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In this paper, a novel cylindrical metamaterial exhibiting zero Poisson’s ratio in two different directions is
introduced. Detailed CAD modelling of a curved Fish-Cells necessary for numerical and experimental analysis are
presented. High-fidelity finite element models are developed to assess the homogenisation studies of Poisson’s
ratio, Young’s modulus and torsion behaviour, demonstrating the curvature effect and independency of the
mechanical behaviour of cylindrical Fish-Cells metamaterial from tessellation numbers. Experimental analysis is
performed to validate the zero Poisson’s ratio, deformation and fracture mechanism discussed in numerical

simulations. Moreover, buckling and modal behaviours of the cylindrical Fish-Cells metamaterials are studied
and compared with equivalent shell models.

1. Introduction

Metamaterials are synthetic materials where their properties are
designed to be unachievable with original constituent materials. Their
microstructure is formed by unique shapes of unit cells with periodic
arrangement to provide desired exotic behaviour. Rapid development of
advanced manufacturing technologies has enabled the fabrication of
complex structures in microscopic scales, which have attracted
increasing attention to mechanical metamaterials such as: Poisson’s
ratio tailored metamaterials. Tuned Poisson’s ratio mechanical meta-
materials can possess negative, zero or positive values. Negative Pois-
son’s ratio (NPR) metamaterials are the most widely studied type of
mechanical metamaterials. They can provide superior energy absorption
and high fracture resistance due to expansion of periodic unit cell ge-
ometry under compression [1,2]. Zero Poisson’s Ratio (ZPR) meta-
materials have received less attention in compare to NPR metamaterials,
they expose no transverse displacements and undesired double curva-
tures under in-plane longitudinal loadings and out of plane bending
moments [3]. This can lead to excellent characteristics for integration
with complex geometries and boundary conditions, such as 2D planar
morphing skins [4].

Gong et al. [5] have design a 2D star-shape cellular honeycomb
structure based on analytical and numerical models, that could achieve
ZPR behaviour in two orthogonal directions. They found that the me-
chanical properties such as stress and Young’s modulus can be
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homogenised by tuning the aspect ratio of the unit cell with tessellations
number fixed. Mizzi et al. [6] also manufactured a similar star-shaped
2D structure. They found that Poisson’s ratio can reach negative to
zero by tuning the angle and numbers of star horns. Grima et al. [7]
presented a novel *semi re-entrant honeycomb’ that can achieve ZPR in
one direction, followed by studying the mechanical behaviour of re-
entrant and non-re-entrant honeycombs. Their research indicated Pois-
son’s ratio can be neutralized by combine geometries with positive and
negative Poisson’s ratios. Yang et al. [8] designed a self-recovering
structure with ZPR behaviour under large tensile strains. Their experi-
ment and numerical results show that the structure can maintain ZPR
behaviour at 40% strain.

In comparison to 2D ZPR skins, very few research articles might be
found on 3D ZPR metamaterials. Some potential applications in
morphing submarines with high fuel efficiency and reduced weight [9],
soft robotics for works in narrow cylindrical spaces [10] and medical
stents [11]. Moreover, Liu et al. [12] designed a 2D structure with
isotropic negative Poisson’s ratio under large tension and compared the
deformation shape with its 3D form. However, they reported Poisson’s
ratio values near zero. They discussed that Poisson’s ratio for 2D planar
and 3D cylindrical structures with the identical unit cells and tessella-
tion numbers have different values.

Despite very few research on 3D cylindrical ZPR metamaterials,
there exist some investigations focused on cylindrical structures with
Negative Poisson’s ratio. Gao et al. [13] presented an analytical method
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(b) Fish-Cells in the Longitudinal Direction of Cylinder (FLC Model), Tessellation 5*6

Fig. 1. Zero Poisson ratio simulations of cylindrical Fish-Cells metamaterials with two different arrangements.

to analyse a cylindrical structure with truss-like extruded pattern
exhibiting high strength and Poisson’s ratio of minus seven. Chiral
structure has unique rotation mechanism to maintain the negative
Poisson’s ratio under large tension. The cylinder provides superior ad-
vantages over traditional hexagonal structures and lattice structure, in
such structure, the in-plane stress and compressive strength are partially
decoupled between cylinder and ligaments during the rotation defor-
mation [14]. Not only the unit cell has rotation characteristics, ten-
sion-torsion coupling was observed in chiral cylindrical metamaterials
under axial loading [15-18]. Frenzel et al. [18] performed an experi-
ment on 3D chrial cubic structure, increasing the unit cell size and
tessellation numbers can efficiently minimize the torsion of the struc-
ture. Moreover, Ma et al. [19] manufactured chiral cylinders formed by
nylon and aluminium. Where torsion mechanism was independent from
the constitutive materials. They showed the deformation mechanism
such as local torsion of the unit cell and tessellation numbers have sig-
nificant effect on global torsion which can be tuned by changing the
aspect ratio of the cylinder.

Deformation mechanism of cylindrical metamaterials maybe similar
to some lattice cylinder structure. Lattice structures like cellular meta-
materials contains notches and well organised beam elements. They can
be lightweight with high strength and specific stiffness [20-22]. Mate-
rial failure, axisymmetric global buckling and local buckling are
considered as three failure criteria [23]. It is assumed structure failure
when one of the criteria satisfied. The study of Zhang et al. [24] indi-
cated that cross-section shape of different types of lattice cylinders under
buckling loading is affected by beam cross-section shapes and loading
directions. Their research showed the effect of relative density i.e. the
tessellation numbers on the elastic buckling load. Lattice structure with
higher non periodical order show lower stiffness, strength and brittle-
ness [21]. Nguyen and Cong et al. [25,26]present nonlinear dynamic
response and vibration for auxetic honeycombs in planar and cylindrical
form. Li et al. [27] analysed the free vibration on a cylindrical carbon
fibre reinforced lattice sandwich structure with experimental and
computational methods. They found that the free vibration was mainly
located at the cross-sectional plane. Also, a free vibration of a cantilever
composite lattice cylindrical shell was studied by Lopatin et al. [28]
which revealed the effect of the angle for orientation of unidirectional
helical ribs on the magnitude of fundamental frequency.

