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ARTICLE INFO ABSTRACT

Keywords: This paper investigates an unconventional 3D printable auxetic metamaterial realized by a unique sliding mech-
Sliding mechanism anism. The concept of 3D sliding induced hexagonal auxetic (SIHA) metamaterial is proposed with stable auxetic
metamaterial

behavior and improved compression load response, as compared with the conventional re-entrant structure. For
a single SIHA lattice cell, the theoretical model concerning the sliding mechanism is developed and verified by
both finite element analysis (FEA) and experiment. Furthermore, the compression properties of the periodic STHA
structure are evaluated by FEA with experimental verification. A 3D conventional re-entrant honeycomb (REH)
structure is adopted for comparison. It is shown that the FEA results agree with the experimental results, and
overall superior performance of SIHA structure is obtained, which is reflected by higher compression resistance
and more stable auxetic behavior. Moreover, the sensitivity of performance with respect to the friction coeffi-
cient in the sliding mechanism is investigated. It is found that the performance and auxetic behavior of the SIHA
metamaterial is sensitive to the friction condition. Force-strain curve increases with the input friction coefficient,
while an excessive friction coefficient may cause undesirable effects on the slip mechanism. Overall, the friction
sliding and collapsing structural mechanism-driven structures could provide a new way to entrap elastic energy

auxetic behavior
re-entrant structure
friction coefficient

finite element simulation

under compression deformations.

1. Introduction

Metamaterials are artificial structures or composite materials with
extraordinary physical properties that can overcome the limitations of
natural materials [1-3], and research has shown numerous novel appli-
cations of metamaterials such as energy absorbers [4,5], negative refrac-
tive indices [6,7], cloaking [8,9], and superlens [10]. Mechanical meta-
materials, a major category of metamaterials, have attracted tremen-
dous research interests thanks to the unconventional performance, the
advancement in fabrication techniques, and the increasing needs in in-
dustrial and commercial applications [11-13]. A significant fraction of
research on mechanical metamaterials is focused on auxetic behavior,
which means the materials have a negative Poisson’s ratio. The auxetic
metamaterials become thinner under uniaxial compression and wider
under uniaxial tension, which was first discovered by Lakes [14]. The
unique behavior has opened up numerous new possibilities, such as the
combination of superior mechanical properties with significant weight
reduction in applications.

The study of auxetic metamaterials can be traced back to the pro-
posed re-entrant honeycomb structure by Gibson et al. [15] and Mas-
ters et al. [16]. Thereafter, the research for auxetic metamaterial has
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bloomed and many other mechanisms have been proposed. Meanwhile,
because of the favorable impact energy absorption ability of auxetic
metamaterials, the mechanical behaviors of auxetic metamaterials un-
der high strain rates have attracted increasing attention [17-19]. To this
end, researchers have investigated many auxetic structures that have
superior mechanical properties to meet the performance requirement.
For many years, the new structure design of an auxetic metamaterial
is largely based on the designed local deformation of hinges interact-
ing with the rest of the structure to achieve auxetic behavior [20-24].
Therefore, most of the new auxetic metamaterials based on local defor-
mation are constructed by a single piece unit cell. The Poisson’s ratio will
mostly increase during the deformation. Moreover, the auxtetic behav-
ior of the conventional design is largely affected by the materials used
to construct the structure, because the deformation strategy involves
the rotation of the structural frame connected to the hinges. The higher
the material stiffness, the higher the Poisson’s ratio of the conventional
structures [24-29]. Recently, some studies have reported novel mecha-
nisms containing separate moving parts within the auxetic cell that can
help improve the mechanical properties compared to the conventional
auxetic metamaterials [30-32]. For example, Kim et al. [30] proposed
a numerical model for auxetic metamaterials with rigid sliding units. It
was shown that the auxetic behavior of rigid sliding metamaterials can
be theoretically kept at a constant negative value and the deformation
mechanisms do not involve the rotation of structure which gives the
freedom to choose the different materials and eliminate the influence
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on the auxetic performance. The proposed design can create a stable su-
perior mechanical property under the uniaxial compression load. With
further investigation, the concept of achieving auxetic behavior by sep-
arate sliding units might lead to the development of a new field for
auxetic metamaterials [31].

