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Experimental study of auxetic behavior of re-entrant honeycomb
with curvilinear elements
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The mechanical behavior of a two-dimensional structure with negative Poisson's ratio (auxetic structure) was experimentally
studied. The concave hexagon (re-entrant honeycomb) with straight sides is often an element of auxetic structures. In this
paper, anew design of a concave hexagon in which a part of straight elements is replaced with curvilinear elements is suggested.
The sample (110 x 20 x 0.7 mm plate with the central part of 26.2 x 20 x 0.7 mm) was made by the laser cutting method from
nonauxetic polyethyleneterephthalate (PET-a amorphous) plates. The transverse size of elements of hexagons is equal to
sample thickness. The sample was subjected to a monotonous uniaxial tension until the last moment when it still maintained
its planarity. As a result of experimental data processing the tensile force — displacement diagram was calculated. Variability
of Poisson's ratio depending on engineering deformations was studied. The analysis showed that auxetic structure at tension
attained the maximum longitudinal deformation (before loss of stability) of 99%, and the maximum transverse deformation of
59%. Elastic deformations reached 2%. Poisson's ratio defined by analogy with elastic small deformations varies in the range
from -0.19 to -0.60 with an increase of longitudinal and transverse deformations.
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OKCIlepyMEeHTa/IbHO MCCIEIOBAHO MeXaHIYeCKoe IT0BefieHNe IBYMEePHOI KOHCTPYKIIUY C OTPULIATeIbHBIM K09 PUIIMEeHTOM
ITyaccona (aykceTi4ecKkol KOHCTPYKIVM). B aykceTryecKuX KOHCTPYKIVIAX YaCTO /IEMEHTOM AB/IAETCA BOTHYTBII LIeCTHU-
YIOJIbHMK C IPSAMBIMM CTOPOHAMM. B jaHHOI paboTe IpenoskeH HOBBII [U3aliH BOTHYTOTO MIECTUYTO/NIbHIUKA, B KOTOPOM
YacTh MPSIMBIX 9JIEMEHTOB 3aMeHeHa Ha KpMBOIMHelHble a7ieMeHThl. O6pasers, pazmepamu 110 x 20 x 0.7 MM ¢ [jeHTpanbHOI
30HOII 26.2 %20 % 0.7 MM, ObUI M3TOTOBJIEH U3 HeayKceTHdeckoro nomyarwieHTepedranara (II9T-a amopdHblit), MeTogoM
nazepHO pesku. IlomepeyHslil pasMep 9/1eMeHTOB LIeCTUYTOJIbBHUKOB PaBeH TOJIHe oOpasua. O6pasel 6bUI IOABEPIHYT
MOHOTOHHOMY OfJHOOCHOMY PACTsDKEHVIO IO MOMEHTa, KOTZIa OH ellje OCTaBajICA INIOCKMM. B pesybrate 06paboTKu aKcIie-
PUIMEHTAIbHBIX JAHHBIX IIOCTPOEHA AMarpaMMa pacTATMBAOIAA CHIa — IIepeMelleHNe, a TaKXe JMCCIefoBaHa M3MeHYM-
BOCTb Koo PuiuenTa IlyaccoHa B 3aBUCKMOCTI OT MH)XEHEPHBIX AedopManyii. AHa/mM3 MOKa3asl, YTO B pe3y/braTe pac-
TSDKEHMs ayKCeTUYeCKO KOHCTPYKIMY MaKCUMa/IbHasg IpORo/bHasA fedopMalysa cocTaBuIa (Jo MOTepy YCTONYMBOCTIA)
99%, a MakcuMasIbHble NoIepeyHble fedopmannu — 59%. Yipyrue gedopmannu focruraior 2%. Koappuunenr ITyaccona,
OIIpeJie/IeHHDII [T0 aHAJIOTUY C YIIPYTVMMU MajIbIMI fedopMalyamy, MeHAeTcs B nHTepBaie or —0.19 no —0.60 npu yBennye-
HVM TIPOJIOJIBHBIX M TIONIePeYHBbIX fedopMariuil.

KiioueBble coBa: aykceTnku, koadduient Ilyaccona, MeTamMarepuat.
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1. Introduction

A material with negative Poisson's ratio (auxetic) —
polymeric foam [1] was obtained for the first time in 1987.
From this time active theoretical and experimental studies
of physical and mechanical properties of materials and
structures with negative Poisson's ratio have started. In a
study of auxetics it is possible to allocate the following main
directions — creation of auxetic rod models and structures
[2-7], production of composites [6,8-11] and polymer
foams [1,12,13] with effective negative Poisson's ratio,
a study of auxetic crystal materials [6,14 -20]. For example,
auxetic rod models and structures can be used as elements of
a new class of composites. Negative Poisson’s ratio can also
be detected due to anisotropy of the elastic media [14-22],
re-entrant honeycombs [12,13], rotating rigid units [23,24],
polydispersity [25], fractal structure [26], applied negative
hydrostatic pressure [27,28], and excitation of nonlinear
vibrational modes [29].

For the first time plane auxetic structures were considered
in [2-4]. In [2] the two-dimensional structure consisting of
concave hexagons was suggested and values of geometrical
parameters at which Poisson's ratio equals —1 were given.
In [3] the auxetic framework which is also fabricated of
concave hexagons was considered and calculations of average
elastic characteristics were given. In [4] auxetic properties
were revealed in the two-dimensional plane consisting of
convex hexagons. Experimental study of the two-dimensional
and three-dimensional auxetic polymeric constructions was
carried out in [5]. In this paper dependences of Poisson's
ratio on true deformation were obtained.

