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Abstract. In this research the effect of the geometric features of an auxetic metamaterial structure
was investigated by the authors. In particular, a re-entrant honeycomb geometry was selected as case
study. Connectors inclination, width and length have been changed to study mechanical behavior and
deformation under compression. The procedure adopted was both experimental and numerical.
Solutions proposed highlight benefits in terms of compression load and controlled lateral
displacement that is possible to achieve.

Introduction

Additive manufacturing is an enabling technology of Industry 4.0 thanks to its ability to produce parts
characterized by complex structure [1-2]. This ability let the possibility to redesign not only the shape
of the part but also to rethink about the chance to do not produce parts as full but with hierarchical
structures [3-4]. It is also possible to redesign objects in a single part so that it is avoided the assembly
step. In addition, not being a subtractive method, it helps to not waste material [5-6]. In particular,
different researches are now focusing on the idea of integrating the concept of metamaterials
(materials with a property that is not found in nature) in part geometry to enhance mechanical
properties and weight reduction [7-8]. Their most distinguishing feature is that their macroscopic
behaviour is not related to the molecular structure but to the cells geometry that makes up the part
[8]. There are two different kind of metamaterials: Auxetic and Non Auxetic. The first one presents
the Poisson Coefficient negative while the second one has it positive. In this way, the Auxetic object,
under a traction load, expands its transversal section instead of shrinking it (Figure 1.a). Thanks to
this particular property there are several application fields that are interested in: medical, acoustic,
aerospace, sensors and actuators [9-10]. Another kind of Auxetic structure is the so called Chiral: this
type of material does not have a centre of symmetry and the cells are created by connecting ligaments
to a node. In this case, the mono axial load causes the rotation of the nodes and consequently the
deformation of the ligaments attached to (Figure 1.b). It is also possible to create rigid rotating
structures by connecting the cells only in their vertexes. In this way, when these structures are
stretched, the solids rotate around the pivots resulting in an expansion in both directions (Figure 1.c)

[11-12].
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Figure 1: Auxetic (a), chiral (b) and pivots (c) metamaterials design. [8]

However, an important feature about metamaterials is the capability of realizing mechanisms by only
using the deformation of the auxetic structures; in this case an important role to control the movement
is the control of the geometric features that define the single cell design. In order to enlarge the
knowledge about this topic in this research, the authors investigated the effect of the geometric
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features of an Auxetic metamaterial structure. In particular, a re-entrant honeycomb geometry was
selected as case study. Connector’s inclination, width and length have been changed to study the
mechanical behaviour and the deformation under compression. Finally, the authors propose a new
geometry cell able to control the cell deformation.

Materials and Methods

In this study a re-entrant honeycomb geometry was selected as a demonstrator. The starting cell
geometry design is presented in Figure 2.a and Table 1.
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Figure 2: Original (a) and new (b) re-entrant honeycomb cell geometry.
Table 1: Values of the design parameters of the original cell [mm)].
a b c d e f g h 1 t o

0.8 7 10 3.5 3.6 22.4 7 20 35 3 55°

In the first numerical analysis it has been evaluated the influence of reinforcements design in terms
of length and thickness. To manage this task, four different configurations have been proposed to
simulate the effect of length and thickness reinforcement variation, two level have been set for each
parameter. All the reinforcements were located starting from the middle point of the re-entrant edges
of the cell as reported in figure 2.b. The reinforcement follows an increment rule: the length was set
equal to the 25% of the length of the re-entrant edges (b value in figure 2.a and table 1) and
subsequently by 50%. For the reinforcement thickness level has been chosen in order to increase cell
thickness (a value in figure 2.a and Table 1) of 25% and 50% respectively. Table 2 shows the process
parameters tested. Best results have been choose as starting geometry for the second numerical
analysis

Table 2: Reinforcement geometry parameters of the first campaign.
Configurations 1 2 3 4
Length [mm] 1.75 1.75 3.5 3.5
Thickness [mm] 0.4 0.8 0.4 0.8
Length respect to b [%] 25 25 50 50
Thickness respect to a [%] 50 100 50 100

In the second numerical analysis it has been investigated the influence of the fillet radius and its
position. The values that were chosen for the fillet radius were equal to 1.6 mm for the external
configuration and 0.4 mm for the internal one. This was to maintain constant the thickness of the
walls around the corners. The analysis investigates about the effect of external or internal fillet radius
on the cell deformation behaviour. In the third campaign it was evaluated, based on best configuration
of second numerical analysis, the influence of the internal angles (a) of the re-entrant edges. Two
different values have been chosen: 40° and 70°.
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In all numerical analysis the cells have been designed and numerically analysed in Fusion 360, an
Autodesk Software. The numerical simulations have been set as following: it was imposed a
downward displacement of 3 mm of the upper crossbar of the cell while keeping the lower one fixed.
In this way it has been possible to evaluate the compression load needed to lower the crossbar by 3
mm. In addition to the compression load, the stresses and the lateral displacement of the structure can
be calculated too. The material mechanical behaviour simulated is coherent with the material used
for the experimental analysis reported in Table 3.