The mechanical behaviour of cylindrical ZPR metamaterials is not
studied by literature comprehensively. In this work, a novel cylindrical

metamaterial with ZPR behaviour formed by Fish-Cells architecture is
introduced. The method of generating the complex geometry in CAD is
explained in detail. Experimental and numerical analysis are performed
to demonstrate the ZPR behaviour of a homogenised cylindrical tessel-
lation. Moreover, linear buckling and vibration behaviours of the cy-
lindrical Fish-Cells metamaterials are studied and compared with
equivalent shell models.

2. Cylindrical Fish-Cells metamaterial architecture

Fish-Cells was introduced recently as a new metamaterial with ZPR
and compliance in two planar directions by Naghavi Zadeh et al. [29].
The periodic unit cell is comprised of two Fish-Cells in opposite di-
rections to demonstrate zero Poisson’s ratio. The head of the fish is a
hexagon shape exhibiting positive Poisson’s ratio while the tail part is
auxetic re-entrant structure with negative Poisson’s ratio.

For the first time in literature, the cylindrical Fish-Cells ZPR meta-
material is proposed in this paper with two different arrangements of
unit cells concerning the longitudinal axis of a cylinder, as shown in
Fig. 1. Fig. 1(a) shows arrangement of Fish-Cells in Circumferential di-
rection of Cylinder (FCC model), where local “y” axis of unit cell is
aligned with the global circumferential direction of a cylinder. Fig. 1(b)
shows arrangement of Fish cells in Longitudinal direction of Cylinder
(FLC model), where local “y” axis of unit cell is aligned with global
longitudinal axis of a cylinder.

Dimensions for the unit cell of cylindrical Fish-Cells can be defined
by seven parameters as presented in Appendix A. These parameters refer
to base member lengthB, inclined rib’s horizontal lengthb, inclined rib’s
vertical lengthh, unit cell’s heightH, the connector’s lengthC, the uni-
form thickness of each member t and radius of cylinderR. The length of
the cylinder can be calculated based on tessellation numbers. Tessella-
tion numbers for numerical and experimental models are presenting in
“m*n” format, where “m” presents the unit cell numbers in the circum-
ferential direction and “n” shows unit cell numbers in the axial direction
of the cylinder. For example, Fig. 1(a) demonstrates the FCC model with
tessellation 10%6, i.e., 10 unit cells in the circumferential direction and
six unit cells in the axial direction of the cylinder. Similarly, Fig. 1(b)
demonstrates the FLC model with tessellation 5*8, i.e. Five unit cells in
circumferential direction and eight unit cells in the axial direction of the
cylinder.

It must be mentioned that the complex geometries of cylindrical Fish-
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Fig. 2. Homogenised trend of Poisson’s Ratio vgx with various tessellation numbers for Cylindrical Zero Poisson’s Ratio Fish-Cells Metamaterials.

Cells structures make the Computer-Aided Design (CAD) modelling very
delicate and time-consuming. For example, the aspect ratio of the unit
cell changes due to normal projection of a 2D planar unit cell on a curved
surface of cylinder. Therefore, a unit cell is created directly on the
curved surface of a cylinder using “support” function in CATIA V5,
ensuring high fidelity model dimensions. Moreover, the dimension of
the geometry must be represented accurately by at least seven decimal
places to assure successful assembly of model and accurate analysis.
Appendix A presents the unit cell and its geometric parameters, as
well as their values for various homogenization studies. The ratio of the
dimension is identical to the fish cell created by Naghavi Zadeh et al.
[29]. In order to study tessellation effects, the size of the cylinder
remained constant, but the size of the unit cell varied. For FCC model,
the tessellation on circumferential direction (m) is selected firstly, then
the radius of the cylinder can be calculated asR = %, where
Lyc_axiat is the length of the unit cell on axial direction. The cylinder
length is set to L = 6R in order to consider long aspect ratio. Finally, the
tessellation numbers on longitudinal direction (n) can be calculated as
= m, where Lyc_iongiudina iS the unit cell length in longitudinal
direction. For FLC model, the dimension of the unit cell and the tessel-
lations on circumferential direction (m) are identical to FCC model, in
addition the radius of the cylinder (R) can be found by R = m%f‘““
While the length of the cylinder remained as L = 6R, the tessellation
numbers on longitudinal direction (n) can be found asn= Lucfml. It must
be mentioned that the dimensions of cylinder i.e. the cylinder radius (R)
and length (L) are fixed in both FCC and FLC models for Poisson’s ratio
study, however eight different dimension values are considered in
Young’s modulus study.

3. Zero Poisson ratio cylindrical fish-cells, concept validation

In Continuum Mechanics, six Poisson’s ratios can be disused for cy-
lindrical coordinate system known as:wxgvex;Vxr, Vrx ; Vre and veg.
However, considering morphing applications where actuation will be in
longitudinal directions of cylinder, two Poisson’s ratios of vgx and vgx
are critical for integration perspectives. Poisson’s ratio vgx shows the
negative ratio of radius change to longitudinal displacements of the
cylinder, i.e.vpx

= _%’ where e is the strain in radios direction, i.

e.egp = ‘%, and &, is the longitudinal strain, i.e.exx = 0;—;. In addition,

Table 1
Homogenised Trend of Poisson’s Ratio vgx with Various tessellation numbers for
Cylindrical Zero Poisson’s Ratio Fish-Cells Metamaterials.

