescribed values of the axial stiffness, the torsional compliance, and
the radial contraction; on the other hand, it significantly increases the degree to which
their effective mechanical response is influenced by the manner in which the structure is
loaded and constrained at its boundaries.

Given that auxetic architectures provide significant advantages in multiple areas,
interest in this type of structure has increased rapidly. In aerospace applications, for
example, their ability to absorb energy makes them highly desirable. In biomedical
applications, auxetic materials can provide even distribution of loads across implants
or prosthetic devices [8, 9]. Additionally, they hold promise for use as vibration

isolators, shock absorbers in mechanical systems, and even as multifunctional devices
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such as piezoelectric systems [10, 11]. The increasing use of additive manufacturing
processes has contributed to the widespread use of auxetic materials, as it enables the
manufacture of complex 3D geometric structures [12—14]. In particular, powder-bed
and laser-based additive processes provide the possibility to produce auxetic lattices
and tubular metastructures directly in high-performance metallic alloys, thus effectively
removing the tradeoff that previously forced designers to choose between elaborate
chiral geometries and load-bearing structural alloys. The present work focuses on the
7xxx series aluminum alloy AA7075-T651, which combines a high strength-to-weight
ratio with excellent fatigue resistance. These attributes make it an attractive candidate
for energy-absorbing aerospace and automotive components, where auxetic tubes could
replace conventional crash boxes or honeycomb cores. Tetrachiral tubular structures
in particular are largely employed in industry because of their low weight, high
specific modulus, high energy dissipation features, and good damping behavior [15].
The deformation mechanism of these tubular structures is primarily dictated by the
tangential arrangement of the ligaments linking the central ring-shaped nodes. When
subjected to axial compression, the rigid nodes undergo synchronised rotation, causing
the interconnecting ligaments to progressively wrap or unwrap around the nodes. This
kinematic interaction generates coupled twisting and axial contraction of the tube,
resulting in a well-defined and highly predictable deformation mode under idealised
conditions [16]. Although the geometry of a structure is generally the primary factor
governing its deformation behavior, a considerable degree of uncertainty can arise
from the boundary conditions imposed during experimental testing [17]. The clamping
method, the friction conditions at the contact interfaces, and the alignment of the
specimen are among the key factors that influence the extent to which the measured data
accurately represent the specimen’s actual deformation behavior [18]. This discrepancy
stems from the constraint conditions introduced by contact interfaces, which differ
from the idealised assumptions of theoretical models. For instance, friction at the
specimen—platen interface generates shear forces that oppose the tube’s natural radial
expansion at its ends [19]. As a result, friction constrains specimen rotation and
displacement, ultimately influencing its overall deformation behavior. A high friction
coefficient, for example, will limit the rotation of the ligaments and prevent the structure
from functioning in its typical chiral fashion. On the other hand, an excessively high
level of constraint may lead to localized plastic deformations in the specimen [20]. In
the broader literature on cellular and lattice structures, this pronounced sensitivity to
contact conditions is commonly referred to as the “boundary-layer effect”, describing
the localised region near the specimen ends where the periodic deformation of the bulk
lattice is disrupted because the unit cells cannot deform as freely as those within the
interior. For chiral tubes, the boundary layer is expected to be particularly pronounced
because their deformation relies on coordinated node rotation propagating along the
tube height. Any constraint that locally inhibits this rotation extends the boundary
layer inward, reducing the volume of material exhibiting the auxetic mechanism and,
consequently, lowering the effective Poisson’s ratio measured from the global diameter
and height changes. Therefore, the effective Poisson’s ratio and mechanical response
are influenced by both the specimen architecture and the experimental setup.
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The study aimed to examine the effects of friction and boundary conditions
on the compressive behavior of tetrachiral auxetic tubes [21-23]. Furthermore,
structural deformation, quantified by the number of node rotations, and the effective
Poisson’s ratio were evaluated to determine the effects of the geometric parameters.
This enhances the understanding of the relationship between microstructure, testing
conditions, and material performance, which is essential for the design of efficient
auxetic metamaterials [24].