This paper reflects our effort to design a new auxetic metamaterial
with the sliding mechanism, in which the hexagonal profile is consid-
ered to achieve superior uniaxial mechanical properties. The hexagonal
geometries adapted from the natural structure are often used in other
types of metamaterials because of their excellent mechanical proper-
ties under the uniaxial compression load [33, 34]. Certainly, the excep-
tional mechanical properties of the hexagonal structure are not limited
to metamaterials, which are widely reported by researchers [39-43]. In
this study, a solid hexagonal column is used to design the auxetic unit
cell. The hexagonal column is divided, expanded, and separated into a
larger hollow hexagonal unit cell with multiple sliding units. The slid-
ing units are expected to slide along the sliding surface and shrink the
larger hexagonal unit cell back to its original shape under the compres-
sion load to create the auxetic behavior. In the study, we demonstrate
the effectiveness of the auxetic metamaterial for both a single cell and
a periodic structure by simulation and experiment approaches.

2. Mechanism of Hexagonal Auxetic Metamaterial

As mention previously, auxetic metamaterials are promising
lightweight materials with numerous applications such as energy-
absorbing due to their unique behaviors of horizontal contraction under
uniaxial compression loading, which is conventionally realized by the
strut-hinges interaction of the structure [20-24]. However, in the study,
the auxetic behavior is realized by the conversion of uniaxial load to hor-
izontal strain by sliding mechanism. In the research of thin wall energy
absorbers, the inversion is commonly used as a dissipation mechanism
which involves transferring the uniaxial load to the horizontal load by a
designed slop structure [35-37]. For instance, Gao et al. [38] proposed
a splitting circular thin wall structure for energy absorption by using a
cone-shaped die to scatter the uniaxial impact loading to the structure
in the horizontal direction. The similar mechanism is used to design the
unit cell of SIHA structure in this study, which also attempts to con-
vert the uniaxial load to the horizontal strain. The design strategy is
to create a sliding surface within the SIHA unit cell to achieve auxetic
behavior and convert the uniaxial compression load. The detailed ge-
ometry model is presented in the following along with the mechanical
analysis of the SIHA unit cell.

2.1. Design methodology

The SIHA structure is designed by adapting the mechanism contain-
ing sliding units and the hexagonal shape profile due to the unique abil-
ity to maintain the negative Poisson’s ratio with the various stages of
uniaxial strain and excellent mechanical capacity under compression
loads. It should be stressed that, unlike the conventional metamateri-
als with negative Poisson’s ratio [20-24], the auxetic deformation of
the proposed SIHA structure is mainly driven by the internal collapsing
mechanism, and the STHA metamaterials are designed for enduring com-
pression load exclusively. The sliding mechanism would not be suitable
for tensile loading in that the sliding units must contact the hexagonal
ring to initiate the sliding interaction, which only occurs when the STHA
structure endures compression load.

The basic sketch for elaborating the design methodology to achieve
the auxetic behavior is shown in Fig. 1. The concept is about contract-
ing a large hexagonal unit (see in Fig. 1 (a)) into a smaller unit cell (see
in Fig. 1 (b)) under compression load along the z-direction. Hence, the
cake-like sliding units (the red part in Fig. 1 (a)) slipped in the honey-
comb ring (the green part in Fig. 1 (a)) will match the external dimen-
sion of the smaller hexagonal unit under the compression load, which is
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similar to auxetic behavior. To achieve this mechanism, an inverse pro-
cedure is used to design the pattern which starts from the deformed unit
cell in Fig. 1 (b), and expands to the undeformed structure in Fig. 1 (a)
by adding connections between the cake-like sliding units. It can be seen
that a solid hexagonal column is divided into twelve individual cake-like
bulk units which act as sliding units, as well as a hexagonal ring which
is similar to a single honeycomb cell. As a result, the twelve individual
sliding units expand along the cutting surface against the hexagonal ring
to establish an auxetic hexagonal column unit cell in Fig. 1 (a).