Model 5%3 10%6 20%12 40%24 60%36

FCC

Vox 8.54 x 5.47 x 5.38 x 1.26 x 411 x
102 102 103 103 1074

Model 5*8 10%16 20%32 40%64 50%80

FLC

Vox —4.05 x —291 x —1.45x —-1.37 x —1.07 x

105 10-5 105 105 105

Poisson’s ratio vgx indicates the negative ratio of torsion to stretch of

cylinder in longitudinal direction, i.e.vgx = 7% , where gy is torsional

strain in circumferential direction of cylinder, i.e egp = & + }% %..

To study these Poisson’s ratios and mechanical behaviour of the
cylindrical metamaterial, numerical simulations are used to analyse the
ZPR concept. Simulations are carried out using Abaqus V6.18 with
Nylon PA2200 material properties of Poisson’s ratiov = 0.4, Young’s
modulus E = 1130 MPa and density p = 930 kg/m°. Boundary condi-
tions for FCC and FLC models are presented in Fig. 1, where left ends of
the models are constrained with all degrees of freedom. The right ends of
the models allow moving only along the longitudinal X-direction of
cylinder with strains ofex = 0.1. The models are simulated without
nonlinear effects with three node quadratic beam elements B32 with
circular cross-sections. Mesh convergence study is performed with
minimum global mesh size of 0.5 mm to ensure accurate mesh quality. It
must be mentioned tessellation numbers are limited by mesh time; for
instance, FCC model 60*36 and FLC model 50*80 require four and seven
hours to mesh with a high-performance computer.

Calculating ZPR behaviour of numerical models, arbitrary diameter
“AB’’ at the middle of cylindrical metamaterial is considered, as shown
in Fig. 1. Fig. 1 shows negligible displacement in diameter “AB’’, when
both models are loaded in the longitudinal directions, indicating close to
zero values of vgy. Regarding potential torsion-extension coupling
shown in Fig. 1, angle of torsion difference 60 may be considered as:56 =

_ 2_p'2_ 42 5 = s . ..
Cos™! (%) , where Rand R’ are position vectors in original and
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Fig. 3. Effective Young’s modulus of cylindrical Fish-Cells metamaterials with tessellation numbers on Longitudinal and Circumferential direction of the cylinder.

deformed configurations and d is the displacement vector as d = R’ R
Detailed results demonstrating homogenised ZPR for these Poisson ra-
tios are illustrated in Fig. 2 and Table 1 based on models with different
tessellations presented in Appendix A.

3.1. Homogenization studies of Poisson ratios

The ratio of unit cell size to metamaterial dimension, load and
boundary conditions effects has significant influence on the structural
behaviour of metamaterials. Thus, it is necessary to perform homoge-
nization study with different size ratios to introduce tessellation
numbers demonstrating a behaviour convergence independent from
these effects. As presented in Appendix A, different tessellation numbers
of 5*3,10%6, 20*12, 40*24 and 60*36 are considered for analysis of FCC
model. In addition, tessellations of 5*8, 1016, 20*32, 40*64 and 50*80
are used for investigation of FLC model. It should be mentioned that
dimensions of cylinders in both models are constant with length to
diameter ratio greater than three, avoiding short cylinders geometries.
Thus, dimensions of unite cell change as a function of tessellation
numbers as presented in Appendix A. Boundary conditions and imposed
displacements are identical to what described in Fig. 1. Trend of Pois-
son’s ratio vgx for different tessellations of FCC and FLC models are
illustrated in Fig. 2.

Fig. 2(a) shows decreasing trend of positive Poisson’s ratio vgx by
increase of tessellation numbers in FCC model. The trend converges to
value of vrx = 4.45x107* at tessellation 60*36. However, Fig. 2(b)
demonstrate an increasing negative Poisson’s ratio vgx by increase of
tessellation numbers in FLC model. This trend converges to value of
vrx =—1.36 x 107> at tessellation 40*64. Also Fig. 2 concludes that
Cylindrical Fish-Cells metamaterial show zero Poisson ratio behaviour
independent of unit cell propagation. The results show that the values of
vrx in FLC model is much lower than FCC model. Unlike 2D Fish-Cells
skin [29], cylindrical Fish-Cells metamaterial requires larger tessella-
tion numbers to reach homogeneity.

Similarly, Poisson’s ratio vgx shows convergence and homogenised
trends comparing to Poisson’s ratiovgx. For calculation ofyyx , the
assumption § = 27 is made inegy = & + }%%. For model FCC vgx de-
creases as tessellation numbers increase, the minimum value is at 60*36
with vgx = 4.11 x 10~* rad. Model FLC have a tension—torsion coupled

feature, the maximum value of vyx is —1.07 x 10~ rad for tessellation
number 50*80. The data for vgx of both models are listed in Table 1.

3.2. Homogenization studies of Young modulus

Effective Young’s modulus of Fish-Cells metamaterial in the axial

ox __ _LFx
ex  2mRtéx’

whereFx,8x,L, R and t refer to reaction force, imposed displacement,
length and radius of cylinder as well as elements thickness, respectively.

Calculating effective Young’s modulus, three categories with fixed
numbers of tessellation in the circumferential direction i.e. (m = 5,10,
20) are considered for both FCC and FLC models. The length of cylinders
is dependant to tessellation number in the longitudinal directionn,
which maybe represented asn = L where Lyc_qxiq is length of unit

UC-axial’

direction of cylinder, i.e. Exx can be defined as:Exx

cell in the axial direction of cylinder. Size of unit cell parameters are
listed in Appendix A.