The remainder of the paper is structured as follows. Section 2 describes the
materials, specimen design, experimental setup, and finite element methodology
adopted to investigate the compressive behavior of tetrachiral auxetic tubes under
different friction and boundary conditions. Section 3 presents and discusses the
experimental and numerical results, with particular emphasis on the effects of friction
and boundary constraints on deformation mechanisms, structural rotations, the effective
Poisson’s ratio, and the overall mechanical response. Finally, the conclusion (Section

4) summarises the main findings and outlines potential directions for future research.

2. Materials and methods

2.1. Theoretical framework

Poisson’s ratio is a fundamental parameter describing material deformation. Under
uniaxial loading, it is defined as the negative ratio of transverse strain to axial strain.
In auxetic structures, this quantity is commonly reported as an effective Poisson’s ratio,
reflecting the geometry-dependent deformation of the structure. In the case of axial
compression applied along the z-direction, the effective Poisson’s ratio of the structure
can be stated as in Equation (1) [25]:

verf(t) = — 2

5T(t) = d(tiio_do,gz(t) = 7o

(1

where ¢,(t) is the instantaneous radial strain (variation of the external diameter)
and £,(t) is the instantaneous axial strain (variation of the height), and dy and hg are
the initial diameter and height, and d(¢) and h(t) their values at time ¢. These quantities
are obtained from direct geometric measurements during the loading process [26].

Poisson’s ratio in auxetic materials can be negative, and this implies that radial and
axial strains are of the same sign. The physical interpretation is that, under a negative
g, value (corresponding to axial compression of the tube), the radial strain er is also
negative. Consequently, the outer diameter of the tube decreases simultaneously with
its length, rather than expanding laterally as would occur in conventional materials
exhibiting a positive Poisson’s ratio. Therefore, the effective Poisson’s ratio defined
above should not be considered a classical material property, as it is neither constant
nor intrinsic to the material. Instead, it represents an instantaneous, configuration-
dependent parameter that varies with the applied axial strain and evolves according
to the changing number of winding layers during the loading process.

In linear elastic theory, the infinitesimal strain tensor can be expressed as in
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Equation (2) [26,27]:
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where u; is the displacement field.
For an isotropic elastic material, the linear stress—strain relationship is expressed
as in Equation (3) [28,29].
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where . denotes the shear modulus, A the Lamé parameter, and ¢;; the Kronecker delta.

The present work examines a tetrachiral tubular structure made of AA7075-T651
aluminum alloy. Considering the significant role of plastic deformation in its
mechanical response, the material behavior is modeled using the Johnson—Cook
constitutive formulation, which accounts for the effects of strain hardening, strain-rate

sensitivity, and thermal softening. The yield stress is given in Equation (4) [30].
oy=(A + Bey) (1+Chne*) (1 — T*™) )

where ¢, is the equivalent plastic strain, £* the normalised strain rate, and 7™
the homologous temperature. The parameters A, B, n, C, and m correspond to
experimental calibration.

For quasi-static compressive loading at room temperature, the temperature term

becomes 7™ = 0, and the expression simplifies to Equation (5) [29].
oy = (A + Bs;}) (1+Clne") %)

Upon formulating the dynamic equilibrium equations and discretizing the system
within the finite element framework, the resulting governing equation is obtained as
presented in Equation (6) [31].

[M]{a} + [Cl{a} + [K]{u} = {F} (6)

where [M], [C], and [K] correspond to the system mass, damping, and stiffness
matrices, respectively, and {u}, {u}, and {i} are the nodal displacement, velocity,
and acceleration vectors, respectively, resulting from the finite element discretization.
Since the structure undergoes geometric and material nonlinear deformations,
the equilibrium equations are solved through an incremental and iterative approach,
allowing the nonlinear response to be captured over the complete loading history.

2.2. Numerical methodology

The geometry of the tetrachiral honeycomb tube is constructed from a
representative elementary unit cell, as illustrated in Figure 1a,b. This unit cell
is periodically repeated along the circumferential direction to form a closed chiral ring

structure. Subsequently, n.. identical rings are stacked axially, perpendicular to the
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cross-sectional plane, resulting in the formation of the complete tetrachiral tubular
metastructure, as depicted in Figure 1c.
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Figure 1. Tetrachiral honeycomb auxetic tubular structure: (a) Section parameters; (b)

Angular parameters; (¢) 3D model.

