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UNIVERSITY OF SOUTHAMPTON

ABSTRACT
FACULTY OF ENGINEERING AND PHYSICAL SCIENCES

Computational Engineering and Design group

Thesis for the degree of Doctor of Philosophy

Fabrication and characterisation of novel functionally-graded lattice

materials using additive manufacturing

by Loris Domenicale

Porous and cellular materials are frequently found in nature as well as applications in
biomedical, automotive, and aeronautical engineering. Their unusual properties are a
direct consequence of their micro-structure. These materials have proven to be difficult
to mimic synthetically. Additive manufacturing is a promising approach to fabricate this

class of materials, as it provides great control over the lattice micro-architecture.

A fabrication technique is developed using fused deposition modelling with affordable 3D
printers, to produce extrusion with continuously varying cross-sectional size. The novel
approach proposed here achieves this by manipulating process parameters. Significant
intended variation in the axial and bending stiffness of extrusion is achieved. An excellent
agreement between the target diameter of the extruded filament and the diameter of
the fabricated filaments confirms a reasonably linear response of the machine following
simple incompressible flow of molten material. The adaptability of a fixed bore nozzle to
produce variable diameter extrusion was characterised via three quantities o, ag, ag that
respectively represent adaptable range in geometry, axial stiffness and bending stiffness
of the extruded filaments. The ovality of the extruded filaments thus produced was

quantified and was seen to have a significant impact on their bending stiffness.

Following successful fabrication of variable diameter extrusions, rectangular bi-layer lat-
tice strips, with spatially varying bending stiffness, were fabricated. Their bending re-
sponse is asymmetric about their length-wise centre. This asymmetric response was
found to be consistent with a simple one-dimensional theory of post-buckled mode shape
arising from a functionally graded beam. The response shows high curvature in parts
of the structure with relatively softer struts compared to the stiffer regions, which is
consistent with expectations. Finally, bi-layer square lattice films with spatially varying
stiffness were fabricated. The bent surface of the planar structure shows strong spatial
variations in bending response. This asymmetric response is well captured by the linear

buckling mode shapes obtained from finite element analysis.

Encouraged by the success in fabrication and analysis, a host of mathematical problems

including response of woodpile lattices when properties vary spatially were solved.
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Chapter 1

Introduction

Porous materials and structures with voids in their microstructure have been used for
a very long time in many applications. Lattice structures and porous materials have
attracted the attention of engineers and scientists in many sectors of industry such as
automotive, aerospace, chemical & catalytic, biomedical, and acoustics. There is a grow-
ing interest in improving the manufacturing processes used to build these structures and
in understanding their mechanical properties thoroughly. Many manufacturing methods
such as foaming have been used to produce lightweight materials and structures that
possess random porosity. Additive manufacturing (AM), also known as 3D printing, by
contrast, is a promising alternative in that it offers computer control of the porosity
and its detailed mesoscopic architecture. The present thesis is motivated by the need to

fabricate and characterise this class of materials and structures.

Structured materials with lattice architecture are relatively easily produced using ad-
ditive manufacturing. However, the use of additive manufacturing for the production
of these structures, especially in the biomedical sector, is still limited. Materials capa-
ble of 3D printing are limited. Additive manufacturing also has limitations concerning
resolution as well as speed of mass manufacture. These are compensated by the quick
turn-around times between design and fabrication of a prototype while using 3D printing,
one reason why this manufacturing approach is also known as rapid prototyping. Ad-
ditionally, the ability to fabricate structures with complex external and internal shapes
makes the process extremely attractive for future developments. In the biomedical engi-
neering field, the scope of personalising implants and bio-structures is great, leading to

advances in personalised medicine in the context of prosthetics and tissue engineering.