Effective Young’s modulus results are illustrated in Fig. 3(a) and (b)
show the Young’s modulus of Fish-Cells metamaterial is dramatically
smaller than original constructing material. Furthermore, Young’s
modulus of both models shows homogenised behaviour when tessella-
tion numbers on circumferential direction(m) is fixed but tessellation
numbers on longitudinal directions(n) increases. However, when
tessellation on longitudinal direction (n) is fixed, Young’s modulus rises
with increase of tessellation numbers on circumferential direction (m).
Due to the excellent zero Poisson’s ratio behaviour and the low stiffness,
the cylindrical metamaterials can be applied in applications such as
medical stents where low stiffness is required.

4. Experimental analysis
4.1. Manufacturing

The complexity of cylindrical Fish-Cells with homogenised tessella-
tion and minimised boundary condition effects makes their
manufacturing very expensive and complicated. Selective Laser Sinter-
ing (SLS) technology is applied for 3D printing of the material with
immensely low tolerance and fine surface finish. The main limitation of
additive manufacturing is the minimum achievable thickness of the unit
cell ribs. Moreover, Molten Polymer Deposition (MPD) may not be
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Fig. 4. Experimental set up with Digital Single Lens Reflex (DSLR) camera and
3D printed models. (a) experimental apparatus, (b) Fish-Cells in the Longitu-
dinal direction of Cylinder (FLC model), (c) Fish-Cells in Circumferential di-
rection of the Cylinder (FCC model).

Table 2
Material properties of constructing material Nylon PA2200 [29].

Material Elasticity

Young’s Modulus (E) 1130 MPa
Poisson’s ratio (v) 0.4
Material Plasticity

Yield Stress (MPa) Plastic Strain

14.0 0.0000
34.1 0.0025
42.7 0.0500
46.7 0.0750
49.0 0.1000
50.5 0.1250
51.3 0.1500
51.6 0.1750

suitable for the Cylindrical Fish-Cell structure, due to massive numbers
of support needed to generate the structure, causing coarse finish and
uneven thickness. Considering these limitations as well as constraint on
tensile test area size, two samples of FLC model with tessellation 5*6 and
FCC model with 10*4 are manufactured as illustrated in Fig. 4 with
corresponding dimensions presented in Appendix A.

4.2. Material characteristics of Nylon PA2200

The material properties of the constructing material Nylon PA2200
needs to be investigated in order to validate the numerical models. For
this purpose, five 3D printed specimens were also tested by simple
tensile experiment to assess the mechanical properties. The average
material properties for PA2200 from the tensile test are listed in Table 2.

4.3. Structural tests

The Poisson’s ratio and the stiffness of two samples are tested by
tensile experiments. Grippers are designed as rigid parts on cylinders
ends for the installation on tensile machine to replicate the boundary
conditions shown in Fig. 1. Digital Single Lens Reflex (DSLR) camera
Nikon D7000 is using to capture changes of the structure at every five

Composite Structures 289 (2022) 115455

seconds to measure axial displacements and diameter deformations for
calculation of Poisson’s ratios. It should be mentioned that unlike 2D
planar Fish-Cells [29] digital image correlation technique is not suitable
due to the curvature of the cylinder and very small thickness of ribs
elements. The lens of DSLR camera is placed horizontally to the middle
of the cylinder to ensure the ratio of the length and pixels are correct.
The axial tension is applied at a displacement rate of 2 mm/s. Poisson’s
ratios are measured based on images taken by DSLR camera, while
Force-Displacement directly fulfilled by tensile machine. The change of
diameter is calculated and collected based on the pixel in ’Plot Digitiser’
software, where the ratio between pixel and the length is calculated.

5. Results and discussion
5.1. Poisson’s ratio validations

A Poisson’s ratio validation study between experiment and numeri-
cal models is presented in this section to prove the reliability of nu-
merical models. 3D continuum quadratic solid elements, known as
C3D10 are used for numerical analysis in ABAQUS. Mesh convergence
studies are performed and a fine mesh with a global size of 0.65 mm is
used for discretization, as shown in Fig. 5(a). Position of points “A’’ and
“B’’ in experimental results are calculated by use of “Plot Digitizer’’
software, which converts the pixel of the experimental images into
mathematical coordinates.

Fig. 5(b) shows Poisson’s ratio as function of strain for both FCC and
FLC models. The experimental and numerical results demonstrate a
good correlation for Poisson’s ratio values. The maximum error between
simulation and experiments in FLC and FCC models are about 10.4% and
5.6% at strains 0.1320 and 0.0277, respectively. The main reason of
higher error in FLC model is measuring method limitation as the
deformation of the experiment sample is recorded by image processed in
‘plot digitizer’ software. This requires selection of the measuring points
manually, where the accuracy of the results depends on the complexity
of the geometry and quality of the image. FLC Model has a smaller
poison ration compared to FCC model, making it more sensitive to
measure the displacement in Plot digitizer, leading to more error be-
tween FLC experiment and FEA results compared to FCC model.

Fig. 5(b) shows that the positive Poisson’s ratio of FLC model is
increasing steadily as the tensile strain increases. FCC model also
demonstrate a positive Poisson’s ratio behaviour, but with oscillated
descending trend. The FCC Poisson’s ratio decreases from vgx = 0.208 to
vrx = 0.197 within the strain range 0.01 to 0.02, then keep increasing
until vrx = 0.205 with strain 0.055, finally it reduces to vgx = 0.185 at
failure strain of 0.09.

