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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, a new design of a concave hexagon in which a part of straight elements is replaced with curvilinear elements is suggested. 
The sample (110 × 20 × 0.7 mm plate with the central part of 26.2 × 20 × 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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Экспериментальное изучение ауксетического поведения  
вогнутой ячеистой решетки с криволинейными элементами

Гольдштейн Р. В., Лисовенко Д. С.†, Ченцов А. В., Лаврентьев С. Ю.
†lisovenk@ipmnet.ru
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Экспериментально исследовано механическое поведение двумерной конструкции с отрицательным коэффициентом 
Пуассона (ауксетической конструкции). В ауксетических конструкциях часто элементом является вогнутый шести-
угольник с прямыми сторонами. В данной работе предложен новый дизайн вогнутого шестиугольника, в котором 
часть прямых элементов заменена на криволинейные элементы. Образец, размерами 110 × 20 × 0.7 мм с центральной 
зоной 26.2 × 20 × 0.7 мм, был изготовлен из неауксетического полиэтилентерефталата (ПЭТ-а аморфный), методом 
лазерной резки. Поперечный размер элементов шестиугольников равен толщине образца. Образец был подвергнут 
монотонному одноосному растяжению до момента, когда он еще оставался плоским. В результате обработки экспе-
риментальных данных построена диаграмма растягивающая сила — перемещение, а также исследована изменчи-
вость коэффициента Пуассона в зависимости от инженерных деформаций. Анализ показал, что в результате рас-
тяжения ауксетической конструкции максимальная продольная деформация составила (до потери устойчивости) 
99 %, а максимальные поперечные деформации — 59 %. Упругие деформации достигают 2 %. Коэффициент Пуассона, 
определенный по аналогии с упругими малыми деформациями, меняется в интервале от –0.19 до –0.60 при увеличе-
нии продольных и поперечных деформаций.
Ключевые слова: ауксетики, коэффициент Пуассона, метаматериал.
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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).

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 CO2 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 µJ. 
Thus, radiation power in laser pulse reached 240 MW. 
A 110 × 20 × 0.7 mm sized plate with the central part of 
26.2 × 20 × 0.7 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 — ∆ ly ). 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 ∆ lx versus longitudinal displacement ∆ ly 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

ν = −εx / εy ,

where εy  — longitudinal deformation, εx  — transverse 
deformation. Variability of Poisson`s ratio was studied by 
analogy with this formula. In the case under consideration 
εy  =  ∆ ly / L0 is longitudinal deformation, L0 = 26.2 mm the 
length of the central area, εx = ∆ lx / l0 is transverse deformation, 
and l0 = 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 

Fig. 1. (Color online) Design of the central part (26.2 × 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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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

А new design of an auxetic two-dimensional structure has been 
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.
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Fig. 2. Tensile force  — displacement (F  — ∆ ly ) diagram (а) and 
transverse displacement ∆ lx versus longitudinal displacement ∆ ly (b).

Fig. 3. (Color online) 
Photographs of the sample at different stages of deformation:  
εx  =  0, εy  =  0 (a); εx  =  0.034, εy  =  0.140 (b);  
εx  =  0.110, εy  =  0.311 (c); εx  =  0.222, εy  =  0.486 (d);  
εx  =  0.315, εy  =  0.658 (e); εx  =  0.499, εy  =  0.866 (f).  
Axis y corresponds to tension direction, and axis x corresponds to 
the transverse direction.

Fig. 4. Poisson`s ratio as a function of longitudinal deformation εy (a) 
and transverse deformation εx (b). 
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