To guarantee geometric continuity and structural stability during the loading
process, two additional chiral rings were incorporated at both ends of the tube. Different
configurations of the tetrachiral architecture were subsequently generated by varying
the characteristic geometric parameters and the orientation of the unit cell. This
parametric approach enables a systematic investigation of the influence of architectural
features on the overall mechanical response and facilitates the optimization of the
structural performance.

The metastructure is modeled as being made of AA7075-T651 aluminum alloy,
whose mechanical and physical properties are: Young’s modulus £ = 70 GPa,
Poisson’s ratio v = 0.3, and density p = 2,700 kg/m> [32]. The tube exhibits a
constant wall thickness (e) of 2 mm. Its vertical extent results from the linear stacking
of eight unit cells (n.. = 8), yielding a total height of 150 mm. Circumferentially,
fourteen cells are distributed around an outer diameter of 75 mm.

The reliability of the numerical simulations depends heavily on the appropriate
formulation of the finite element model and the accurate definition of the loading
conditions. Several critical aspects, including mesh density, boundary conditions,
kinematic constraints, and loading characteristics, must be carefully considered to
ensure a realistic representation of the structural response. In this study, a series of
quasi-static axial compression simulations was performed to investigate the energy
absorption capability, auxetic behavior, global mechanical response, and deformation
mechanisms of the tetrachiral metastructure. Particular emphasis was placed on
evaluating the effects of frictional interactions and boundary constraints at the contact
interfaces between the tube and the loading plates. The structural domain was
discretized using 12,679 quadratic tetrahedron solid elements (C3D10) to accurately
model the stress and strain fields throughout the structure. This discretization ensures an
effective representation of the local and global mechanical response, enabling accurate

prediction of stress concentrations, deformation patterns, and the overall structural
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behavior under compressive loading. To reproduce the axial compression test, two
rigid loading plates, each governed by a reference node, were positioned at the ends
of the tetrachiral tube. The lower plate was fixed in all degrees of freedom, while the
upper plate was free to move only in the axial direction under a prescribed displacement,
thereby reproducing quasi-static axial compression, as illustrated in Figure 2.

AVAysyAlL:
ATAYAYAYL:
ATAYAYATL:

DAL
ATAyAYAYL
ATAYAYAYL
AYAWAVAYL:

Figure 2. Geometric configuration used in the numerical simulations.

To examine the sensitivity of the finite element simulations, a mesh convergence
analysis was performed before the parametric investigation. The meshing procedure
was progressively refined until negligible variations were observed in both the
load—displacement response and the computed effective Poisson’s ratio, thereby
demonstrating mesh-independent numerical results. Both the coarse and the medium
meshes led to a much stiffer elastic response and slightly underestimated the maximum
load, while the results from the medium and fine meshes were within 5% in terms
of the peak load and the effective Poisson’s ratio. Therefore, the intermediate mesh
is kept for subsequent computations, since it balances the accuracy requirements and
the computational time. A global contact algorithm with finite-sliding capability was
employed to model the contact interactions between the tetrachiral tube and the rigid
loading plates. In addition, self-contact between adjacent ligaments was activated to
prevent nonphysical interpenetration during large compressive deformations associated
with chiral rotation. The constitutive behavior of the material was described using
the Johnson—Cook model, with parameters previously calibrated through experimental
testing. To quantify the individual and combined effects of interface friction and
boundary constraints on the mechanical response of the tetrachiral tube, three finite
element configurations of the same structure were investigated. The configurations
differed only in the friction coefficient and the constraint conditions imposed at the

limiting contact interface, while all other modeling parameters remained unchanged.

»  Configuration 1 (0.8 LF UF): u© = 0.8, lower interface free (LF), and upper
interface free (UF).
*  Configuration 2 (0.2 LC UF): . = 0.2, lower interface constrained (LC), and upper
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interface free (UF).
*  Configuration 3 (0.2 LF UF): 4 = 0.2, lower interface free (LF), and upper
interface free (UF).

These configurations enable the individual and combined effects of interface
friction and geometric constraints to be isolated, thereby providing a comprehensive
assessment of their influence on the energy absorption capacity, auxetic response, and
deformation kinematics of the tetrachiral tubular metastructure under quasi-static axial
compression.

