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Fish cell cellular metastructures have received wide interest from
researchers due to their zero Poisson ratio behaviour. However, their
production, which is mainly based on additive manufacturing
processes, is one of their limitations. Therefore, in this research, a new
method based on the conventional manufacturing processes
including laser cutting and metal forming was presented for the
production of metallic cylindrical metastructures. Two samples were
manufactured using this method and their quality was verified using
mechanical and non-destructive tests. The samples’ mechanical and
buckling behaviour under uniaxial compression were simulated using
ABAQUS FEM package and experimentally validated. This was
followed by the effects of the metastructures’ geometrical parameters
including the cylinder diameter, height and thickness on their linear
buckling being investigated numerically, and the results compared
with the outcome of classic theories for conventional cylinder
buckling. The results showed that these metastructures can be
produced successfully with the conventional manufacturing
processes, and t the buckling behaviour of these metastructures does
not follow the classical buckling theories of cylinders; their buckling
behaviour shows much lower sensitivity to the thickness and radius
changes in comparison with conventional cylinders.
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EXTENDED ABSTRACT

Introduction

Metastructures are a new generation of cellular structures which are made artificially
to achieve different mechanical, thermal, electrical characteristics which are not
achievable through conventional materials. Mechanical metastructures have the most
application and are widely investigated to achieve structures with special features such as
negative Poisson’s ratio (auxetic structures), zero Poisson’s ratio (ZPR structures) and
high energy absorption capabilities. Many different cell shapes have been developed to
achieve these desired properties.

Dayyani et al. have recently developed a new cell to achieve ZPR metastructures which
the cell is a combination of a hexagonal shape (positive poisson ratio) and a reentrant
shape (negative poisson ratio), and due to its similarity, they named it Fish Cell. They have
intensively studied this metastructure’s mechanical behavior, its modification, and
applications. Despite the extensive research on these metastructures, their buckling
behavior have not yet been studied, and therefore, in this research, its buckling behaviour
was investigated experimentally and numerically using ABAQUS FEM simulation package.
Another remarkable innovation of this research is presenting a new inexpensive
manufacturing process for the metastructures. The metastructures are mostly produced
using additive manufacturing techniques which are low-speed processes and have
material limitations. Regarding these weaknesses, the conventional laser cutting and
metal forming processes were used successfully in this research to produce cylindrical
steel fish cell metastructures.

Methodology

A 1.2 mm thickness cold rolled AISI 1075 steel sheet with yield strength of 340 MPa, was
used to manufacture the cylindrical metastructures. First, planar 2D cells were cut through
RT1530NC laser cutting machine, and then the planes were 3-rolls bended to 114.6 mm
diameter cylinders. After this forming step, the seam was welded using tungsten inert gas
(TIG) welding with the same filler material. All the manufacturing process sequencies are
shown in Figure 1.

Due to the fine and thin ligaments of the fish cells, use of the conventional laser cutting
process resulted in oxidation, overheating, and melting of the ligaments, therefore an
optimization was carried out on the processing parameters and inert Nitrogen gas was used
to successfully carry out the cutting process. The processing parameters of laser cutting are
presented in Table 1.
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Figure 1. Manufacturing sequencies of the experimental samples: (A) laser cutting; (B) three rolls bending;
(C) TIG welding; and (D) painted metastructural cylinder.

Table 1. Parameter values of the steel plate laser cutting process (Laser Cutting Machine).

Processing Laser Power  Cutting speed Laser Cutting Movement Accuracy
Parameters (watt) (mm/s) Type Atmosphere (mm)
Value 1500 15.5 Fiber N2 +0.05

The cylinders were then tested under axial compression loading with a speed of 0.5
mm/min and their effective stress-strain curves were achieved along with buckling strain
which was measured using Plot Digitizer image processing software. The samples’
mechanical and buckling behaviour were also simulated using ABAQUS package and
validated by experimentally achieved results. The unit cell of these metastructures was
composed of two fish cells in opposite directions which were connected through two
ligaments as shown in Figure 2; periodic repeat of m unit cells in longitudinal and n cells in
circumferential directions make mxn cell metastructure.
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Figure 2. Unit cell of the studied metastructure, composed of 2 opposite fish cells.

Results and discussion

The buckling mode shape and effective stress-strain curves from FEM simulations and
experimental tests of a 12x12 cell metastructure are presented in Figure 2-A, B and C. As
can be observed, the buckling mode shape of both experimental and FEM results was the
same and their buckling strains were 0.04 and 0.0415, respectively, implying that FEM
simulation predicted the buckling at 3.75% higher strains. The FEM simulation models the
metastructures elastic behaviour very accurately, but some errors were seen for its yield
strength and ultimate strength. These errors were due to the manufacturing process which
heavily relies on the thermal process of laser cutting, where a large temperature increase
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occurs in the cutting area (HAZ). On the other hand, due to the delicate dimensions of the
cells, the cooling occurs at a high rate, so a type of unwanted heat treatment such as
quenching occurs, which strongly affects the mechanical strength of the material.
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Figure 2. Experimental (A) and FEM simulation(B) buckling mode shape of a 12x12 metastructure;
C: apparent stress-strain curves; and D: the metastructures’ dimensional change effect on the
buckling strain.

After the buckling simulation validation, the metastructures dimensional variation
effects on its buckling strain were simulated and presented in Figure 2-D. The results
showed that increasing the thickness of the cylinder increases buckling strain, but this
increase is not linear while, according to the classical theory of cylindrical shells, buckling is
linearly related to thickness. This is due to the rectangular arms of these metastructures
which could buckle in any direction that is weaker. The height of the metastructures does
not have a meaningful effect on the initiation of buckling, and increase in the cylinders’
diameter reduces its buckling strain.

Conclusion

In this research, the production of steel fish cell cylindrical metastructures using
conventional manufacturing processes including laser cutting, metal forming, and welding
were conducted, and then the buckling behavior of these metastructures was studied
experimentally and numerically. The main results are as follows:

—  Thismetastructure can be successfully produced in precise dimensions by the laser
cutting method. The use of nitrogen gas is necessary to improve its geometric
accuracy.

— This production method of the metastructure does not affect its elastic and
buckling characteristics, but due to HAZ, an increase in its strength occurs which
intensifies in delicate geometries.

—  The fish cell metastructures buckle locally and their height does not have much
effect on the strain and mode shape of the buckling. In addition, increasing the
thickness and decreasing the radius of the metastructure increase the buckling
strain. However, the trend of these effects does not follow the buckling of
conventional cylindrical shells under axial compression.
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