A growing sector of industry that has shown great promise both in cellular material
and 3D printing is that of biomedical engineering. This new field brings together the
classical engineering knowledge with biology and medicine. Engineering alone would
not be able to provide patient-ready solutions without adopting this multidisciplinary

approach, which is key to unlock new technologies and advance in the quality of patient
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2 Chapter 1 Introduction

care. There is huge interest to harness knowledge in the areas of mechanics, materials,
manufacturing and cell biology, and combine them to develop novel biomedical devices.
As an example, bone and cartilage scaffolds find many applications in tissue engineering,
where they are used as tissue supports for regeneration. Considerations to biological
aspects are essential to ensure the correct functionality and safety, while engineering
research is required to ensure mechanical function. Porosity plays an important role in the
biological function of tissue engineering scaffolds. Once the scaffold is implanted, porosity
provides support to the cells and guides them during proliferation. Porosity also plays
an important role at this stage in providing the micro-environment for osteoconduction,
osteoinduction and nutrient transport as well as that of metabolic waste. The size
and distribution of pores are crucial parameters to optimise this micro-environment. In
addition to these biological aspects, mechanics of such structures plays an important role
in ensuring the mechanical performance in terms of stiffness and strength. In addition
to bio-structures, lattice materials are also being considered promising candidates for
lightweight structures, acoustic metamaterials, core of sandwich constructions, thermal

insulation, and substitutes to a host of applications that make use of foams.

Mechanical properties of lattice structures must be quantitatively understood to be able
to make use of these materials in engineering design. Learning how to control the internal
architecture of such materials, and hence their properties, would vastly extend the appli-
cability of 3D printing. This is especially true when applied to the most economical and
accessible of 3D printing methods, which is fused deposition modelling (FDM). Although
there are other additive manufacturing techniques that can achieve stronger, more accu-
rate and more precise parts, FDM has a great potential due to the low cost of the capital
and the consumables. Research into establishing structure-function relationships is key
in the understanding of their properties and tailoring the internal architecture optimally.
Further, the automation that 3D printing is associated with ensures minimal retraining
of staff over a range of machines, since they are all driven by nearly device-independent

computer codes.

One way of tailoring the mechanical behaviour of lattice structures is to fabricate them
with local properties that vary spatially. Common manufacturing processes can manufac-
ture bulk functionally graded materials (FGM), such as centrifugal casting, or are used
to coat surfaces, such as chemical vapor deposition (CVD) [Sarathchandra et al., 2018].
Biological tissues adapt to the mechanical and biological requirements of their location
and function. Artificial scaffolds and biomedical devices could be improved and opti-
mised by taking into account these function-specific and location-specific requirements,
by manufacturing them to mimic the natural tissue. Introducing a functional gradation
in a structure introduces several challenges in its design and fabrication that are hard to
overcome using conventional non-AM methods. The present work addresses both fun-

damental and practical challenges, and the understanding of how functional gradation
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affects the mechanical behaviour. It also opens the possibility to use a cheaper and sim-
pler method of production, FDM 3D printing, for the production of functionally graded
materials (FGMs). The present work is motivated by the need to develop a technique to
introduce spatial gradation of stiffness by using any off-the-shelf FDM 3D printer.

With the above considerations, we can see how cellular materials, as a class of mate-
rials, possess interesting properties. The concept of functional gradation is present in
many natural materials. The lack of a consistent and effective method of production
for functionally graded porous materials makes it difficult to use them for industrial and
medical applications. The field of tissue engineering, for instance, could substantially
benefit from a larger availability of this kind of materials. This work provides a possible

approach of producing such materials, using the cheap FDM process.

1.1 Cellular Materials

The word cell derives from cella, a Latin word meaning enclosed compartment or bounded
volume. A material is referred to as cellular when it contains a large number of cells
that are characterised by structures at a mesoscopic scale, dispersed throughout its mass.
Here, by cells or unit cells we mean an internal architectural unit. For a material such
as wood, the structural cell and the biological cell are the same. The interest is in an
assembly of cells with solid edges or faces, grouped together so that they fill space [Gibson
and Ashby, 1997]. The cells can be randomly dispersed, in which case the material can be
called foam or aerogel, depending on the dimension of the pores, or regularly dispersed,
with the materials called periodic cellular materials or lattice materials |Schaedler and
Carter, 2016].

Cellular materials have been used for centuries, starting with natural materials, such as
cork, back in Roman times (Horace, 27 BC), and continuing with structured materials
engineered today. The main reason why cellular materials are of interest lies in their
unique properties, which is a consequence of their internal architecture. For synthetic
cellular materials, it is possible to design the internal architecture as well as the external
shape, in order to tune and optimise the elastic response. This structural hierarchy
can play a major role in tailoring the bulk material properties [Lakes, 1993|. Cellular
materials with regularly dispersed cells, in particular, are easily fabricated by means of

additive manufacturing.