3. Results and discussion

Figure 3 compares the load—displacement responses obtained under the three
boundary condition configurations. Despite the differences in contact and constraint
conditions, all configurations exhibit a characteristic two-stage mechanical response,
reflecting the progressive evolution of the deformation mechanisms in the tetrachiral
metallic tube during quasi-static axial compression.

3
45 x10

_ - —--02LFUF

4.0 —-— 0.8LF UF
1 ——0.2LC UF

3.5 1

3.0 +

2.5

2.0+

Load (N)

1.5 4

1.0 4

0.5

0.0 T T T T T T T T T T
0 10 20 30 40 50

Displacement (mm)

Figure 3. Load-displacement curves for the three configurations.

In the initial elastic regime, all configurations exhibit an almost identical linear
load—displacement response up to the first peak load, indicating that the structural
stiffness is essentially unaffected by the interface conditions. The complete overlap
of the curves in this region demonstrates that neither the friction coefficient nor the
imposed boundary constraints has a significant influence on the initial elastic response
of the tetrachiral tube. Within this small-deformation domain, the rings and ligaments
deform predominantly because of elastic bending/stretching without significant rotation
around the main axis, explaining the insensitivity of the structural stiffness to boundary
constraints. Beyond the initial peak load, all configurations exhibit a significant
reduction in the load-carrying capacity, indicating the onset of plastic deformation. This

stage is characterized by the progressive plastic bending and rotation of the ligaments
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about the vertical axis, which initiate the characteristic deformation mechanism
governing the compressive response of the tetrachiral architecture. As compression
continues, the combined effects of geometric nonlinearity and material hardening
induce cyclic sequences of load increases and decreases, each corresponding to the
formation of a new winding in the adjacent ring. Table 1 summarizes the effective
Poisson’s ratio, number of turns, diameter variation, and maximum load for all
configurations. The successive peaks and valleys observed in the load—displacement
curves constitute the characteristic signature of the energy absorption process in the
tetrachiral tube.

Table 1. Effective Poisson’s ratio, number of turns, diameter variation, and maximum load for
all configurations.

Configuration u Veff Windings Diameter reduction Maximum load (kN)
0.8 LF UF 0.8 ~+0.28 2 Negligible 3.877
0.2 LC UF 0.2 ~-0.25 4 ~6% 3.883
0.2 LF UF 0.2 ~-0.32 5 ~8.2% 3.877

This oscillatory response is governed by the kinematic rotational freedom
permitted by the imposed boundary conditions. Each load drop corresponds to a
discrete winding event, during which the elastic strain energy accumulated within a
ring of ligaments is suddenly released once a critical rotation threshold is reached.
Beyond this limit, the ligaments undergo rapid reconfiguration into a wound state,
after which the applied load is progressively transferred to the adjacent ring, where
the energy accumulation and release cycle is repeated along the tube height. Hence,
the magnitude and the frequency of these oscillations represent, in a single curve,
the energy lost on each event and the number of rings that can perform a complete
winding motion. Frictional constraints that limit the rotation of the nodes will produce
fewer and shallower load drops since only a small number of rings can attain the
rotation maximum that is necessary to activate a winding event before the structure
succumbs to a more conventional, bending-dominated mode of deformation. On the
other hand, low friction and free-end configurations enable the winding front to advance
along almost the entire tube length, leading to a longer series of pronounced load
oscillations that is the cause of the larger winding counts observed in those cases.

3.1. Effect of boundary conditions on the mechanical response

Boundary conditions play a fundamental role in governing the mechanical response
of cellular and auxetic structures by influencing load transfer, deformation kinematics,
and contact interactions. In the present study, the effects of interface friction and
geometric constraints are investigated through three finite element configurations
subjected to quasi-static axial compression. Their influence on the load—displacement
response, energy absorption capability, auxetic behavior, and deformation mechanisms
is systematically evaluated to elucidate the contribution of each boundary condition to

the overall structural performance of the tetrachiral tubular metastructure.
*  Configuration 1 (0.8 LF UF)
Under high interface friction, the tetrachiral tube exhibits significant radial
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contraction from the onset of axial compression, as shown in Figure 4. As deformation
progresses, localized buckling develops within the ligaments, progressively restricting
their ability to rotate about the vertical axis. The high-friction constraint inhibits
the characteristic chiral rotation mechanism, limiting the deformation process to two
winding events and promoting a deformation mode dominated by axial shortening.
Consequently, the effective Poisson’s ratio remains positive (V.7 ~ 0.28), indicating
a conventional, non-auxetic response. Under these conditions, the structure attains a
maximum load of 3.877 kN.

