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ABSTRACT

This work focuses on the design and manufacture (by additive fabrication) of 3D anepectic
structures. These anepectic structures have two rare characteristics: they exhibit negative values
of Poisson’s ratio and of coefficient of thermal expansion (CTE). Negative values of CTE are
activated by the combination of two different materials, in which both have positive values of
CTE. This type of structure is useful in applications such as in the biomedical and aerospace
fields, where it is important to have a mechanical response to a thermal stimulus.

Ten samples were studied and subjected to thermo-mechanical tests: five single material
samples (four of Nylon and one of CPE+) and five dual material samples (four of Nylon-PVA
and one of Nylon-CPE+). All samples were subjected to tensile tests in which the most negative
value of Poisson’s Ratio achieved in this work was of -1.103. All samples were subjected to
thermal tests, in which they were submerged in silicone oil (Baysilone M350) and, then, subjected
to a heating process. In this type of test, the most negative value of CTE was of -812x 10°/°C at
120°C.

Keywords: 3D Printing, Auxetic, Negative Thermal Expansion, Anepectic, Negative Poisson’s
ratio.







RESUMO

Este trabalho foca-se no desenho e fabricacdo (por fabricacdo aditiva) de estruturas
anepeécticas 3D. Essas estruturas anepécticas possuem duas caracteristicas raras: apresentam
valores negativos de coeficiente de Poisson e de coeficiente de expansdo térmica (CET). Valores
negativos de CET sdo ativados pela combinacdo de dois materiais diferentes, no qual ambos tém
valores positivos de CET. Este tipo de estrutura € util em aplicagdes como na area biomédica e
aerospacial, onde é importante ter uma resposta mecéanica a um estimulo térmico.

Dez amostras foram estudadas e submetidas a testes termo-mecénicos: cinco amostras de um
s6 material (quatro de Nylon e uma de CPE+) e cinco amostras de dois materiais (quatro de Nylon-
PVA e uma de Nylon-CPE+). Todas as amostras foram submetidas a ensaios de tracdo em que o
valor mais negativo do coeficiente de Poisson obtido neste trabalho foi de -1.103. Todas as
amostras foram submetidas a testes térmicos, em que foram imersas em o6leo de silicone
(Baysilone M350) e sujeitas a um processo de aquecimento. Neste tipo de teste, o valor mais
negativo de CTE foi de —812 x 107¢/°C a 120°C.

Palavras-chave: Impressdo 3D, Auxética, Expansdo térmica negativa, Anepéctica, Coeficiente
de Poisson negativo.
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CHAPTER

INTRODUCTION

A metamaterial is an artificially engineered material whose physical properties are influenced
by the adjustment of its architecture instead of its composition. This type of material exhibits
properties that rarely appear in conventional materials. An anepectic material is a material that
demonstrates negative values not only of coefficient of thermal expansion (NTE) but also of
Poisson’s Ratio (NPR). Considering that, to obtain negative values of Poisson’s ratio, the
material’s geometry must be adjusted in patterns structured with precise shape, geometry, size
and orientation [1], it is possible to affirm that the anepectic material is a metamaterial.

This type of metamaterial has a great range of applications such as the biomedical field
(fabrication of fillings for dental restorations, stents and surgical hernial meshes), sensors and
electronics, aerospace and defence (antennas, solar panels, and sturdier structures) [2], because it
can control distortions resultant of vibrations due to thermal changes, which indicates that
anepectic materials are an asset for situations where is extremely important to have mechanical
stability in thermally unstable conditions.

1.1 NTE Materials

Thermal expansion focuses on the dimensional variation of a material caused by its thermal
variation. Most materials tend to expand when heated and to contract when cooled (materials with
a positive thermal expansion). However, materials with NTE have the opposite behaviour: they
contract when heated and they expand when cooled.

This type of material has several applications such as in satellite antennas, space telescope
mirrors, space vehicles (aerospace industry), dentall filling composites (biomedical field) and
bridges (civil engineering) [1]. To sum up, NTE materials are useful in environments where
there’s a temperature disparity (which leads to a thermal stress disparity) and, therefore, it is
extremely important to have a precise control of thermal expansion.

However, natural materials with negative thermal expansion are rare and they only manifest
it in a narrow range [3]. The small amount of NTE conventional materials is caused by the
abnormal mechanisms that must occur to have a negative thermal expansion (ie: phase transitions,
shortening of bond lengths, rigid unit modes, electronic effects and magnetostriction). The lack
of performance is caused by narrow temperature range of negative thermal expansion, low
thermal expansion coefficient value, anisotropy of thermal response and low design freedom. This
situation can be found in most NTE natural materials like perovskite, NaZniz — type  La(Fe,
Si, Co)13 compounds, Ags[Co(CN)e], (Hf, Mg)(W0.)s and the ZrW,0g family materials [4].