The process of designing a lattice structure for production using this technique is not
limited to the choice of the constituent material, rather, parameters of its mesoscopic
architecture—pore size, filament diameter, filament orientation—can be used to achieve
the material design objectives [Valdevit et al., 2011]. The presence of pores, coupled
with the possibility to enhance and tune performance, are the main features that allow

to manufacture a material that can exhibit low density and high stiffness and strength.
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Figure 1.1: The role of cellular architecture in the design of materials. With
solid materials only the solid constituent can be changed to vary the properties
of the material. Cellular materials, from random to ordered and location-specific,
increase the degrees of freedom available during design (image from Schaedler
and Carter [2016])

There is an ever increasing interest in making use of these materials [CMI Inc., 2019,
CellMat, 2015]. A lightweight structure with superior structural performance is needed in
many applications, such as in the automotive, aerospace and medical sectors. These are
some of the reasons why research in the area of synthetic cellular materials is currently
very active. The current production methods of porous structures and scaffolds, however,
focus mostly on foams and aerogels. As stated before, these materials are characterised
by a random distribution of pores throughout their volume. The dimension of these
pores can be controlled approximately and statistically within specific ranges, but precise
control is impossible. In figure 1.1, different kinds of architectured materials can be seen.
Materials with random cellular architectures are characterised by an extra degree of
freedom with respect to solid materials, the cell size. Ordered cellular materials add one
more degree of freedom in their internal design, the orientation of the internal structure.
In the last column of figure 1.1, we can see another type of cellular architecture that gives
even more design freedom: a material with ordered and location specific architecture,

which we will introduce in the next section.

1.2 Functionally Graded Materials

Functionally graded materials, or FGMs, are innovative materials characterised by prop-
erties that vary spatially (see last column in Figure 1.1). Often the variation of properties

is realised by a spatial variation in the chemical or material composition. Here we are
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interested in materials with spatially varying mechanical properties achieved by struc-
turing their internal architecture, rather than by chemical composition. This spatial
gradation in the structure allows the apparent mechanical properties to also vary from
point to point. Tailoring the architecture, the properties of the material can be varied
to match location-specific requirements dictated by the specific application or purpose

for that part. Thus this class of materials can be called designer material.

Bone is a natural material that shows a graded porosity. This suggests that a function-
ally graded architecture in a synthetic material would mimic properties more closely.
This is considered beneficial, because minimising the differences between the properties
of the bone and that of the surrounding material, in case of bone grafts for instance,
could reduce the shear stress between the two, an important aspect that will be dis-
cussed in Section 2.5.3, known as stress shielding. Functionally graded materials are also
very useful for weight reduction in aerospace and automotive sectors. The density of a
load-bearing structure can be varied by adjusting pore dimensions to optimise the bal-
ance between weight and mechanical properties. This reduces mass and saves material.
Without the use of functional gradation, the properties of the whole structure would
have to match those needed in the point of highest local load [Schaedler and Carter,

2016, resulting in excess material being used where not necessary.

The methods of production of porous materials, structures and scaffolds can be broadly
divided into conventional subtractive methods [Leong et al., 2008] and modern additive
techniques. The conventional techniques lack precise control over the microstructure,
when the pores need to be much smaller than the bulk dimensions of a structure, and
are best suited for random architectures. Also, it is difficult to obtain a regular pattern
using these methods. This is something that additive manufacturing techniques can

easily overcome.

1.3 Additive manufacturing

Additive manufacturing, also known as 3D printing, widely varies in the manufacturing
methods, depending on the materials used, the power source, and the characteristics of
the final structures. This class of manufacturing methods is characterised by a repetitive
addition of material, usually layer-wise, until the final product is complete. Manufactur-
ing methods in this category will be discussed in the next chapter, and the need for an
affordable manufacturing process for structured cellular materials will be brought out.

Among those methods, FDM stands out due to its affordability and ease of use.