147

<\

= =7 o
S s e

Figure 4. Configuration (1): Coefficient of friction 0.8 with both the upper and lower tube
ends unconstrained.

*  Configuration 2 (0.2 LC UF)

In this configuration, the combination of a constrained bottom ring and a low
friction coefficient produces a pronounced asymmetry in the deformation pattern (Figure
5). The overall deformation pattern is similar to that observed in configuration 3, but
with substantially enhanced three-dimensional rotational motion. Owing to the fully
constrained base, rotational deformation is concentrated in the upper rings, where three
of the four structural windings are observed, as shown in Figure 5. Consequently,
the effective Poisson’s ratio becomes negative (v.fy ~ —0.25), indicating the onset
of auxetic behavior, with a diameter variation of approximately 6%, confirming the
activation of the auxetic mechanism. The maximum compressive load reaches 3.883 kN.

*  Configuration 3 (0.2 LF UF)

In this configuration, reduced friction combined with fully free ends provides
maximal kinematic freedom (Figure 6). During the initial stage of compression, the
tube undergoes radial contraction. As the compressive strain increases, however, severe
deformation of the upper ligaments promotes a localized increase in diameter, although
the overall structure continues to exhibit a net radial contraction of approximately 8.2%.
Five structural windings are recorded, the highest among all investigated configurations,
demonstrating the ability of the ligaments to undergo successive rotations along the tube
height. Consequently, this configuration exhibits the most negative effective Poisson’s

ratio with a value of v,y &~ —0.32, indicating the onset of auxetic behavior. However,
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the peak compressive load of 3.877 kN remains almost constant compared with the

previous configuration.

135

N

Figure 5. Configuration (3): Coefficient of friction 0.2, with the bottom ring blocked and
the top ring unconstrained: (a) Initial stage with radial shrinkage; (b) Large deformation with
localized diametral increase.
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Figure 6. Configuration (2): Friction coefficient 0.2, and both lower and upper rings are
unconstrained; five turns with complete deformation and maximum auxeticity.

3.2. Boundary-controlled auxetic behavior

The comparative assessment demonstrates that the auxetic response of the
tetrachiral tube is primarily governed by the interface conditions, even though the
intrinsic material properties remain important. At high friction levels, the structure
undergoes quasi-axial deformation with radial contraction, resulting in a positive
Poisson’s ratio, similarly to conventional materials. The study showed that under
low friction and free boundaries, a coordinated chiral winding mechanism is switched
on and results in radial expansion with a negative Poisson’s ratio (from —0.25
to —0.32) along with axial deformation. The geometric constraint at the bottom
interface inhibits node rotation locally in the lower rings, but the free top interface

allows nodes of the upper rings to rotate and wind, resulting in a deformation mode