The oscillated trend of FCC model can be investigated in three strain
ranges. The decreasing trends of FCC Poisson’s ratio in strain range
(0.01-0.02) and strain range (0.055-0.09) are due to the out of plane
bending of the Fish base elements. The increasing trend of FCC Poisson’s
ratio in 2nd strain range of (0.02-0.055) is due to slight rotations of the
bended Fish base elements along the cylinder axis direction. The
decreasing and increasing positive Poisson’s ratio trends imply that the
cylindrical structure is showing resistance and compliance to reduce its
diameter, respectively. As expected, the values of Poisson’s ratio are
different in simulations with solid elements and beam elements [29,30].
The Poisson’s ratio from solid elements can get closer to those predicted
with beam elements by reducing the joint thickness of the unit cells [27].

5.2. Deformation and fracture mechanism validations

The deformation and fracture mechanism of cylindrical Fish-Cells
metamaterials are compared between numerical and experimental
models to reveal the reliability of numerical simulations in detailed
study of the structures. The experimental and simulation models are
using identical data for maximum displacement and solid elements
discretization as mentioned in Section 5.1. Fig. 6 displays similar



Q. Qin et al.

Base

“— Head inclined rib

«— Head connector

+— Middle inclined rib

*— Tail connector
Tail inclined rib

Base

(a) Curved Unit Cell with fine mesh of solid
elements

Zo14

Composite Structures 289 (2022) 115455

0.22

0.16

0.12

0.1

0.08

0.06
0 0.05 0.1 0.15 0.2

Strain
(b) Experimental and Numerical Results of
Poisson’s Ratio VS Strains

Fig. 5. Poisson’s ratio behaviour as a function of tensile strain in model Fish-Cells in the Circumferential direction of Cylinder (FCC) and Fish-Cells in the Longi-

tudinal direction of the Cylinder (FLC model).

S, Mises
(Avg: 75%)

+5.844e+ 01887
! +5.358e+01%\

. +3.901e+01JY%

S, Mises
(Avg: 75%)
+6.323e+01 |1 \
- +5.796e+01
+5.269e+01
et +4.742e+01
+4.215e+01
+3.688e+01
+3.161e+01 P
+2.634e+01
+2.108e+01 |
+1.581e+01 ‘
+1.054e+01 Sl
+5.269e+00
- +5.934e-06

(d)

-

\!

Xe FTavd

Fig. 6. Deformation and Fracture Mechanism of Fish-Cells in Circumferential direction of Cylinder (FCC Model) and Fish-Cell in Longitudinal direction of Cylinder
(FLC Model) in simulation and experiment, (a) Experimental deformation mechanism of FCC model, (b) Numerical deformation mechanism of FCC model, (c)
experimental fracture mechanism of FCC model, (d) experimental deformation mechanism of FLC model (e) numerical deformation mechanism of FLC model, (f)
experimental fracture mechanism of FLC model.



Q. Qin et al.

Table 3

Composite Structures 289 (2022) 115455

Buckling load and mode shapes for Fish-Cell in Circumferential Direction of the Cylinder (FCC model).
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fracture locations with max stress as well as identical deformation
mechanism in experiments and simulations. Also, the fracture mecha-
nism study is constructive material dependant. Further research might
be performed with metallic, composites and elastomer materials. This is
beyond the scope of this paper as the focus is only on metamaterial
architecture.

A typical deformation behaviour for FCC model is highlighted by
yellow circles on both experimental and numerical models shown in
Fig. 6 (a) and (b). The gap between the inclined ribs connected to fish
cell bases i.e. head and tail inclined ribs as shown in Fig. 6 (a) increases
as tensile strain increase in both models. This is due to the tension
applied on the connectors which rotates the head and tail inclined ribs.
Meanwhile, the fish cell bases also pull the inclined ribs, resulting in the
increase of the gap between the head and tail inclined ribs. On the other
hand, the gap between inclined ribs at the middle of the fish cell de-
creases as tensile displacement increases. Furthermore, the miss align-
ment of fish cell bases is observed in both simulation and experiment,
indicating shear due to torsions between rings of Fish-Cells. With
regards to fracture mechanism, the red circles shown in both experiment
and simulation in Fig. 6 (b) and (c) highlight the first local failure with
stress value of 58.4 MPa. This is because all joints almost reach identical
maximum stress before initiation of the first local failure, but the force
does not distribute evenly on the cylinder surface after the first crack
initiation, leading to spine line fracture pattern.

Deformation characteristics of FLC model from experiment and
simulation perspectives are illustrated by yellow circles in Fig. 6 (d) and
(e). The wave shape of unit cells is due to compression of Fish-Cell bases
connected to inclined ribs. This is because, the Fish head, i.e. the
hexagon shape with positive Poisson’s ratio is shrinking while the Fish
tail i.e. the re-entrant shape with negative Poisson’s ratio is expanding
due to tension [29], which results in compression of Fish-Cell bases.
Therefore, one Fish-Cell base element periodically bends slightly out-
ward of cylinder, while the other bends inward, resulting in negligible
increase and decrease of cylinder cross section. With regards to fracture
mechanism, the locations of maximum stress with value of 63.2Mpa and
first local failure are the joints of the inclined ribs at the middle of the
Fish-Cell. The re d circles shown in both experiment and simulation in
Fig. 6 (f) and (e) highlights similar locations.

The fracture mechanisms of FCC and FLC models are very different as
they are formed with identical unit cells with different orientations. For
FCC model, when the first local failure happens, it instantly triggers
other local failure of joints on circumferential direction and finally forms

a spine shape failure pattern on cylinder. But for FLC model, after the
first local failure happens, the structure maintains tensile capability
until more fracture happens gradually. i.e. small cracks develops on all
of the joints of the inclined ribs at the middle of the ring.