Considering this situation, it is predictable that the interest in obtaining materials with
negative values of CTE (coefficient of thermal expansion) that have a better performance has
increased. Therefore, several structures of, for example, lattice unit cells have been developed
with the objective to embody a NTE metamaterial. For instance, there have been proposed
buckling origami structures [5] and spherical structures [3]. In the last decades, there have been
efforts to develop several 2-D and 3- D NTE structures [3]-[10]. However, most of NTE
metamaterials are in 2-D due to two main causes: limitations in fabricating 3-D structures with
highly complex geometric patterns and limited material choices to build NTE structures (which
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means that NTE could not be tuned within a pre-selected range of temperatures) [1]. Despite of
these limitations, NTE metamaterials are efficient to avoid certain undesired occurrences such as
thermal twist, buckling and distortion, thermomechanical failure, and fatigue from thermal stress
mismatch; NTE metamaterials are also efficient in maintaining geometric stability [3].

1.2 Auxetic Materials

Poisson’s Ratio is the ratio of transverse strain to longitudinal strain under applied loading. It
was developed by Siméon Poisson [11], a French mathematician and physicist.

In liquids, Poisson’s Ratio is 0.5 while in gas or cork it is close to zero. This situation
demonstrates that the volume of a liquid is always constant, but in the case of gas or cork, there’s
a volume variability. In case of solids such as metals or functional oxides, the Poisson’s Ratio is
usually 0.1-0.3. For linear elastic isotropic materials, the Poisson’s Ratio is confined within the
range from —1 to 0.5 [12].

Materials that have positive values of Poisson’s Ratio tend to contract in the transverse
direction when tensioned in the longitudinal direction and vice-versa. Materials with NPR
(auxetic materials) have the opposite response: they tend to expand in the transverse direction
when tensioned in the longitudinal direction. This type of material (auxetic) appears in different
structures, materials and scales (macro- or micro-scales) and it can be considered a metamaterial,
regarding that it’s an artificially engineered material.

Auxetic materials have been deeply used in the biomedical field for the fabrication of
bioprostheses (annuloplasty prostheses, cushion pads and knee prosthetics). At a cellular level,
there have been developments in biological scaffolds (creation of suspended web structures that
exhibit positive and negative values of Poisson’s ratio) and hydrogels that contain two different
types of pores in which their size, shape and distribution can alter Poisson’s ratio from positive
to negative at micro-scale [13]. This type of material stands out for having certain mechanical
characteristics significantly improved such as shear resistance, indentation resistance, fracture
toughness [12], energy absorption [11], ability to create cellular structures with shape memory (in
other words, shape memory auxetic) and variable permeability [13].

The term “auxetic” has a Greek origin: avéntukog (auxetikos), that means “which tends to
increase”. This word first appeared in a paper by Evans et al. in 1991 [14]. However, the term
“auxetic” appears later than the first research related to the concept of Negative Poisson’s Ratio
made by Lakes [15] in 1987.

Despite of considering an auxetic material a metamaterial, there are some natural materials
that have an auxetic behaviour. The first natural material to be discovered with this characteristic
was iron pyrite by Love [16]. Later, other auxetic materials were also discovered such as
cancellous bone, living cat skin and cow teat skin [17].

Over the past 30 years, there has been a great progress in this field. It has been studied the
auxetic behaviour in cellular structures (in micro- or macro-scale) [18]-[28]. Several 2-D and 3-
D auxetic materials with different structures were designed and analyzed such as: re-entrant
(honeycomb [21], [24], [29],[30] and star-shaped [31]); chiral models ([32]); rotating units [28],
[33]. Additive fabrication is one of the techniques most used to manufacture auxetic

Oz,

al) a2) C)

Figure 1.1 — Main structures of auxetic structures: al) Re-entrant Honeycomb [30]; a2) Re-entrant star-
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shaped [31]; b) Chiral [32]; c¢) Rotating Units [33].

More recently, there have been developments in 4-D auxetic printed structures (the fourth
dimension refers to time). This means that 4-D printed materials are responsive materials that
change their configuration over time, due to an external stimulus [2]. To embody 4-D printed
auxetic materials, there have been used several types of materials like functional polymers,
magneto—rheological fluid suspensions and shape memory alloys. However, Shape-Memory
Polymers (SMPs) are the most studied in this matter; these type of materials exhibit SME (Shape-
Memory Effect): the ability to return from a deformed temporary shape to the original permanent
shape through the application of a thermal stimulus [37]. It is important to note that additive
fabrication has taken great importance in the manufacture of 4-D auxetic materials.