11
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that combines conventional and auxetic characteristics. This observation confirms
the conclusion that the friction coefficient and the end-fixation condition are two
separate design parameters and, as such, can be optimized independently based on the
unit-cell geometry to achieve a particular combination of stiffness, auxetic response
and energy-absorption capability relevant to a specific application. The effective
Poisson’s ratio varies substantially across the configurations (1-3), ranging from +0.28
to —0.32, demonstrating that auxetic behavior is not an intrinsic property of the structure
geometry but rather a latent kinematic response, which is governed by the boundary
conditions and the available rotational freedom. This interpretation is further supported
by the consistency of the number of structural windings, peak compressive load,
and diameter evolution. These findings show a high correlation between boundary
constraints, deformation mechanisms, and the onset of auxetic behavior. This is in line
with experimental and numerical analyses of related chiral and re-entrant structures
that have also found that the effective Poisson’s ratio measured on a finite sample
can be significantly different from the value calculated for an infinite periodic lattice
where the frictional and loading conditions were taken into account [33]. The study
has extended this understanding to the specific case of a tetrachiral tube subjected
to axial compression, demonstrating that a single geometry and material system
can exhibit a broad spectrum of mechanical responses solely through modifications
to the interface conditions. These findings highlight the critical role of boundary
conditions in governing the deformation mechanism and enabling the transition from
conventional to auxetic behavior. The pronounced sensitivity of the tetrachiral tube to
interface conditions has important implications for both experimental characterization
and structural design. In laboratory testing, friction, platen surface roughness, and
boundary constraints should be carefully controlled and explicitly reported, as they
can shift the effective Poisson’s ratio of the same specimen from strongly auxetic
to conventional behavior. Conversely, this sensitivity provides an effective design
parameter. Since friction and boundary constraints can be tailored independently of
the unit-cell geometry through surface treatments, engineered contact interfaces, or
rotational fixtures, the mechanical response can be adjusted after fabrication without
modifying the underlying geometry. This enables the development of tunable auxetic
structures with controllable Poisson’s ratio and energy-absorption capability. Such
adaptability is particularly attractive for protective systems, crashworthy components,
and deployable aerospace structures, where different stages of operation may require

either compliant auxetic behavior or higher structural stiffness.

4. Conclusions

This study carried out a numerical investigation aiming to understand how boundary
conditions at the part-machine interface impact the effective Poisson’s ratio and overall
mechanical response of a tetrachiral tubular metastructure subjected to quasi-static axial
compression. The results demonstrate that the auxetic behavior of the structure is not an
intrinsic material property but relates to the degree of kinematic freedom allowed by the
interface. Under high friction (x = 0.8), rotational mobility is almost fully suppressed,
resulting in predominantly axial deformation along with a radial contraction and early

12
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buckling. Only two windings form, and the structure behaves similarly to a conventional
material with a slightly positive effective Poisson’s ratio (v.ff ~ +0.28) and a
maximum load of 3.877 kN. In contrast, low-friction configurations (x = 0.2) promote
significant rotational freedom and enable the development of the characteristic chiral
winding mechanism. The fixed-base/free-apex configuration produces four windings
and intermediate auxeticity (v.r; ~ —0.25) with a 6% diameter reduction and a peak
load of 3.883 kN. When both ends are free, the structure reaches its highest level of
kinematic mobility, forming five windings and achieving the most negative Poisson’s
ratio (v.rf ~ —0.32) and the largest diameter reduction (8.2%), with a maximum load
of 3.877 kN. The progression in both winding count (from 2 to 5) and Poisson’s ratio
(+0.28 to —0.32) reflects the intensification of the auxetic mechanism induced by reduced
friction and geometric freedom.

This study has provided valuable insights for the design of tetrachiral metastructures,
revealing that auxeticity is an interface mechanics-driven phenomenon, which can be
strengthened, weakened, or encoded. These results pave the way for creating smart
materials and systems with tunable mechanical response that do not require change of
the material composition or intrinsic geometry, with potential applications in adaptive,
morphing, and energy dissipative systems. Beyond the quasi-static conditions considered
in this study, several research directions warrant further investigation, including the
effects of strain rate, impact loading, multiaxial loading, geometric variations, and
material nonlinearities on the auxetic response of tetrachiral tubes. Further extensions
may include: (1) The integration of the developed finite element framework with
experimental compression tests on additively manufactured specimens of AA7075-T651.
This would enable direct validation of the predicted friction-dependent transition from
conventional to auxetic behavior while quantifying the range of friction coefficients
attainable for practical metallic contact interfaces. (2) Extending the parametric
study to dynamic and impact loading could determine whether the boundary-condition
sensitivity observed under quasi-static compression persists at high strain rates, thereby
providing valuable insights for the design of crashworthy and protective structures based
on tetrachiral tubes. (3) Investigating the effects of unit-cell parameters (ligament
length, node radius, wall thickness, and the number of circumferential and axial cells),
together with friction and end constraints, could enable the development of surrogate
models to predict the effective Poisson’s ratio and load-carrying capacity of tetrachiral
tubes without requiring full nonlinear finite element simulations. Such models would
facilitate the optimization and design of lightweight auxetic structures for targeted
stiffness-to-weight ratios, controlled radial contraction, and enhanced energy absorption.
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