To analyze the influence of dimensional parameters on auxetic be-
havior, we focus on the 2-D cross-sectional sketch along x-direction as
shown in Fig. 1 (c). As the axial compression load is applied to the struc-
ture, the sliding units then move along the sliding surface. When the
unit cell deforms uniformly under the compression load from the ex-
pend shape, the horizontal direction AL, and axial direction AL, can be
defined as

AL, =2dcos6 (1)

AL, =2dsin® @
L, and L, can be expressed as

L, =1 +2dcoso &)

L,=1,+2dsin0 @)

Where d is the total sliding distance of sliding units, and 6 is the angle
of the sliding surface, L, and L, are the original horizontal length and
axial height of the auxetic hexagonal column, I, and L, are the horizontal
length and axial height after deformation, respectively.

2.2. Connected assembly

The single unit cell as shown in Fig. 1 consists of separate individual
parts. To eliminate the need of component assembly, the separate parts
should be connected in the design so that the connected structure can
be made at once without difficulty via 3D printing. As such, additional
structures must be introduced to the SIHA unit cell. The requirements
of additional connection structures are as follows. (1) The connection
structure should link the sliding units shown in Fig. 1 (the red regions).
(2) The connection structure should also link the sliding units and hexag-
onal ring shown in Fig. 1 (the red and green regions). (3) The collapsing
and buckling forces of the connection structure during the compression
test should create minimum influence on the sliding mechanism and
promote the sliding force between the sliding units and hexagonal ring
simultaneously. As a result, the V-shaped connectors, columnar connec-
tion structures, and extended height are introduced into the SIHA unit
cell.

First, the V-shaped connectors (i.e., the green regions shown in
Fig. 2(a)) are added to connect the individual sliding units (i.e., the gray
regions in Fig. 2(a)). The V-shaped connectors are expected to fold into
the reserved spaces during the compression to minimize influence on
the sliding mechanism and provide the elastic energy against the sliding
surface to increase the friction force to the SIHA structure. The height
and thickness of the V-shaped connectors are 3 mm and 1 mm. Then,
the yellow regions shown in Fig 2(a) are the extensions from the slid-
ing units to connect SIHA units, and the thickness of the extensions is 1
mm. Finally, the red regions in Fig. 2 (b) show the connection structures
to connect the hexagonal ring (i.e., the transparent region in Fig. 2(b))
and the sliding units. The height, width, and thickness of the connection
structure are 4.5 mm, 2 mm, and 1 mm, respectively. The dimensions
of the connectors were chosen to be small and yet ensure reasonably
consistency in part quality, under the resolution constraint of our dig-
ital light processing (DLP) 3D printer. Note that if a higher resolution
printer were to be available, the connector dimensions could be further
reduced.
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Fig. 1. The concept design of a SIHA metamaterial, (a) an undeformed hexagonal column, (b) a deformed hexagonal column, (c) the undeformed cross-section view
of the auxetic hexagonal column, (d) the deformed cross-section view of the auxetic hexagonal column, (e) the force diagram of the deformed hexagonal column,

and (f) the effective model of the hexagonal column.

(a)

I mm

3 mm

In general, the connectors in Fig. 2(a) link the individual sliding
units, and the connection structure in Fig. 2(b) links the connected slid-
ing units at the top and the bottom with the hexagonal ring, and the
connection can be seen at the tips of sliding units as shown in Fig. 2(c)
(highlighted area). The assembled structure leads to a single SIHA unit
cell shown in Fig. 2(c) or Fig. 2(d). The packing factor of the SIHA unit
cell is 30%. The formation of the SIHA periodic model is accomplished
by connecting the extension layers (the yellow regions in Fig. 2(a)) of

Fig. 2. Schematics of auxetic hexagonal column
unit cell, (a) sliders with V-shaped connectors
(green regions) and extensions (yellow regions), (b)
grouped structure of hexagonal ring and connection
structures, (c) cross-sectional view of a single STHA
unit cell, (d) illustration of connection structures
(highlighted regions) in a unit cell, and (e) illustra-
tion of the formation of the SIHA periodic model.

the individual STHA unit cells, and the resultant periodic SIHA structure
is illustrated in Fig. 2(e).