1.3 Additive Fabrication

Additive fabrication — it can also be called additive manufacturing (AM) or 3-D printing — is
a technique in which materials are deposited in layers in order to produce a structure and it has
the capacity to produce complex geometries. This type of technique can fabricate a full object or
to finish an object’s fabrication from a semi-finished part and it is applicable to a wide range of
materials (ie: metals, polymers, ceramics, composites).

This recent technique, compared with the other traditional manufacturing techniques, has
three main advantages: freeform fabrication (there aren’t any traditional manufacturing
restrictions and, therefore, provides design freedom); short supply chain (reduction of supply
chain of fabrication and maximization of profit space for manufacturers); sustainable
manufacturing (reduction of the environmental impact) [38].

The first technological approach to additive manufacturing was made by Charles Hull in 1984
who introduced the Stereolithography technique. Since then, great developments have been
occurred in this area and nowadays, there are several types of additive fabrication. For instance,
one of the most used AM technologies are extrusion deposition processes in which there are three
main processes: fused deposition modelling (FDM), fused filament fabrication and melt extrusion
manufacturing (MEM) [39]. Additive fabrication is, nowadays, a technology that has several
applications such as biomaterials [40], defence [41] and aerospace [42]. However, this technique
is still recent, and it is expected that many other developments and applications about this topic
will come to light in the next few years.

1.4 Anepectic Materials

The term “anepectic” comes from the Greek Eméxraon (Epéktasi) that means “Expansion”
for materials that have NTE and NPR. However, this term is far more recent than most papers
about this type of material: it is first mentioned in literature in a paper by J.Raminhos et al [1].

Regarding that an anepectic material is a metamaterial, it is foreseeable that all the
investigation about it gives great importance to its design. For instance, a paper by Joseph N.
Grima et al [43] proposes a connected triangles structure (rotating triangles connected by pin
joints). Other paper by Ai and Gao about 2-D lattice-based metamaterials [44] proposes the
combination of an auxetic structure and a bi-material lattice design to achieve a 2-D anepectic
material. Later, Ai and Gao extended their previous work by designing a 3-D anepectic material
[45].
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Figure 1.2 — 2-D (I and I1), 3-D ((a)-(d)) anepectic structures and their resultant unit cells (e)-(h))
designed by Ai and Gao [44].

However, these papers mentioned didn’t managed to embody the anepectic material that was,
so far, just a theoretical matter. The first non-virtual 2-D anepectic mesh was achieved by
J.Raminhos et al [1]; in that work, a polymer-based composite mesh was manufactured by
additive fabrication. Later, 2-D anepectic composite meshes, made from ABS and NiTi alloys,
were fabricated by an additive manufacturing technique (Fused Filament Technique) and
characterized [2]. Other recent paper about this topic focuses on design and additive fabrication
of 2-D composite anepectic meshes with incorporated wires that can induce a controlled
temperature through resistive heating by applying electric current [13].

To sum up, the combination of two different materials in an auxetic structure causes the
activation of the NTE behaviour and, therefore, leads to anepectic behaviour. However, as
mentioned by J.Raminhos et al [1], it is also important to fulfil this condition: the materials used
must have similar (although different) stiffness but extremely different values of CTE and they
must work above their respective transition glass temperature (Tg).

Anepectic materials are expected to have several applications such as in the dental field
(fillings), the aerospace industry (antennas, solar panels, sturdier structures) and in the biomedical
field (stents and surgical hernial meshes) [2].



CHAPTER

MATERIALS AND METHODS

This work focuses on two main star-shaped re-entrant structures. The following sections
explain how these structures were designed and subjected to thermal and mechanical tests
(determination of the values of CTE and of the Poisson’s ratio); it is also explained how the
filaments used in this work were characterized.

2.1 Structure Design

This work is an extension of the work developed by J.Raminhos et al [1] in which a new
challenge is proposed: to manufacture non-virtual 3- D anepectic structures.

The anepectic material is obtained by combining an inherently auxetic structure with a dual-
material NTE structure design. In this work, two main structures are studied, as shown in Figure
2.1. Both belong to the category of re-entrant in shape of star structures. One of them is a star
honeycomb structure (based on one of the structures designed by M.S.Ra et al [46]).The other
structure — based on the structure shown in Figure 1.2 d) - refers to a star-shaped re-entrant
structure (the term “re-entrant” refers to a negative angle or an angle greater than 180 degrees
[11]). Despite of their design differences, both structures have a similar mechanism: when
stretched, their cells tend to open, causing auxetic effect.