Fused Deposition Modelling (FDM), also known as Fused Filament Fabrication (FFF),
is now one of the cheapest and most widely used methods for 3D printing. In this
manufacturing process, a representation of which can be seen in Figure 1.2, each layer is

produced by the deposition of melt extruded filaments. A spool of thermoplastic polymer
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Filament

DS

Figure 1.2: A schematics of the manufacturing process known as Fused Depo-
sition Modelling 3D printing, adapted from Ahn et al. [2009]. The filament is
pushed into the printing head, where a heater melts the polymer. The molted
polymer is then deposited onto a platform through a nozzle. The printing head
moves according to machine instructions generated by a slicing software.

is fed into the printer to supply material to the printing-head (or extrusion-head). The
polymers most frequently used for this are polylactic acid (PLA), acrylonitrile butadiene
styrene (ABS), polycarbonate (PC) and nylon. The polymer is heated above its melting
temperature, extruded through a nozzle and deposited following a series of commands,
known as G-code (see Section 3.2). We will see why this technique is well suited for the

fabrication of graded architectures, despite a few limitations.

Currently, only some of the more advanced and sophisticated AM techniques are used
in industry, beyond research stage, for the production of cellular materials. FDM was
traditionally considered more of a prototyping technique rather than a technique capable
of manufacturing final parts. However, this is changing fast. FDM has the potential to
be used in many sectors due to its ease of use and affordability. Recently, the use of
FDM printers has increased significantly in the medical sector, where the adaptability

and the ability to customise the parts are the main selling points.

1.4 Tissue Engineering

Due to trauma or ageing, tissues and organs are frequently repaired or replaced by arti-
ficial organs, bio-structures, prosthetics, and implants. This procedure is likely to gain
further importance in the future—the associated technology is known as Tissue Engi-
neering (TE). One of its most promising solutions is to grow cells on a biodegradable
scaffold—for example, made with additive manufacturing techniques—which is then im-
planted in the damaged area to provide support to the cells and guide them during cell
adhesion, proliferation and growth. Once the new and healthy tissue is formed, the scaf-

fold finally degrades. A simpler example of the use of additive manufacturing is the work
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of eeNABLE, an online community of volunteers who use their 3D printers to make free
and low-cost prosthetic limb devices for children and adults in need, making use of the

open-source designs created by the same volunteers [e-NABLE, 2020].

The properties of human tissues depend on their function and often show gradients spa-
tially to match specific needs. An example of this can be found in bone tissue engineering.
The same tissue in different locations has different properties due to the mechanical and
biological requirements in that particular region. To increase the chances of success of a
bone implant, it must fulfil the local structural and biological requirements of the target
tissue, hence, it should mimic the graded architecture [Leong et al., 2008|. This may
also affect how cells respond, grow, proliferate or differentiate. Another fundamental
aspect is porosity. A porous structure provides an ideal microenvironment for osteo-
conduction, osteoinduction and for the transportation of nutrients and metabolic waste
[Hutmacher, 2000al, facilitating osteogenesis. An example of this can be the work by
Shahangi [2018], where an auricular structure has been printed in six sections, each with

different properties to mimic the real properties of the replaced cartilage.

1.5 Aims and objectives

The present work aims to design and fabricate novel structures in which porosity and
mechanical properties can be tailored in response to the demands of the application at
hand. The focus is to use Fused Deposition Modelling as the manufacturing process,
to achieve novel ways to tailor the stiffness in 3D printed parts. The aim is also to
characterise and model the mechanical properties of such structures, in order to optimise
their mechanical performance. Here we focus on the relationships between the mechanical
response and the internal architecture of structured material. In particular, fabrication
of lattice structures with spatially varying stiffness and its theoretical and experimental
characterisation is addressed. This will enable engineers to design and manufacture
the internal architecture of a structure as well as its external shape according to the
desired application and required mechanical properties. This work also aims to carry
out innovative research in the area of FDM 3D printing addressing a wide range of
applications; especially in biomedical engineering. An innovative technique to produce
functionally graded lattices using FDM machines will be presented. Additionally, models
of the mechanical behaviour of these novel structures have been developed to enhance

the understanding of structure—property relationships.

To explore the possibility of creating structures with variable stiffness, we pursue the

following specific objectives:

e To develop a technique that can extend the capability of FDM 3D printing to
obtain filaments with variable stiffness extruded from a fixed diameter of FDM

nozzle;
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e To characterise the variation in filament diameter and be able to relate it to the

manufacturing parameters;

e To extend the technique developed to obtain filaments with a stiffness that varies

continuously throughout the length;

e To apply the technique to obtain structures with filaments of variable stiffness in

one and two dimensions;
e To test the manufactured films to verify the effectiveness of the technique;

e To develop mathematical models or perform finite element analysis, whose results

can be compared to the results obtained experimentally.