The concave hexagon (re-entrant honeycomb) with
“straight” elements is often used as a unit cell in a study of
mechanical properties of cellular structures (see the book [6]
and the review [7]). The design of the auxetic two-dimensional
plane consisting of concave hexagons is suggested below
in the present work. Variability of Poisson's ratio is also
investigated. Some sides of the generating hexagon of this
plane have the curvilinear form (Fig. 1).

X Fixed end

Fig. 1. (Color online) Design of the central part (26.2 x 20 mm) of
the two-dimensional auxetic plane. Axis y corresponds to tension
direction, and axis x corresponds to the transverse direction.
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2. Methods

Samples were made of 0.7 mm thick polyethy-
leneterephthalate (PET-a amorphous) plates by the
femtosecond laser cutting method. Processing quality
of this method exceeds any other existing laser systems
(for example, widespread CO, lasers). Femtosecond laser
processing yields almost no side effects related to material
heating. Duration of a femtosecond laser impulse is so short
that its thermal influence after its interaction with material
does not extend to adjacent sites. Material is exposed
to ablation. The main advantage of this method is high
precision and selectivity, as transition to plasma happens
only in the focus of a laser beam (spot size is from tens of
microns to several hundred nanometers). Thus, mechanical
properties of the material in the areas adjoining the place
of processing do not change. Samples were made on a
laser machine with a femtosecond laser. The laser machine
provided displacements of billet with micron accuracy.
The average power of radiation was 3 W. Duration of the
laser pulses was 500 fs. Energy of laser pulse was 120 pJ.
Thus, radiation power in laser pulse reached 240 MW.
A 110x20x0.7 mm sized plate with the central part of
26.2x20x0.7 mm (Fig. 1) was cut out. The design of the
sample were such that the transverse size of elements of
concave structure was chosen equal to the plate thickness.

The sample was subjected to a monotonous uniaxial
tension by force F on a universal uniaxial setup MTS Synergie
400 up to a load of 50 N with a speed of 5 mm/min. Changes
of sample geometry was registered in 12-Megapixel images
obtained during the experiment. Force and displacements of
cantilever-moving beam of upper grip were also registered by
the built-in sensors of the setup.

3. Results and discussion

In Fig. 2a a tensile force — displacement diagram is given
(F — Aly). As one can see from the figure, the dependence
is almost linear up to 5 mm displacement, and from 5 mm
to 10 mm the sample is elongated with no force increase.
There is a nonlinear load increase at further tension. During
the experiment, the maximum displacement was 25.9 mm.
Up to this value the sample remained plane. The transverse
displacement Al versus longitudinal displacement Al is
given in Fig. 2b. The maximum transverse displacement
is equal to 11.9 mm. It should be noted that longitudinal
displacement during the experiment appears several times
higher than the transverse displacement.

Poisson's ratio in the elasticity theory of small
deformations is determined by the formula

v=-—-¢/e,
'y

where ¢ — longitudinal deformation, & — transverse
deformation. Variability of Poisson's ratio was studied by
analogy with this formula. In the case under consideration
e = Al /L is longitudinal deformation, L, = 26.2 mm the
length of the central area, & = Al /1 is transverse deformation,
and I, = 20 mm is the width of the central area. Photographs
of the sample at different stages of deformation are presented
in Fig. 3. The analysis of experimental data showed that elastic
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deformation for this sample occurs up to 2% longitudinal
deformation. The remaining part of deformation accounts
for plastic deformation.

Poisson's ratio dependence on longitudinal and
transverse deformations is given in Fig. 4. As a result of
tension of the two-dimensional plane, the maximum
longitudinal deformations reached 99%, and the maximum
transverse deformation is 59%. As seen from Fig. 4, Poisson's
ratio remains constant up to 11% longitudinal deformation
and is close to —0.2. Poisson's ratio decreases to -0.6 with a
further increase of longitudinal deformation.

4. Conclusion

Anewdesignofanauxetictwo-dimensionalstructurehasbeen
suggested. The concave hexagon was chosen as a generating
element of this structure. Unlike a common hexagon with
straight sides, in this paper a part of straight sides is replaced
with curvilinear ones. The sample with such an auxetic
design made of nonauxetic polyethyleneterephthalate (PET-a
amorphous) by femtosecond-laser cutting was subjected to a
monotonous uniaxial tension. The analysis of experimental
data showed that Poisson's ratio of such auxetic structure is
changed in the range from -0.19 to -0.6.

The considered auxetic structure can be used in composite
materials for a production of materials with predetermined
mechanical properties.

Acknowledgements. Authors are grateful to V. A. Gorodtsov
and N. G. Solovyov for useful discussion of the results. The work
was accomplished within the framework of the Project of RFBR
and Moscow Government N 15-31-70005 mol_a_mos.
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Fig. 2. Tensile force — displacement (F — Al ) diagram (a) and
transverse displacement Al versus longitudinal éisplacement Al (b).
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Fig. 3. (Color online)
Photographs of the sample at different stages of deformation:

g = 0, g = 0 (a); e = 0034, g = 0.140 (b);
e, = 0110, e = 0311 () e = 0222, ¢ = 0486 (d);
e = 0315 ¢ = 0.658 (e); e = 0499, g = 0.866 (f).

Axis y corresponds to tension direction, and axis x corresponds to
the transverse direction.
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Fig. 4. Poisson s ratio as a function of longitudinal deformation ¢ (a)

and transverse deformation ¢_(b).
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