2.3. Mechanical analysis for single SIHA cell

Recall that the auxetic hexagonal column is expanded from a solid
hexagonal column, I, and [, are equal to V3aand H respectively, where
H is the height and a is the side length of the compressed hexagonal col-
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umn as shown in Fig. 1 (d). Thus, the strains of the horizontal direction
€, and axial direction ¢, can be written as

2d cos 0

&= —m—— 5)
\/ga +2d cos6
2d sin 6
2= H+2dsing ©

Poisson’s ratio v, which is defined as the negative ratio of the hori-
zontal strain and axial strain, is given by [16],

€x _ Hcosf+2dsinfcosf

V= —— =

@)
€2 \/3asin6 +2d sin 6 cos 0

It can be seen that the relationship between the Poisson’s ratio and
physical geometry is simplified to four major dimensional parameters
where the range of #is 0 <9 < .

Hexahedral crystals in Fig 1 (e) may show some structural degener-
acy. This means that structures other than that shown in Fig 1 (a), but
of the same connection per molecule, can be formed by the spring con-
nection. As shown in Fig. 1 (e), the compression on auxetic hexagonal
metamaterials can be regarded as a quasi-static process, and Newton’s
first law should be considered. The whole structure will satisfy the fol-
lowing equations:

F.=F,+F,+Fy, )

Fi, =Fp + F, )

Where F,, F,, F,, Fp, and F;, are compression force, reaction force at sup-
port, vertical force contributed by the vertical connection between slid-
ing units, friction force, and horizontal force contributed by the in-plane
connection between sliding units, respectively. Also, x and z are the di-
rectional component subscripts along x and z directions, respectively.
The force components have the following relations,

F,, = Ficos0, F, = Fsin0, Fy, = Fysind, Fy, = Fcosf (10)

Considering the Amontons’ first law, the relation between friction
force and reaction force at support can be expressed as

Fr=uF; (11)
Substitute Egs. (10) and (11) into Egs. (8) and (9), we have

Fy

= —————(cosf sinf) + F, 12
5ind = poosd) (cos@ + usinb) + F, (12)

c
As shown in Fig. 1(f) and Fig. 2 (d), the additional connection is
expected to provide the collapsing force against the sliding units and
enhance the friction force on the sliding surface. When the hexagonal
column is under uniaxial compression, the support structures will shrink
because the sliding units will slide into the hexagonal ring as shown in
Fig. 1(c)-(d), then the buckling and collapsing of the support connection
will provide extra collapsing force to the sliding units which will create
the additional friction force at the sliding surface. Therefore, the com-
bination of sliding and collapsing mechanisms can trap large uniaxial
mechanical deformations by horizontal collapsing force. Based on the
design, the connection between the sliding units in the same plane can
be simplified as a horizontal spring k;, and the connection between two
sliding units in the different plane can be simplified as a vertical spring
k,. To obtain the accurate values of the spring constants, the values of
ky and k, are obtained by fitting the experimental compression curve of
the unit cell, which is to be described in the next section.
Therefore, the horizontal force and the vertical support force can be
expressed as

Fj, = kd cos 9 13

F, = k,d sin6 (14)
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where k;, and k, are the horizontal and vertical spring constants between
the sliding units. Thus, the relation between compression and sliding can
be expressed as

F, knd c0s 0 (cosd + usind) + k,d sin 6 15)
= —— = (CO0s S1n| sin
¢ (sinf — ucosh) K v

Substitute Egs. (5) and (6) into Eq. (15), the relation between com-
pression and horizontal strain and axial strain can be expressed as

\/Eaex(cosﬁ + psind) \/gaex sin 6
F, =k,— +k, (16)
2(51110—;40056')(1 —sx) 20056’(1 —ex)
H 0 + usind H
FL =k £,(cos pusing) +k, £, a7

"2sin0(sing — pcost) (1 —.)  “2(1—¢,)

3. Evaluation Methods

To evaluate the effectiveness of the proposed structure, both experi-
mental and numerical analyses are conducted. For the single STHA cell,
the validity of the mechanical analysis presented above is also revealed.
This section introduces the experiment conditions, materials properties,
specimen preparation, and simulation settings.

The single unit cell shown in Fig. 2(d) is simulated and tested to catch
the performance and negative Poisson’s ratio behavior. The dimensional
parameters of the SIHA unit cell are as follows: a = 10 mm, H = 12 mm,
d = 5mm, and 6 = z/3. Furthermore, a periodic SIHA structure consist-
ing of 24 unit cells is created to evaluate the mechanical response at a
larger scale with a 69 mm side length in all directions. The relatively
small number of repeating unit cells is chosen due to the constraint on
build size limit of our 3D printer. Although some researchers [44] indi-
cated that the influence of the number of unit cells may be less notice-
able compared to that of the structural design, we recognize that size
effect may still exist and more number of repeating units would help to
further mitigate the size effect.