6. Buckling analysis

Buckling analysis of cylindrical Fish-Cell metamaterials is beneficial
for practical applications of lattice structure with ZPR features in engi-
neering. In this section, buckling characteristics of these structures is
studied considering tessellation numbers effect. Numerical analysis for
the eigenvalue buckling behaviour of metamaterials uses beam elements
to minimize the complexity of the analysis. In these simulations, cylin-
drical dimensions are fixed while tessellation numbers change; for FCC
model tessellation numbers are: 5*3, 10*6, 2012, 40*24 and 80%48
whereas for FLC model tessellation numbers are: 5*8, 10*16, 20*32 and
40*64. The boundary conditions are fully constrained at one end of the
cylinder, while the other end is subjected to 1 N compression force along
cylinder axial direction. Moreover, the weight of the metamaterial can
be calculated by ABAQUS.

6.1. Buckling modes for FCC and FLC models

Table 3 shows the buckling loads and detailed description of mode
shapes for different tessellations of FCC model, where all mode shapes
are symmetric in cylindrical coordinate system. The trend of buckling
loads show a nonlinear rise as tessellation numbers increase, for instance
buckling load for tessellation 80*48 with value 591.56 is 480 times
larger than tessellation 5*3 with value of 1.23. This is comparable to
weight ratio of 17.2 for these two structures. Therefore, the buckling
loads are normalized critical load to weight of each tessellation model
for better inception. The trend has also a nonlinear rising behaviour, for
example tessellation number 80*48 with the normalized ratio of 574.33
is 30 times larger than tessellation number 5*3 with normalized ratio of
19.10. Moreover, the increment of buckling load for several tessellation
numbers is presented in Appendix B.

The buckling mode shape for FCC tessellation 5*3 has a pure bending
behaviour for the axis of cylinder with unchanged and not rotated cir-
cular cross-section at the middle of cylinder. In contrast, other tessel-
lations do not show bending mode shape at all. The cross-section shape
at the middle of the cylinder for tessellation numbers 10%6 and 20*12
are changed to shape of peanut shell, while tessellations 40*24 and
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Buckling load and mode shapes for Fish-Cells in the Longitudinal Direction of the Cylinder (FLC model).
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shapes for different tessellations of FLC model, where all mode shapes
except tessellation 5*8 are symmetric in cylindrical coordinate system.
The trend of buckling loads shows a nonlinear rise as tessellation
numbers increase, for instance buckling load for tessellation 40*64 with
value 139.97 is almost 57 times larger than tessellation 5*8 with value of
2.46. This is comparable to weight ratio of 7.9 for these two structures.
The trend has also a nonlinear rising behaviour, for example tessellation
number 40*64 with the normalized critical load to weight ratio of
101.43 is 7.2 times larger than tessellation number 5*8 with normalized
ratio of 14.06. The increment trend for buckling load is presented in
Appendix B Fig. B1.

Although all FLC tessellations do not show bending mode shape,
their cross-section changes to non-circular shapes. For instance, tessel-
lation numbers 5*8 has an irregular shape at the middle of the cylinder.
However, the cross-section shape at the middle of the cylinder for FLC
models with tessellation numbers 10*16, 20*32 and 40*64 are changed
to regular shapes, such as oval, tear drop and four-point star shapes,
respectively. All tessellations have very small torsion in their mode
shapes with a range of 0.0034 to 0.0261 degree at the middle of the
cylinder.

The surface of tessellation number 5*8 has a major bump and
indentation at about 25% and 75% of the cylinder length, recalling Fish
shape for this mode. However, the surface of tessellation number 10*16
has a major bump and indentation in the same location at the middle of
cylinder. Tessellation numbers 20*32 and 40*60 have several humps
and depressions on cylinders surface generating chessboard pattern
similar to the buckling mode of isogrid cylindrical lattice structures
[29,30].

The detailed experimental buckling is an independent research
article which might be used to validate these simulation results. How-
ever this is beyond the scope of this paper due to complexity, high cost of
very time-consuming 3D printing samples and limitation on length of
this article. However, the buckling analysis with solid elements for FLC
5*8 and FCC 5*3 are presented in Appendix B, Table B1 to show further
support of presented beam results. The mode shapes for both beam
models of FCC 5*3 and FLC 5*8 in Table 3 and Table 4 highlight iden-
tical behaviour with solid models in Appendix B. The critical buckling
loads for solid models of FCC 5*3 and FLC 5*8 are 4.6% and 5.3% higher
than those expected by beam models.

O

6.2. Buckling comparison of cylindrical Fish-Cell metamaterials and
equivalent shell cylinders

Buckling load and mode shapes of cylindrical shells are well studied
in literature. The mode shapes of cylindrical shells maybe described as
axisymmetric folded rings on the cylinder for isotropic materials as
illustrated in Table 5. In this is section the buckling behaviour of two
shell cylinders with equivalent mass are compared with buckling per-
formance of cylindrical metamaterials to investigate the effect of Fish-
Cells architecture on buckling stiffness.

Two equivalent shell cylinders Me;_rcc for FCC model with tessel-
lation 80*48 and M,y pc for FLC model with tessellation 40*64 are
analysed with identical mass, boundary conditions and dimensions but
with reduced shell thickness. The shell thickness for Me;_rcc and Meg_pic
are 1.2 mm and 0.6 mm respectively. The magnitude of buckling loads
for equivalent shell cylinders Meq_rcc and Meg_pic are1631 N and 6442 N
respectively, which are about 2.8 and 46 times greater than FCC and FLC
models.

7. Modal analysis

Free vibration study reveals the fundamental vibration characteris-
tics of cylindrical Fish-Cell metamaterial regarding its tessellation
numbers and cell directions. Tessellations numbers for models FCC and
FLC are set to be the same as those in buckling analysis. Eigenvalue
frequency analysis is carried out considering a fixed—fixed boundary
condition. Finally, free vibration behaviour of Model FCC with tessel-
lation 80*48 and Model FLC with tessellation 40*64 are compared to
equivalent shell cylinders with the identical dimensions and mass but
modified density.
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The first frequency and mode shapes for different tessellations of metamaterial Fish-Cell in Circumferential Direction of the Cylinder (FCC model).