The most interesting results have been experimentally tested. The structures were realized in Onyx
by Fused Filament Fabrication (FFF) method with a Markforged Desktop Two. The material was
provided by Markforged and it consisted in Nylon added with micro carbon fibres. The mechanical
properties of Onyx are shown in Table 3.

Table 3: Onyx mechanical properties.

Properties Onyx
Tensile Modulus (GPa) 2.4
Tensile Strength (MPa) 40
Tensile Stress at Break (MPa) 37
Tensile Strain at Break (%) 25
Flexural Modulus (GPa) 3
Flexural Strength (MPa) 71
Density (g/cm?) 1.2

The case studies produced have been tested with a bench vice imposing a displacement coherent with
the simulation and analysing the results from a qualitative point of view.

Results

Simulation of original geometry

To compare the results of the numerical analysis in this section the simulation results of the original
cell geometry are presented. As reported in figure 3.a, the load needed to induce a displacement of 3
mm was equal to 158 N and the higher stress is equal to 230 MPa and is located on the cell knee. In
addition, it has been evaluated the lateral displacement of the re-entrant honeycomb structure. The
points that have been individuated for investigating the lateral movement along the x axis, for every
configuration made, are shown in Figure 3.b. How it can be seen, there was a great difference between
the upper and the lower corner displacement of the right box attached to the cell. The upper corner
displacement it is equal to 1.73 mm while the lower corner displacement is about 2.08 mm.
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Figure 3: Stress analysis (a) and lateral displacement (b) of the original configuration

First experimental analysis: effect of reinforcement geometry
In the Table 4 it is possible to see a summary of stress and displacement analysis of the whole set of
simulations.

Table 4: Load, maximum stress and lateral displacement estimated.
Configurations Load [N] Maxu[l;}[llr)r; ]Stress X dlsﬁllleilcﬁment Z dls%)rfrcrzle]ment
original 158 229 0.35 0.45
1 92 224 0.14 0.05
2 112 225 0.22 0.04
3 98 256 0.12 0.03
4 107 230 0.15 0.10

How it is clear from the obtained data, the presence of the reinforcement and its length and width had
an influence on the maximum stress that occurred in the structure. Starting from the original
unreinforced cell that needed 158 N, all the other simulations with reinforcements showed a lower
values of compression load. In addition, comparing 1 to 2 and 3 to 4, where the only change is the
reinforcement width (3 and 4 +50% than 1 and 2), it possible to see that the compression load
increased by 22% and 9% respectively. Comparing 1 to 3 and 2 to 4, where the only change is the
reinforcement length (3 and 4 +25% than 1 and 2), it is evident that the structures with the longer
reinforcement require a bigger force. Regarding the stresses, a significant difference compared to the
original structure except for a +12% in simulation 3 can be obtained. About lateral displacement, the
presence of the reinforcements reduces lateral displacement from 0.45 to 0.03 mm along z axis and
from 0.35 to 0.12 mm along x axis adopting configuration 3. Similar results are achieved using
configuration 1.

Comparing the results obtained and giving a higher priority to load and stress optimization, the best
compromise between compression load, maximum stress and lateral displacement values has been
individuated in the configuration 1. In Figure 4 a comparison between original and configuration 1 is
presented as a function of stress (figure 4.a and 4.b) and lateral displacement (figure 4.c and 4.d).
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Figure 4: The stress analysis comparison between the original cell (a, d) and configuration 1 (b, e)
and relative scale bar (c, f).

Second experimental analysis: effect of filler radius
In this analysis, the influence of the fillet radius on the cell deformations and stresses of the
configuration 1 has been evaluated. Table 5 shows main results.

Configurations Load [N] MaXII[l’;Illr)l’; ]Stress X dls[lilllzilcﬁment Z dlsﬁfr;e]ment
1 92 224 0.15 0.05
External 88 233 0.11 0.06
Internal 130 446 0.12 0.05
Table 5: Load, maximum stress and lateral displacement estimated.

When the internal radius is filleted there was an increase of material in the cell knees of the structure
and thus, using the same amount of force of the not filleted configuration (92N), it was reached a
lowering of the upper crossbar by 2 mm instead of 3 mm. With external fillet radius (Figure 7), it was
observed the opposite effect. With a force equal to 88 N, lower than in simulation 1, it was obtained
a crossbar displacement of 3 mm. On the other hand, it was reached a higher stress value of 233 MPa.
Regarding the lateral movement along the x axis, there was an improvement: the difference between
the upper and the lower corner of the aside box is equal to 0.11 mm. In addition, the deformation
along the z axis, is approximately the same as the previous configuration, in fact its value is equal to
0.06 mm.