In this work, the blue beams represent the material with the lowest CTE, but with the higher
stiffness while the red beams represent the material with the much higher CTE, but with the
slightly lower stiffness. When all the needs to achieve an anepectic behaviour are fulfilled, the
resultant structure in Figure 1.3-a) has three length parameters (L1, L2 and t) and one angle
parameter — 0. The resultant structure in Figure 2.1-b) has five geometrical parameters: H1, H2,
0 and 8, (shown in Figure 1.2 d)) and t (shown in Figure 2.1 b)) in which three of them (H1, H2
and t) are length parameters and the other two (6 and 8,) are considered angle parameters. In this
work, 3-D anepectic structures will be designed, fabricated and tested (determination of their
thermal and mechanical behaviour). To manufacture the desired structures, a commercially
available 3-D printer will be used and there won’t be any pins, adhesives, welding or pressure-fit
joins involved.

Figure 2.1 — Two main anepectic structures were designed, printed and tested: a) — Structure I: Star
honeycomb structure; b) — Structure I1: Star-shaped re-entrant structure.

To design the intended structures, it was used the modeling software 123D Design. The
structures were printed by Ultimaker 3™ fused filament 3-D printing-system by Ultimaker that
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can process two different materials simultaneously. All the materials used in this work are
commercially available Ultimaker 3™ filaments. To ensure good quality printing, the
abovementioned structures were printed with support - it was developed by the 3-D printing
software Ultimaker Cura.

In this work, four structures are designed are printed. Two of them are the main structures
(structures #1 and #2) and the other two are the secondary structures (structures #1 75% and #2
75%) in which their thickness was reduced about in 25%. Structures #1 and #1 75% have
dimensions of 60.6 mmx60.5 mmx 60.5 mm. Structures #2 and #2 75% have dimensions of 65.5
mmx63.5 mmx64.3 mm. All the structures were printed with a 95% infill density (which means
that they are solid structures) and with a layer thickness of 0.2mm.

With the objective to have an auxetic behaviour, structures #1 and #1 75% have a crucial
condition to fulfil: 9 > %. Structures #2 and #2 75% also have some conditions to maintain their
auxetic behaviour: 6, < 6; 0 <0< 452

Table 2.1 — Parameters used in structures #1 and #1 75%.

Parameters L1 L2 (%] t
(mm) (mm) (°) (mm)

Structure #1 22.0 16.6 72.4 3.1

Structure #1 75% 22.0 16.6 72.4 2.3

Table 2.2 — Parameters used in structures #2 and #2 75%.
Parameters H1 H2 0 o t
(mm) (mm) (°) (°) (mm)
Structure #2 9.5 28.4 15.6 6.3 3.3
Structure #2 75% 9.5 28.4 15.6 6.3 2.5

2.2 Filament characterization and Thermo-mechanical Evaluation of Structures

In this work, the abovementioned structures were subjected to thermo-mechanical tests. All
the materials used to embody these structures are commercially available Ultimaker 3™ polymer
filaments.

First, it was tested the mechanical capabilities of the structures. Single and dual material
structures (#1, #1 75%, #2, #2 75%) were tested (their dimensions and values of length parameters
are explicit above). Tensile strength was applied, in which different samples suffered a constant
elongation rate of 2 mm/min up to 5 mm overall elongation. It was used an universal testing
machine (AG-50kNG, Shimadzu, Japan) whose load cell was of 500 N. These tensile tests were
useful to determine two important parameters in this work: Young’s Modulus and Poisson’s ratio.
Each sample was monitored using a digital camera that recorded the entire testing process. To
determine the values of those two parameters, the resultant images of these tests were analysed
by the image processing software ImageJ.

Then, it was tested the thermal behaviour of the structures (CTE values), in which it was used
a transparent container with silicone oil (Baysilone M350). In this type of test, the structures were
held to a wire (that was suspend to a tripod) and, then, they were submerged in the silicone oil.
After that, the structures were stabilized for 10 minutes. Next, the silicone oil was heated at a rate
of 3°C/min, until the temperature of 80°C was reached. Each tested sample was monitored using
a digital camera: photographs were taken at a rate of 1 photograph/°C. The temperature of the
silicone oil was monitored by an external thermocouple and data logger (Pico TC-08 with a Type
K thermocouple).

The representative scheme and description of the testing structure, equations (of PR and CTE)
and the procedures to determine experimental values of PR and CTE can be found in the
Appendix.