The CAD model constructed with the twenty-four auxetic hexago-
nal column unit cells is shown in Fig. 3(a). Also, a conventional 3D re-
entrant honeycomb auxetic structure (REH) by referring to Yang et al.
[45] is also created for comparison. As shown in Fig. 3(b), the dimen-
sion of the REH is kept 69 mm in all directions as well, and the volume
of the material is also kept identical to that of STHA periodic model by
altering the wall thickness. Thus, the STHA and REH models share the
same volume density for a fair comparison.

To investigate the mechanical properties of SIHA and REH struc-
tures, the commercial FEA software ABAQUS is used to perform the
deformation simulation under quasi-static compression conditions. The
quasi-static compression speed is controlled at lmm/s. In the quasi-
static study, we adopt a commercial rubber-like photosensitive resin
(Tenacious from Siraya Tech), and structures are made by using DLP
3D printing in which the resin is cured by UV light. The mechanical
properties of the cured polymer are measured from the standard ten-
sile method (ASTM D638-1V), and the obtained stress-strain curve is
shown in Fig. 4. Meanwhile, the mass density is 1178 kg/m3, Young’s
modulus is 411.5 MPa, and Poisson’s ratio is 0.35 for the DLP printed
material. Since friction in the sliding mechanism is an important consid-
eration, the surface contact properties are measured by the standard test
method (ASTM D1894). The schematic of such measurement is shown
in Fig. 5(a), in which two printed Tenacious resin samples slide against
each other under compression loading. A load cell is used to create a
horizontal traction force to drive the weight moving forward with the
cured resin. Thus, the friction coefficient 4 = F/P can be obtained after
the weight moves 150mm forward. Fig. 5(b) shows that the average fric-
tion coefficient is approximately 0.64 after relatively stable drag force
is reached in the sliding process.

In FEA simulation, elements for both SIHA and REH are linear hexa-
hedral element C3D8R and controlled by the edge size with 1 mm. The
meshed single SIHA cell, and periodic SIHA and REH models are shown
in Fig. 6. Two rigid plates are created on the top surface and the button
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69 mm

Fig. 3. Constructed models for comparison, (a) the SIHA periodic model, (b) the conventional 3D re-entrant honeycomb auxetic structures REH.
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Fig. 4. Stress-strain curve for 3-D printing samples of Siraya Tech Tenacious
resin

surface of the mashed model to apply the axial compression load along
the z-direction. The compression simulation is realized by applying a
uniaxial movement along z axis for the top rigid plate, while the bottom
rigid plate is stationary. The applied uniaxial displacement on the top
rigid plate is set to reach 50% strain, at the deformation speed of Imm/s
(which identical to the experimental condition), for all simulation mod-
els. Meanwhile, the surface contact is considered in the simulation for
all the interactions between surfaces, and the friction coefficient of 0.64
is adopted based on the aforementioned experiment. In the single-cell
model, the total number of elements is 7592, while in the periodic STHA
and REH models, the total numbers of elements are 159680 and 119936,
respectively. Also, the standard self-contact with the assigned friction
coefficient is applied. The deformation pattern and the interaction force
between the top rigid plate and the structure models are studied.

The single SIHA unit cell and the periodic SIHA and REH models
in Figs. 2 and 3 are realized by DLP 3-D printing. The finished sam-
ples of single SIHA cells, and periodic STHA and REH structures are
shown in Fig. 7. They are then tested by a universal material testing

system (Model: Shimdzu AGS-X) under compression load. The compres-
sion speed is kept at 1 mm/s. The obtained results are then compared
with the simulation results.

4. Results and Discussion

In this study, the investigation consists of three major tasks. The first
task is about evaluating the performance of the single SIHA unit cell, the
second task is about evaluating the performance of the periodic STHA
model and its comparison with the conventional REH structure, and the
third task is the sensitivity analysis on the effect of friction condition for
the periodic STHA model. The results on the three tasks are summarized
and discussed accordingly.