Based on this analysis and taking into account the importance of fillet radius to avoid crack generation
phenomena, the authors selected the configuration external as the optimum. Figure 5 presents the
comparison between configuration 1 and external.



Key Engineering Materials Vol. 926 293
2332 Max
!i 200
— 150
100
a0
0 Min
(a) (b) (c)
l 2109 Max
l ;{EWQM z3)mm ;ghmy'hm 7 3) mm !‘7
— 1248
0.3a87
0473
-1.334
wirary-asmszaymn 088w 2195 Min
AR (x17 47 4963 7-3) mm
(d) (e) ®
Figure 5: The stress analysis comparison between the configuration 1 (a, d) and configuration
external (b, €) and relative scale bar (c, f).

Third experimental analysis: effect of reinforcement inclination

In this section, using the first configuration with external fillet radius, the impact of the internal angles
(o) on the loads, stresses and displacements that could occur in the structure was investigated. The
two values that were chosen are: 70° and 40°. Main results are presented in Table 7.

Table 7: Comparison between the external cell and configurations with different a.
. Maximum Stress | X displacement | Z displacement
Configurations Load [N] [MPa] [mm] [mm]
external
(a =55 88 233 0.11 0.06
a=70° 319 487 0.681 0.09
a =40° 26 106 0.03 0.02

With an internal angle of 70° it is necessary a higher compression force to obtain a 3 mm displacement
of the upper crossbar compared to the 55° cell. In fact, there were needed 319 N to obtain the same
vertical displacement. In addition, the stress increased to 487 MPa. The difference between the upper
and the lower corners of the aside box was relevant: 0.681 mm. Also the deformation along the z axis
rose to 0.09 mm. On the other hand, a cell with an internal angle of 40° needed a 26 N force to be
compressed by 3 mm with a very low stress: 106 MPa. In addition, in contrast to the 70° configuration,
the movement along the x axis is more homogeneous. The difference between the upper and the lower
corners of the aside box is about 0.03 mm. Regarding the deformation along the z axis, a good
behaviour with a maximum value of 0.02 mm was obtained.
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Displacement Control

To set a limit on the lateral displacement of the re-entrant honeycomb structure a triangular shape on
the aside box was designed as it is shown in Figure 8. By editing the inclination of the new edges, it
is possibly to define the lateral movement. Therefore, in all the previous situations, the force drove
the displacements while in this case the displacement is limited by the new supports.

Figure 8: The configuration with the structural control of the lateral displacement.

In addition to the displacement control, the new triangular shape helps to reduce the maximum stress
that occur in the structure. By applying the 88 N load, the one of the external fillet radius
configuration, a stress value of 228 MPa, with a 3% decrease was obtained. The lateral movement,
instead, had no significant variation as can be seen in Table 8. In Figure 9 it is possible to see a
simulation of the comparison between the external filleted radius with new triangular configuration.

Table 8: Comparison between the external cell and the triangular design shape.
. Maximum Stress | X displacement | Z displacement
Configurations Load [N] [MPa] [mm] [mm]
external
(a =55 88 233 0.11 0.06
Triangular 88 228 0.12 0.05
233.2 Max
200
150
100
50
0 Min
(a) (b) (c)
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Figure 9: The stress analysis (a) and (b) and the relative scale bar (c), in (d) and (e) the lateral
displacement analysis.

Experimental validation

Few configurations have been tested and confirmed what had been found in numerical simulations.
Regarding the geometry of simulation 1 and the external fillet radius, even in this case a good match
with the numerical simulation was obtained, avoiding the crack and the deformation along the z
direction (Figure 10)
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Figure 10: In (a) the printed cell before the compression and in (b) after the compression.

The last geometry tested was the one with displacement control made by the triangle obstacle on the
aside box (Figure 11).

(a) (b)

Figure 11: In (a) un the structure before the compression, in (b) after the compression.
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Conclusions

In this research the analysis of geometrical feature on an auxetic metamaterial cell was investigated.
Results highlight how increasing thickness of connector, introduce a fillet radius or modify cell
inclination could significantly affect the load needed to impose a displacement, the stress undergone
and the amount of lateral deformation. In particular, the authors found good results in terms of load
and maximum stress reduction when the cell has: a connector with a core thickness increased by 50%;
an external fillet radius equal to the connector thickness; a connector inclination equal to 40°.
Moreover, the authors introduced a different cell geometry with triangular features on the cell side to
control the deformation. A quantitative comparison was finally realized with experimental tests.
Future activities are ongoing to investigate the mechanical behaviour of cells array.
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