First Bending Cylinder .
. . . of . Cross section
Tessellation  frequencies First mode shapes . rotation
cylinder change
(Hz) . (degree)
axis
5*3 0.075 Yes No v No
+ change
10%6 0.155 Yes No No

_.° change

o
20%12 0.266 No 00022 | ; eanut
] shape
* v Peanut

40*%24 0.377 No 0.0014 b
[ shape
¢; Three-
80*48 0.643 No 0.0005  €=3 ', Pointe
N dstar

Table 7

The first frequency and mode shapes for different tessellations of metamaterial Fish-Cells in the Longitudinal Direction of the Cylinder (FLC).

First Bending Cylinder .
. . . of . Cross section
Tessellation  frequencies First mode shape . rotation
cylinder change
(Hz) . (degree)
axis
5*8 0.065 Yes No -+ No
10*16 0.085 No No 1t Peanut
20%32 0.113 No No .. Peanut
oy Three-
40*64 0.177 No No ™ ¢~ Pointed
star

7.1. Frequency analysis for model FCC and model FLC

Table 6 shows the first frequencies and detailed descriptions of mode
shapes for different tessellations of FCC model. The trend of the fre-
quencies shows a nonlinear rise as tessellation numbers increase, for
instance frequency for tessellation 80*48 with value 0.64 Hz is 8.3 times
larger than tessellation 5*3 with value of 0.075 Hz. The trends of the
increment for the frequency show in Appendix C Fig. C1.

The vibration mode shapes for FCC model with tessellation 5*3 and
10%6 have a pure bending behaviour for the axis of cylinder with un-
changed and not rotated circular cross-section at the middle of cylinder.
In contrast, other tessellations do not show bending mode shape for the

axis of cylinder at all. The cross-section shape at the middle of the cyl-
inder for tessellation 20*12 and tessellation 40*24 are changed to shape
of a peanut shell, while tessellations 80*48 has a three-point star shape.
All tessellations except 5*3 and 10*6 have negligible torsion in their
mode shapes with a range of 0.0022 to 0.0005 at the middle of the
cylinder.

Table 7 shows the first frequencies and detailed descriptions of mode
shapes for different tessellations of FLC model. The trend of frequencies
shows a nonlinear rise as tessellation numbers increase. For instance,
frequency for tessellation 4064 with value of 0.177 Hz is almost 2.7
times larger than tessellation 5*8 with value of 0.065 Hz. The frequency
trends can be view in Appendix C Table C1. The first vibration mode
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Comparison of first five frequencies and mode shapes between FCC model (Fish-Cells in the Circumferential direction of the Cylinder) and FLC model (Fish-Cells in

Longitudinal direction of the Cylinder) as well as Equivalent Shell Cylinders.

Mode FCC model Equivalent Shell Cylinder for FCC
Shape Tessellation 8048 model; Sgcc
Frequenc Cross Frequenc Cross
q y Mode Shape section q y Mode Shape section
(Hz) (Hz)
change
1st e 9 =
g 0.64 2.05 g =
3rd —— y
&4 0.66 2.50 @ Q!
5 1.00 % (V] 253Hz @@» S =
AR 8 . S _ 2
FLC model Equivalent Shell Cylinder for FCC
Tessellation 8048 model; Sgcc
st : K =2 DR
o | 0177 E ‘ﬁ@ N/ 1.99 ﬁ
3rd g = i v
&4t 0.187 Pl 2.32
5th 0.277 2.54 )

shapes for FLC model with tessellation 5*8 has a pure bending behaviour
on cylinder axis with unchanged circular cross-section at the middle of
cylinder. In contrast, other tessellations do not show bending mode
shape and their cross-section change to non-circular shapes. For
instance, tessellation numbers 10*16 and 20*32 have a peanut shell
shape at the middle of the cylinder in compared to three-pointed star
shape for tessellation 40*64. All tessellations do not show torsional
behaviour in their mode shapes.

Similar to experimental buckling discussion, the detailed experi-
mental modal analysis is an independent research article which might be
used to validate these simulation results. However, the modal analysis
with solid elements for FLC 5*8 and FCC 5*3 are presented in Appendix
C, Table C1 to show further support of presented beam results. The mode
shapes for both beam models of FCC 5*3 and FLC 5*8 in Table 6 and
Table 7 highlight identical behaviour with solid models in Appendix C.
The frequency for solid models of FCC 5*3 and FLC 5*8 are 3.2% and
3.8% higher than those expected by beam models.

7.2. Frequency comparison of cylindrical Fish-Cell metamaterials and
equivalent shell cylinders

Table 8 presents the comparison of first, third and fifth frequencies
and mode shapes between cylindrical metamaterials and equivalent
cylindrical shells to investigate the effect of Fish-Cells architecture on
free vibration. It should be mentioned that the second and forth mode
shapes and eigenvalues are repetitive for both cylindrical metamaterials
and shells. Two equivalent shell cylinders of Sgcc for FCC model with
tessellation 80%48 and Sgi¢ for FLC model with tessellation 40*64 are
analysed with identical dimensions, mass and boundary conditions.
However, in order to keep the same mass and dimensions, only the
material densities are modified to 559 Kg/m® and 281.9 Kg/m® for FCC
and FLC models.