4.1. Evaluation of collapsing sliding mechanisms in single SIHA unit cell

The influence of collapsing sliding mechanisms is investigated for
the single SIHA unit cell under compression load. It can be seen that
the compression force of the SIHA cell increases nonlinearly with the
strain as shown in Fig. 8(a), where the sliding mechanism is effectively
generated by the horizontal collapsing force of the internal supporting
structure. This can be used to trap the elastic energy to increase the
uniaxial compression force against the sliding surface. The compression
force is increased because the collapsing of support structure can provide
a higher normal force against the sliding surface. Meanwhile, Fig. 8(b)
shows that the negative Poisson’s ratio decreases with the increase of the
strain, and the SIHA cell exhibits auxetic behavior through the sliding
mechanism. The minimum Poisson’s ratio of a single unit cell is about
-0.3 for both experimental and simulation results. The ideal Poisson’s
ratio calculated by Eq. (7) shown in Fig. 8(b) indicates that it could
reach the minimum of -0.48, which is lower than the experimental and
simulation results by a noticeable amount. The discrepancy can be at-
tributed to the following reason. The theoretical model in Eq. (7) only
considers the geometry design of the SIHA unit cell, while the deforma-
tion properties of the material are not considered. The deformation of
the material can affect the sliding mechanism during the compression,
resulting in the increase of Poisson’s ratio. Thus, the theoretical model
can illustrate the maximum performance of the geometry design, and
simulation results are more suitable for the real-world scenario. To this
end, the simulation results and experimental results of the single unit
cell are well agreed. The SIHA unit cell is shown to be effective.
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Fig. 5. Friction coefficient measurement for printed polymer materials, (a) schematic of test set-up, (b) the friction coefficient result.

Fig. 7. DLP 3D printed samples, (a) single SIHA unit cell - top view, (b) single SIHA unit cell - side view, (c) periodic SIHA - side view, (d) periodic SIHA - top view,

and (e) periodic REH - side view

4.2. Quasi-static compression of periodic SIHA and REH structures

The mechanical behaviors of the periodic SIHA and REH structures
are evaluated under compression in both FEA simulation and experi-
ment. The results with progressive uniaxial strain for STHA structure are
shown in Fig. 9(a)-(e), while those for REH are demonstrated in Fig. 9(f)-

(4. The deformation patterns for both RSEM and REH structures show
good agreement between simulation and experiment. The horizontal di-
mension shrinks with the uniaxial strain, and the auxetic behavior is
observed for both SIHA and REH. The simulation snapshots in Fig. 9 il-
lustrate the magnitude of horizontal displacement, where the red color
indicates the node is moved to the positive direction toward the x-axis,
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Fig. 8. Performance of single SIHA unit cell, (a) compression force and (b) Poisson’s ration with respect to uniaxial strain
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Fig. 9. Compression deformation snapshots in experiment and simulation with various uniaxial strains. (a) SIHA 10% strain, (b) STHA 20% strain, (c) SIHA 30% strain,
(d) SIHA 40% strain, (e) SIHA 50% strain, (f) REH 10% strain, (g) REH 20% strain, (h) REH 30% strain, (i) REH 40% strain, (j) REH 50% strain. (U,U2 = displacement

in Y direction)

the blue color indicates the negative displacement along the X-axis, and
the green color indicates that the displacement is almost unchanged. The
darker the rendered color, the greater the magnitude of displacement.
For the periodic SIHA model, the deformation patterns show the
expected results for such design. As it can be seen from Fig. 9(a) and
Fig. 9(b), the sliding units start to slide into the hexagonal rings to cre-
ate horizontal displacement at 10% to 20% uniaxial strain. The maxi-
mum magnitude of horizontal displacement is obtained when the uni-
axial strain reaches 40% in Fig. 9(d). When the uniaxial strain is over
40%, the SIHA model reaches the densification stage, where the struc-
ture has less impact on auxetic behavior [47]. However, the REH struc-
ture shows a different deformation pattern. As shown in Fig. 9(f), the
buckling occurs when the uniaxial strain is relatively small (less than

10% uniaxial strain). This buckling effect is a common phenomenon
when the re-entrant structure is compressed under static loading [12,
24, 45, 48]. However, the REH structure still shows auxetic behavior
when the magnitude of horizontal displacement becomes larger in the
negative direction, which can be seen in Fig. 9(g) - (i).