CHAPTER

RESULTS AND DISCUSSION

As already mentioned, anepectic structures have two main characteristics — exhibition of
negative values of coefficient of thermal expansion and of Poisson’s Ratio. In this chapter, the
following sections will approach these topics: the choice of materials that will embody the
designed structures and the thermo-mechanical tests’ results — these data are highly important to
verify if the structures designed and printed have all the requirements needed to obtain an
anepectic behaviour.

3.1 Materials

In Chapter 1, it was mentioned that, to have an anepectic behaviour, it is important to
have a dual-structure design in which the chosen materials have similar stiffness and largely
different values of CTE.

Therefore, there were chosen two types of combinations - Nylon-PVA and Nylon-CPE+
- since these combinations fulfil the abovementioned requirement. However, it is expected that
the pair Nylon-CPE+ will have a worse performance for two reasons: the pair Nylon-CPE+ has
more similarity in stiffness than the pair Nylon-PVA (the chosen materials must have similar
stiffness, but not too similar: comparing pairs with similar stiffness, the pair with higher disparity
in stiffness is more desirable) and also the pair Nylon-CPE+ has less disparity in values of CTE
in which, in this case, is more desirable to have the highest disparity of CTE possible. To sum up,
it is possible to conclude that both the pairs are recommended, however, the pair Nylon-PVA is a
more ideal combination, as Table 3.1 shows.

Table 3.1 — Material properties for Nylon, CPE+ and PVA.

Materials Young’s Modulus (GPa) CTE (x 107%/2C)
Nylon 0.907 149
CPE+ 1.199 58
PVA 2.365 14

In this work, single and dual material structures were printed. Single material structures were
printed with the purpose of confirming, comparing with the dual material structures, that all the
structures have an auxetic behaviour, regardless of their material composition. Dual material
structures are printed to confirm that the anepectic behaviour depends only of their material
combination.
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Table 3.2 - Summary of structures studied in this work. x not tested. v/, tested.

Material(s) | Structure #1 | Structure #1 75% | Structure #2 | Structure #2 75%
Dual
material Nylon-PVA v v v v
structures
Nylon-CPE+
v X X X
Single
material Nylon v v v v
structures
CPE+
v X X X

3.2 Auxetic behaviour

As previously mentioned in Chapter 2, single and dual-material structures were tested through
tensile mechanical tests to ensure that all the structures have an auxetic behaviour —this behaviour
is inherent to their geometry, not to their material combination.

During the tests, the selected structures were subjected to an overall elongation of 5 mm at
room temperature, with a constant elongation rate of 2 mm/min.

As it can be seen in Figure 3.1, the tensile tests demonstrate, as expected, that all the structures
have an auxetic behaviour, not because of their material combination, but because of their
geometry. It is also possible to note that, regardless of the material, structure #1 shows a more
exacerbated auxetic behaviour than structure #2 (the geometry of this type of structure is more
complex, which makes deformation more difficult). Besides, comparing the thicker structures (#1
and #2) with the thinner structures (#1 75% and #2 75%), it is possible to conclude that less
thickness leads to a more auxetic behaviour. These tensile tests also demonstrate that there’s a
discrepancy between the values of single material structures and dual-material structures. This
discrepancy happens, because in the dual-material structures, there’s a predominance of the stiffer
material (PVA in the structures Nylon-PVA and CPE+ in the structures Nylon-CPE+) which
prevents the structures to deform so easily, leading to a less significative auxetic behaviour.

-0,729

Nylon #1 Nylon#1 75% Nylan #2 Nylon #2 75% CPE+ #1 NylonPVA #1  Nylon-PVA#1  Nylon-PVA#2  Nylon-PVA #2  Nylon-CPE+ #1
75% 75%
-0,102
-0,135
-0,307
-0,386
-0,663
-0,783
-0,853
-0,989
-1,103
Structures

Figure 3.1 — PR values of all the samples.



3.3 Values of the coefficient of thermal expansion

Ten samples were subjected to thermal variation (as it can be seen in Figure 3.2), in which
the resulting deformation was consideration.

Nylon #1 CPE+ #1 Nylon-PVA #1 Nylon-CPE+ #1

Nylon #1 75%  Nylon-PVA #1 75% Nylon #2

Nylon #275%  Nylon-PVA #2 75%

Figure 3.2 Photos of the structures tested in this work.



3.3.1 Effect of material combination

In this work, ten samples (five single material samples and five dual material samples) were
thermally tested to demonstrate how the material combination can influence CTE values. All the
samples were subjected to heating from room temperature (25°C) to 80°C. As Figure 3.3 shows,
dual-material structures (except Nylon-CPE+ #1) are the only structures with NTE behaviour and,
therefore, the only structures that have anepectic behaviour.