These intermediate steps would ensure that the technique developed is capable of manu-
facturing structures with graded properties, as well as that the graded properties obtained

can be predicted using simple models or finite element analysis.

1.6 Outline of the thesis

e The main concepts and the context of this work are presented here in Chapter 1.
A brief introduction and the description of the key topics underlying this research

are presented.

e Chapter 2 gives an in-depth review of the current state of the art of the research in
the main topics introduced in the first chapter. Starting from the basic concepts,

gaps in knowledge that this research will address are highlighted.

e Chapter 3 focuses on a single 3D printing filament. The dependence of the filament
diameter with respect to a process parameter of FDM 3D printing is studied. This
leads to successful manufacture of variable-diameter filaments using fixed-diameter
nozzles. This chapter also describes the measurements that have been taken and
the procedure followed for calibration of the 3D printer parameters with respect
to variable extruded bead stiffness. The calibration process for two 3D printers
is described, which can be followed by users with any 3D printers to find the

calibration curve specific for their printers.

e Chapter 4 describes how we applied the results from the previous chapter to the
production of a functionally graded structure with variable stiffness along one di-
rection. Mathematical models have also been developed, with the aim to predict

the mechanical behaviour of the functionally graded architectures produced.

e Chapter 5 extends the manufacturing of functionally graded films to lattice films
graded in two dimensions. Films with a 2D variation of stiffness have been suc-
cessfully manufactured, tested, and stiffness compared to finite element analysis

for validation.
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e Chapter 6 summarises the main conclusion that can be drawn from this work.
Additionally, extensions and ways in which this work may further evolve have also

been collected in this last chapter.






Chapter 2

Literature Review

This chapter provides an up-to-date review of the literature relevant to this work and
the research outlined in the previous chapter. The context of the research relates to
several interdisciplinary fields connecting materials, structures, manufacturing and tissue
engineering. Of particular interest are cellular and porous solids, functionally graded
materials, 3D printing and tissue engineering. Their connection to the present work will
be discussed. Gaps in knowledge will be identified leading to the technical challenges

addressed in this work.

2.1 Cellular Solids

Many materials found in nature display unique combinations of properties and hierarchi-
cal architectures. They are characterised by a micro-structure that shows an intercon-
nected network of struts. These materials have been proven difficult to mimic syntheti-
cally, although in the last decade these have been successfully produced using polymers,
metal or glass, and have been studied extensively [Ashby, 2006]. The work from Wegst
et al. [2014] provides a review of the most important design motifs and discusses the
difficulties related to their design and fabrication. The most common manufacturing
methods for bio-mimetic materials are reviewed. Additive manufacturing (AM) is recog-
nised as a production method that could enable fabrication of the bio-inspired materials
of the future. Two of the main challenges that have been identified are the narrow
palette of material available and the lack of additive manufacturing processes able to
print nanoscale features combined with the large macroscopic scale of many practical
components. However, what is referred to as the ‘Achilles heel’ of additive manufactur-
ing techniques is the difficult control over the microstructure of individual layers and
segments. Research in the field of additive manufacturing would enhance the control
and the reliability of the manufacturing methods, to achieve the mechanical properties

and the microstructure characteristics that are required for a consistent use of AM in

11
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the production of cellular materials. We now review the main applications for cellular

materials to date, as well as their main fabrication techniques.

2.1.1 Applications of cellular materials

Cellular materials are widely used. Their application ranges from energy absorption
and dissipation, sound absorption, thermal insulation and biomedical engineering. This
class of materials mainly started with the use of foams and aerogels, but subsequent
research and development allowed to obtain materials with improved efficiency, as rep-
resented in Figure 2.1. In the field of high-performance cooling, the cores of cold plates,
heat pipes and heat exchangers have been fabricated from various cellular and periodi-
cally structured materials because they enable designs with improved performance [Lu
et al., 2005, Tian et al., 2007|. Cellular materials can also be used as energy-absorbing
materials, where they are used for protection against impact and shock. In this ap-
plication, an intervening medium is required to be capable of large volume decrease to
reduce the incoming pressure by extending the impulse duration, and cellular materials
are an excellent choice due to the voids within them. This feature is sought in a wide
range of applications, from helmets to crashworthy vehicle structures and sporting gear.
Cellular materials, here, are necessary because dense solids and fluids have relatively
small compressibility [Evans et al., 2010]. Another important application of these struc-
tured materials is as cores for sandwich panels. Sandwich structures are widely used in
lightweight designs, especially in aerospace engineering, but also increasingly in sporting
and automotive applications. In sandwich constructions, the core, made of foam or cel-
lular material, lies between two thin and stiff face sheets. The separation between these
face sheets, due to the thickness of the cellular core in between, provides the structure
with a higher second moment of area under bending load. This allows to increase the
bending stiffness with a relatively low impact on the overall weight. The core between the
two face plates provides transverse shear stiffness and resistance to transverse compres-
sion [Schaedler and Carter, 2016]. Acoustic damping is another application, in particular