The compression forces are extracted and the macroscopic Poisson’s
ratios for both models are also calculated from simulation and experi-
ment results. The force-strain curves are shown in Fig. 10(a). It can be
seen that the results of simulation match with those of experiment very
well. Generally, the values obtained from the simulation are slightly
higher than the experiment results especially in the early stage of defor-
mation for both SIHA and REH structures. The minor difference could
be attributed to the manufacturing imperfections and the friction co-



Y. Su, X. Xu, J. Shi et al.

@)10000 —
——SIHA-simulation
——SIHA-experiment
8000 f| = =REH-simulation
— —REH-experiment
2 6000 |
© 4000 |
2000 f
O L.
0 0.1 0.2 0.3 0.4 0.5

Uniaxial Strain

International Journal of Mechanical Sciences 209 (2021) 106699

(®) 4
———SIHA-simulation
——SIHA-experiment
05 | - =REH-simulation
o — —REH-experiment
E
= 0 p—
z v e-=== I~
= ‘\\ / A i
Rl
W /
A\
_1 A1 1 1 1

0 0.1 0.2 0.3 0.4 0.
Uniaxial Strain

W

Fig. 10. Experiment and simulation results of SIHA and REH structures, (a) force-strain cures, (b) macroscopic Poisson’s ratio-strain curves

efficient variation during the large deformation, which is not easy to
control during the experiment [12, 49]. It can be seen that the com-
pression force increases significantly with the compression strain for
the SIHA structure, while the increase is less significant for the REH
model. The compression force is 8000 N for SIHA when the compression
strain reaches 50%, which is approximately four times the REH struc-
ture. This is mainly because the significant buckling occurs to the REH
structure during the compression. In general, the force-strain curves of
SIHA steadily increase because the initial stiffness of the sliding mecha-
nism is relatively low as compared with the conventional REH structure.
The low initial stiffness is also observed in other metamaterials with
other sliding mechanisms [50, 51]. For the REH structure, the compres-
sion force drops in the early stage of deformation, which is related to
the same moment when the buckling is observed (8.73%).

Meanwhile, the macroscopic Poisson’s ratios for both experiment and
simulation results are investigated, as shown in Fig. 10(b). The Poisson’s
ratio of the SIHA structure appears to steadily decrease during the com-
pression, while that of the REH structure exhibits a more complicated
trend, which consists of a rapid initial drop, a quick bounce-back, and
then a steady increase, with respect to the increase of strain. This is
because the magnitude of horizontal deformation of the sliding mecha-
nism is based on the sliding angle and should be theoretically kept in a
constant value, which differs from the re-entrant structure as mentioned
in the previous section [30]. The Poisson’s ratio curve of the SIHA struc-
ture shows that the sliding mechanisms can hold the Poisson’s ratio more
negative than the REH structure at higher uniaxial strains and relatively
stable with the change of strain. The main reason for the phenomenon
is because the sliding mechanism does not rotate during the compres-
sion. On the other hand, the Poisson’s ratio of REH structure changes
noticeably due to the frame rotation during the compression, and thus
the magnitude of Poisson’s ratio change along with the uniaxial strain
is higher than that of SIHA, in particular in the initial deformation stage
with strain less than 0.1. The observed fluctuation in initial deforma-
tion period and overall trend of Poisson’s ration for REH structure are
highly consistent with literature observations [44, 46, 52], all of which
show that the REH structure’s Poisson’s ratio sharply drops and quickly
bounces back before the strain reaches 0.1. Also, in literature, some re-
searchers suggested that a more stable Poisson’s ratio can be obtained
by adding extra structure to REH [24, 53], but the downside is that the
increased strength of the structure will lead to a certain amount of loss
in terms of auxetic behavior. For instance, Chen et al. [53] proposed an
REH structure with an additional variant to increase the stiffness of REH
which could maintain the Poisson’s ratio around -0.2, but this is signif-
icantly higher than the value of -0.4 for the SIHA structure proposed in
this study. As such, compared with the REH structure, the STHA struc-

ture generally reduces Poisson’s ratio fluctuation in the initial period of
deformation and possesses more negative Poisson’s ratio at the higher
strain region.