As expected, according to the data in Figure 3.3, single material structures show positive
values of CTE: Nylon #1 (157x 107%/2C), Nylon #1 75% (178x 107°/2C), Nylon #2
(126x 107¢/2C), Nylon #2 75% (134x 10~¢/2C) and CPE+ #1 (70x 1076/2C). Nylon-PVA
structures show negative values of CTE: Nylon-PVA #1 (-520x 10~/°C), Nylon-PVA #1 75%
(-712x 107°/2C), Nylon-PVA #2 (-230x 107%/2C) and Nylon-PVA #2 75% (-292x 1076/2C).
These results confirm that NTE behaviour does not depend of the structures’ geometry, but it
depends only of the structures’ material combination.

However, it is possible to see that the Nylon-CPE+ combination didn’t show negative values
of CTE (86x 107¢/2C). Considering these data, it is possible to conclude that the Nylon-CPE+
combination isn’t a good combination to obtain anepectic behaviour. Nevertheless, it is also
important to note that at 80°C, both Nylon and PVA are working above their respective glass
transition temperature (Tg). Therefore, it is expectable that Nylon-PVA samples show negative
values of CTE. However, CPE+ does not reach glass transition temperature at 80°C (it only
reaches it at 105°C). To sum up, to conclude if the Nylon-CPE+ combination is a good
combination, it is necessary to observe this sample at higher temperatures.

178
200 157 126 134
86
) — N

Coefficient of Thermal Expansion (%107 /2C)
(o]
[
=

300 -230
-292

-400

-500

600 -520

=700

200 -712
mNylon #1 u NylonPVA #1 u Nylon #1 75% NylonPVA #1 75%
mNylon #2 B NylonPVA #2 u Nylon #2 75% B Nylon-PVA #2 75%
mCPE+#1 u Nylon-CPE+#1

Figure 3.3 — CTE of all the structures at 80°C.
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3.3.2 Effect of structure architecture and of length

According to the thermal test described above, it is possible to conclude that the Nylon-PVA
combination is a good combination to obtain anepectic behaviour. Nevertheless, it is important to
elucidate which is the best geometry and what impact does length have in the anepectic behaviour.

Structures #1 (Nylon-PVA #1 and #1 75%) tend to have a more exacerbated anepectic
behaviour than structures #2 Nylon-PVA #2 and #2 75%) as Figure 3.4 shows: Nylon- PVA #1
(-520% 107°/2C), Nylon-PVA #1 75% (-712x 10~°/°C), Nylon-PVA #2 (-230x 10~ /°C) and
Nylon-PVA #2 75% (-292x 107%/2C). Besides, the data shown if Figure 3.4 is important to
conclude that structures with less length (structures #1 75% compared with structures #1 and
structures #2 75% compared with structures #2) tend to demonstrate more negative values of
thermal expansion, regardless of their material combination, in which is possible to conclude that
dual-material structures with lower length (structures #175% and #2 75%) are more desirable to
obtain a more intense anepectic behaviour.

Nylon-PVA #1 NylonfPVA#1 75% Nylon-PVA #2 NylonfPVA #2 75%
-100

-200

[

[=1]

S

b

-

b2

S

o

= 230

§ 300

- -292

B

Y _apo

[1=]

E

S 500

& 520

o _

o

=  -600

=

[1F]

o

£ -700

o

S 712
-800

Structures

Figure 3.4 — CTE of structures #1, #1 75%, #2 and #2 75% in the material combination of Nylon-
PVA at 80°C.

3.3.3 Effect of temperature above glass transition temperature

As already mentioned, anepectic behaviour only occurs when are used materials with
similar (although different) stiffness but extremely different values of CTE and they must work
above their Tg. Nylon-PVA samples were already subjected to an environment where temperature
was above of the Tg of the polymers involved. However, at 80°C, Nylon-CPE+ sample does not
work above the Tg of CPE+, as it can be seen in Table 3.3.

Table 3.3 — Values of Tg for Nylon, PVA and CPE+[1].

Material Tg(°C)
Nylon 35
PVA 35
CPE+ 105
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In Figure 3.5, it is shown that three samples were taken into consideration: Nylon #1, Nylon-
PVA #1 and Nylon-CPE+ #1. This experiment was done to clarify if, when both materials (Nylon
and CPE+) undergo through temperatures above their Tg, the Nylon-CPE+ combination show
anepectic behaviour, like the Nylon-PVA combination.