As demonstrated in Table 8, the first and third frequencies of FCC
tessellation 80%48 are very close to each other, i.e. the ratio of these two
frequencies are 1.03. However, the fifth frequency increases nonlinearly
with the value which is 1.56 times larger than first frequency. Fre-
quencies of equivalent shell Sgcc are about 2.5 to 3.8 times larger than
FCC metamaterial with similar trend. The first and third frequencies of
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Skcc are close to each other with ratio of 1.22, whereas the fifth fre-
quency is 1.23 times larger than first frequency. All mode shapes for FCC
tessellation 80*48 do not show bending and torsion. The cross-section at
the middle of the FCC model for first, third and fifth mode shapes are
three-point star, peanut shell shape and a slightly deformed circle.

Although FLC model has a similar trend of frequencies to FCC model;
their frequencies are about 3.5 times smaller than FCC metamaterial.
The first and third frequencies of FLC tessellation 40*64 are also very
close to each other with frequencies ratio of 1.06 as presented in Table 8.
The fifth frequency rises nonlinearly with the value which is 1.56 times
larger than first frequency very similar to FCC trend. Frequencies of
equivalent shell Spi are about 9 to 12 times larger than FLC meta-
material with similar trend. The first and third frequencies of Sg;¢ are
close to each other with ratio of 1.17, whereas the fifth frequency is 1.28
times larger than first frequency. Also, all mode shapes for FLC tessel-
lation 40*64 do not show bending and torsion. Unlike the fifth mode,
other mode shapes of both models FCC and FLC are very similar. The
cross-section shape at the middle of the FLC model for first, third and
fifth mode shapes are three-point star, peanut shell shape and four-
pointed star shape.

8. Conclusions

In this paper, novel cylindrical Fish-Cell metamaterials exhibiting
zero Poisson’s ratio in two different arrangements were introduced for
the first time in literature. High-fidelity CAD models were created with
the accuracy for at least seven decimal numbers for precise dimensions.
Significant number of FEA simulations with fine mesh were performed
on high performance computing cluster for different tessellations of both
models to investigate the Young’s modulus and Poisson’s ratio for cy-
lindrical Fish-Cell metamaterial. Finite element simulations with beam
elements demonstrated the homogenised behaviour and ideal value of
Poison ratio, torsion and Young’s modulus for different size ratios and
tessellation numbers, while FE models with solid elements demonstrated
the reliable deformation mechanisms and stress distribution in more
practical cases. The cylindrical models were specifically manufactured
using SLS 3D printing technology due to the complexity of the models.
Tensile experiments were performed for the validation of Poisson’s ratio



Q. Qin et al.

Table A1

Composite Structures 289 (2022) 115455

Dimension of 2D Fish-Cells projected from 3D curved cell for Fish-Cells in the Circumferential direction of Cylinder (FCC) model and Fish-Cell in the Longitudinal

direction of Cylinder (FLC) model in FEA simulations and experiments.

Parameter H B b C h t R
(mm)
Simulations FCC; FLC 192.00 64.00 48.00 16.00 48.00 2.00 model model
m=>5 FCC: FLC:
n = 3,6,8,12,16,24,32, 48,64,96,128,192,256, 152.788 254.648
384,512,
768,1024
FCC; FLC 96.00 32.00 24.00 8.00  24.00 2.00
m =10
n==6,12,16, 24,32,48, 64, 96,128, 192,256, 384,512
FCG; FLC 48.00 16.00 12.00 4.00 12.00 2.00
m = 20
n = 12,24,32, 48,64,96, 192,254, 384
FCC; FLC 24.00 8.00 6.00 2.00 6.00 2.00
m = 40
n = 24, 64
FLC 19.20 12.80 4.80 1.60  4.80 2.00
m = 50
n = 80
FCC 16.00 5.33 5.33 1.33  4.00 2.00
m = 60
n =36
Experiments FCC 24.00 8.00 6.00 2.00 6.00 2.00 38.197
m =10
n=4
FLC 24.00 8.00 6.00 2.00 6.00 2.00 63.622
m=>5
n==6
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Fig. B1. Buckling load for Fish-Cell in the Circumferential Direction of Cylinder (FCC model) and Fish-Cell in the Longitudinal Direction of Cylinder (FLC Model).

and deformation mechanism between experiment and numerical
models. The good corelation of results demonstrated the reliability of
numerical models for in future optimisation studies. Furthermore,
buckling and modal behaviour of the cylindrical Fish-Cells
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metamaterials were studied and compared with equivalent shell cylin-
ders, highlighting lower range of eigenvalues than equivalent shell
cylinder due to the lower stiffness of the metamaterials. Different unit
cell orientations and tessellation homogeneity created unique and
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The critical buckling load and mode shapes of metamaterials with Fish-Cells in the Longitudinal Direction of the Cylinder (FLC) 5*8 and Fish-Cell in Circumferential

Direction of the Cylinder (FCC) 5*3.
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Fig. C1. The first frequency for Fish-Cell in the Circumferential Direction of Cylinder (FCC model) and Fish-Cell in the Longitudinal Direction of Cylinder

(FLC Model).

Table C1

The first frequency and mode shapes of metamaterials with Fish-Cells in the Longitudinal Direction of the Cylinder (FLC) 5*8 and Fish-Cell in Circumferential Direction

of the Cylinder (FCC) 5*3.

. Bending .
Model and First . . of Cylmfier Cross section
. frequencies First mode shape . rotation
Tessellation cylinder change
(Hz) . (degree)
axis
. . g2 e
FLC 5*8 0.0676 i Yes No + ' No
R =7 =t
s ot
FCC 5*3 0.0775 R K No No i ¢t Peanut

/¢

complex buckling and vibration mode shapes due to bending and torsion
functions. The results show excellent integration potentials of these
metamaterials due to zero Poisson’s ratios in cylindrical systems to be
used for further realization of advanced medical stents, soft robotics and
morphing intake runner of the jet engine.
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Appendix A

See Table Al.

Appendix B

See Fig. B1 and Table B1.

Appendix C

See Fig. C1 and Table C1.
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