4.3. Sensitivity of friction coefficient

The mechanical behavior of SIHA is controlled by the moving of slid-
ing units, where friction plays a very important role. To exam the influ-
ence of friction conditions on the quasi-static performance of the SIHA
structure, scenarios with various friction coefficients are simulated. The
input friction coefficient varies at 0.1, 0.3, 0.5, and 0.7, respectively.
The deformation snapshots at the strain deformation of I 0%, II 12.5%,
III 25%, IV 37.5%, V 50%, respectively for those scenarios are shown
in Fig. 11. The results show that the friction coefficient has significant
effect on the deformation of the SIHA structure. When low friction is
applied, the buckling occurs because there is insufficient friction force
to balance uneven stress created by the deformation and contact within
the structure. The SIHA shows the desired deformation pattern when the
friction coefficient reaches 0.3. However, when the friction coefficient
exceeds 0.5, the sliding surface begins to deform before the sliding units
slide into the structure, which is shown in the highlighted areas III with
25% strain in Fig. 11 (c) and (d). Furthermore, in the case of friction co-
efficient 0.7, the sliding mechanism largely fails because of the friction
force-intensive buckling effect in the middle layer.

The force-strain curves of the simulation scenarios with different ap-
plied friction coefficients are extracted and shown in Fig. 12(a). In gen-
eral, the average force value increases with the applied friction coeffi-
cient because the friction force can provide extra resistance during the
compression and offset the uneven force during sliding, which matches
the simulation work of Alomarah et al. [49]. When =0.7, the sliding be-
havior barely exists in the structure and buckling occurs because there is
sufficient friction force to balance uneven stress created by the deforma-
tion and contact within the structure. Meanwhile, the effect of friction
coefficient on Poisson’s ratio of periodic SIHA is shown in Fig. 12(b).
It can be seen that Poisson’s ratio of the periodic STHA structure gener-
ally increases with the friction coefficient except for the lowest friction
coefficient of 0.1. The Poisson’s ratio at y=0.1 is higher compared with
the case of y=0.3 because the very low friction condition causes the un-
even buckling to the sliding mechanism. Meanwhile, in the high friction
condition, the friction force causes insufficient sliding in the structure,
which can in turn cause localized buckling instabilities and then expand
to a larger area, which is also reported by Hu et al. [54]. As such, the
performance of periodic SIHA structure based on the sliding mechanism
is sensitive to the friction force at quasi-static load. The friction condi-
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of 0.1-0.7.

tion should be one of the main control parameters to be considered in
designing such metamaterials.

5. Conclusions

In this study, we propose a novel sliding induced hexagonal aux-
etic (SIHA) metamaterial inspired by the conventional hexagonal struc-
ture and the sliding auxetic structure. The unique design of the sliding
units employs a sliding mechanism that generates the auxetic behav-
ior. Meanwhile, the embedded collapsing mechanisms could be used
to trap energy with guaranteed negative Poisson’s ratio under uniaxial
compression.

The single cell of the SIHA design is evaluated by mechanical analy-
sis, FEA simulation, and experiment verification. Satisfactory agreement
is achieved among the three approaches. Moreover, the performance of
the periodic SIHA structure is evaluated and compared with the classic
periodic REH structure. It is again found that the FEA simulation results

are overall consistent with the experiment. A noticeable improvement
of mechanical properties over the conventional REH structure is demon-
strated — the results show that the proposed SIHA structure could incur
compression force four times that of the REH structure under quasi-static
compression loading, and a more stable auxetic behavior in the initial
deformation period is observed with the SIHA structure. Furthermore,
the contact surface friction condition is demonstrated to be an important
parameter to control the sliding auxetic behavior.

In brief, the sliding mechanism in the geometry design successfully
introduces a new type of auxetic metamaterials which has the potential
to improve the common weak points of conventional auxetic metamate-
rials such as high Poisson’s ratio and low strength under large deforma-
tion. The principles and design performance of the SIHA structure are
verified by experiment and simulation. On the other hand, the current
research should be regarded as a starting point for the promising meta-
material structure. Extension work is expected to be conducted in the
future. For instance, optimal design of the structure should be addressed
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such that weight reduction under the constraint of manufacturing capa-
bility can be achieved. Also, the energy absorption capability should be
further evaluated so that a relatively flat force to stroke curve can be
achieved under impact loading.
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