Figure 3.5 shows, as expected, that the single material structure (Nylon #1) has positive values
of CTE, even when Tg is reached (157x 10°/°C at 80°C and 129x 106/°C at 120°C) and that the
dual material Nylon-PVA structure shows anepectic behaviour only in temperatures above Tg
(-520x 108/°C at 80°C and -812x 10%/°C at 120°C). However, it is also possible to see that
Nylon-CPE+ has always positive values of CTE, even when Tg is reached (42x 106/°C at 120°C).
To sum up, Figure 3.5 shows that the Nylon-CPE+ combination isn"t a good combination to obtain
anepectic behaviour and, therefore, it doesn’t deserve further investigation.

g
s 400 210
=) 250
by .
~ 200 157 129 101 75
: .
2 0
m
& Nylon #1 NyloRERY A#L Nylon-CPE+ #1
— -200
1%]
E
=
2 -400
'_
o
< -600 -520
@
o
= -800
S -812
-1000

W 252C-402C 258C-802C 252C-1202C

Figure 3.5 — CTE of structure #1 in different material combinations (Nylon, Nylon-PVA and
Nylon-CPE+) at different ranges of temperature: 25°C to 40°C, 25°C to 80°C and 25°C to 120°C.

This work corroborates what was concluded by J. Raminhos et al [1]: samples composed
by materials that have similar (although different) values of Young’s Modulus and extremely
different values of CTE, can exhibit anepectic behaviour only if they work above their respective
Tg temperatures. Bearing in mind that the structures used in this work are familiar to the meshes
studied in the paper by J. Raminhos et al [1], it can be seen that, in both cases, more complex
samples exhibit less anepectic behaviour: half-scale meshes (compared with full-scale meshes)
[1], thicker structures (comparing structures #1 with #1 75% and structures #2 with #2 75%) and
structures with more complex geometry (comparing structures #2 with #1).
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CHAPTER

CONCLUSIONS AND FUTURE
PERSPECTIVES

This thesis is an extension of the work developed by J. Raminhos et al [1], in which star-
shaped re-entrant 3-D structures exhibiting anepectic behaviour — structures with the capabitility
of exhibiting negative values of Poisson’s ratio and of CTE - were designed, printed and tested.

Two main structures were studied in this work. Structure #1 has four parameters - three length
parameters (H1, H2 and t) and one angular parameter (0). Structure #2 has five parameters - three
length parameters (H1, H2 and t) and two angular parameters (6 and 6,). The effect of those
parameters on the structures’ behaviour were evaluated by thermo-mechanical tests. Both the
structures demonstrate auxetic behaviour. However, structure #1 exhibits more negative values
of Poisson’s ratio. The secondary structures (#1 75% and 2 75%) were useful to understand that
thinner structures — lower values of the length parameter t -tend to exhibit a deeper auxetic
behaviour.

As expected, anepectic behaviour could only be observed when the combined materials have
similar (although different) stiffness but extremely different values of CTE. Besides, both the
materials must be working above their respective Tg. The chosen materials to embody these
structures are all polymers with positive values of CTE and of Poisson’s ratio, in which resulted
in two material combinations: Nylon-PVVA and Nylon-CPE+. In this work, anepectic behaviour
could only be observed in the Nylon-PVA combination. This work proves experimentally that
Nylon and CPE+ aren’t a good combination: their values of Young’s Modulus are too similar to
tune negative values of CTE. In the Nylon-PVA structures, it was possible to conclude that
structures #1 tend to have lower values of CTE compared with structures #2 and that structures
with less length (#1 75% compared with #1 and #2 75% compared with #2) tend to contract more
easily when heated, which means they exhibit a deeper anepectic behaviour.

Comparing this work with the paper by J. Raminhos et al [1], it can be seen that in both
cases more complex samples exhibit less anepectic behaviour. However, this work managed to
study the difference of length parameters (the paper by J. Raminhos et al [1] focuses on meshes
whose length parameters - H1 and H2 - are equal). This work shows two types of length
parameters (L1 and L2 for structures #1 and H1 and H2 for structures #2) in which the samples
with less difference of length parameters (structures #1) exhibit a more exacerbated anepectic
behaviour.

In a future perspective, further investigation about this topic (3-D anepectic structures) is
required; it would be interesting to use other combinations of polymers. Considering that this
work only focused on the variation of length (t), it would be interesting to investigate other
parameters, such as the variation of angle (8 for structure #1; 6 and 6,, for structure #2). Different
values of H1 and H2 must also be studied. Besides, other types of structures (gyroid structure,
e.g.) must be investigated. It is foreseeable that 3-D anepectic structures will be an asset in a great
range of applications (biomedical field, electronics, aerospace and defence industry, e.g.), which
gives further importance to the investigation required. Besides, considering that there’s
investigation about 4-D auxetic structures [37], it would also be interesting if, in the next few
years, a work about 4-D anepectic structures would come up to light. Thus, it would be possible
to manufacture an anepectic structure that has the capability to change its configuration over time,
due to an external stimulus.
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APPENDIX

APPENDIX A - REPRESENTATIVE SCHEME AND DESCRIPTION OF THE TESTING
STRUCTURE
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Figure A.1 — Representative scheme and description of the testing structure performed in this work.

APPENDIX B — EQUATIONS FOR THE CALCULATION OF PR AND CTE

To calculate the values of the Poisson’s ratio the following equation was considered:

ln(1+§—g)
T T (e )

(Equation B.1)

In which Az refers to the elongation in the transverse direction, zO corresponds to the original
length in the transverse direction, Ay represents the elongation in the axial direction and yO means
the original length in the axial direction.

The values of CTE were calculated considering the following equation:

ALl Eouat
0= % (Equation B.2)

In which AT corresponds to thermal variation, Al refers to length variation and lo represents
the initial length.
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APPENDIX C — TENSILE CURVES OF THREE POLIMERIC MATERIALS
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Figure C.1 - Tensile curves of three polymeric materials (Nylon, CPE+ and PVA) used in this work as
constituents of the printed structures. The materials used were commercially available Ultimaker™
filaments. The specimens were tractioned (2 mm/min) by using a universal testing machine (AG-50kNG,
Shimadzu, Japan).
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APPENDIX D - MATERIALS’ PROPERTIES USED IN THIS WORK

Table D.1 - The materials’ properties used in this work. All the polymers used are commercially
available Ultimaker™ filaments and they were tested to determine their values of CTE and of

Young’s Modulus. These values are important to determine which are the best combinations to
obtain an anepectic behaviour.

Materials Young’s Modulus (MPa)
Nylon #1 0.817
Nylon #2 0.996
CPE+ #1 1.129
CPE+ #2 1.269
PVA #1 2.224
PVA #2 2.506
Structures CTE (x 10%/°C)
Nylon #1 157
Nylon #1 75% 178
Nylon #2 126
Nylon #2 75% 134
CPE+ #1 70
CPE+ #2 46
PVA #1 19
PVA #2 14

APPENDIX E - CTE MEASURING PROCEDURE:

Circles are painted on the analysed structure in different places, as indicated in Figure
E.1. Two temperatures were considered: Ti and Tf. Two different positions were considered - A
and B - both represented in Figure E.1. The following steps were taken:

1. Measure the x and y coordinates of A and B positions at Ti and Tf.
2. Measure the distance between the A and B at Ti, with the formula:

dTi = /(Xari — xpri)? + Yari — Yori)? (Equation E.1)

3. Measure the distance between A and B at Tf, with the following formula:

arf = \/ (xars —xprs )2 + (Yary — 3’BTf)2 (Equation E.2)

4. Measure the shrinkage between dTi and dTf :

dTf—dTi

Shrinkage (%) = 7T

(Equation E.3)
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5. Measure the values of CTE:

CTE= Shrinkage (%) (Equation E.4)
Tf-Ti

6. After calculating the CTE values for all the fixed points in the sample, an average is made to
obtain the final value of CTE.

Figure E.1 — Sample Nylon #2 with the circles marked, and the A and B representative positions.

APPENDIX F — POISSON’S RATIO MEASURING PROCEDURE:

1.

Four points are taken as reference (P1, P2, P3 and P4) in the non-deformed structure, as
it can be seen in Figure F.1.

Equidistant points of reference are taken (PmiA, PmiB,), according to the coordinated
direction (i=x,y,z).

Distantce between the equidistant points are measured (wx, wy, wz).

After tensile tests, four points are taken as reference (P1°, P2’; P3’ and P4’) in the
deformed structure.

Equidistant points of reference are taken (P’MiA, P’miB), according to the coordinated
direction (i=x,y,z).

Distantce between the equidistant points are measured (w’x, w’y and w’z). It’s important
to note that:

WX=WXTAWX;  Wy=wytAwy; w’z=wz+Awz (Equations F.1, F.2 and F.3)
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In which Awx, Awy and Awz correspond to the distance variation between equidistant points
after deformation.

7. Finally, Poisson’s ratio can be calculated:

In(1+2%Y In(1+2%%
Vy, = _mgu—{l};; Vyg = —ﬁ (Equations F.4, F.5)

Figure F.1 — Sample Nylon #2 during tensile tests: a) — Sample Nylon #1 non-deformed; b) — Sample Nylon
#1 deformed.
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