using closed-cell metal foams |[Li and Crocker, 2006, Golovin and Sinning, 2003].

The interest in cellular structures has also increased in the bioengineering field, especially
for tissue engineering applications. The importance of their use mainly arises from the
freedom and flexibility in design that allows balancing the weight to the desired strength
and stiffness. In the field of bone tissue engineering, significant challenges must be
addressed to ensure favourable interaction of the implant with the surrounding biological
environment [Salgado et al., 2004, Chen and Thouas, 2015]. Osseointegration is the
process that allows an implant to become naturally fused, or bonded, to the surrounding
bone. For this to happen, the implant must facilitate attachment and growth inside, thus
promoting vascularisation of the new tissue. More details on this will be given in Section

2.5. Another application is the possibility to use these graspable 3D objects to overcome
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Figure 2.1: On the left-hand side, different classes of architected materials are
shown and are sorted based on their minimum size scale on the z-axis, and
structural efficiency on the y-axis. The use of cellular materials started with
foams and aerogels. Subsequent research and the development of new materials
architectures, such as microlattices, improved the structural efficiency of this
class of materials. On the left side of the image, the same concept is applied to
buildings and structures. The efficiency of structures improved over time, due to
the introductions of new materials and new architectures. Image from Schaedler
and Carter [2016].

the limitation of 3D visualisation in the field of medical training and clinical practice
[Rengier et al., 2010]. This could greatly improve patient-clinician interactions because
of the easier connection that can be established when the patient fully understands and
is aware of the procedures; however, also medical and surgical education, training and
research could benefit from a tangible 3D model, rather than a 3D image visualised on

a screer.

Success in enhancing the flexibility and the capabilities of cellular materials, as well as
gaining more freedom in tweaking the properties of the manufactured materials could
positively affect all of the mentioned applications. In bioengineering, in particular, it
could lead to having at our disposal faster and cheaper ways to enhance the quality of
patient life. To achieve this, we first need a reliable and flexible industrial method to
manufacture porous or cellular materials with the desired properties. In the next section

we take a look at some of the most relevant fabrication methods for porous scaffolds.
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2.1.2 Fabrication of porous materials and scaffolds

The work from Yeong et al. [2004] gives a good overview of how rapid prototyping was
seen a decade and a half ago, compared to the conventional manufacturing methods,
with particular motivation from the field of tissue engineering. It also comprises a com-
prehensive review of the conventional fabrication methods at the time, as well as rapid
prototyping techniques. The conventional fabrication techniques reviewed are reported
to have inherent limitations regarding the ability to control the geometry of the porous
materials manufactured, such as size of the pores, interconnectivity and their distribu-
tion. These techniques include: solvent casting and particulate leaching [Mikos et al.,
1994], gas foaming [Mooney et al., 1996|, fibre meshes and fibre bonding [Freed et al.,
1994], phase separation [Lo et al., 1995], melt moulding [Thomson et al., 1995], emul-
sion freeze drying [Whang et al., 1995], solution casting and freeze drying [Hsu et al.,
1997]. Rapid prototyping or additive manufacturing techniques, on the other hand, are
separated into two categories: melt-dissolution deposition technique and the particulate
bonding technique. The first includes those where each layer is formed by extrusion
of molten material deposited in a predetermined pattern. Fused Deposition Modelling
(FDM) techniques belong to this category and are reported to be a feasible method for
the fabrication of functional scaffolds. However, the resolution for FDM at the time was
250 pm. Some progress has been made as far as resolution is concerned, which can now

be as low as 50 pm, as a more recent review reports [Yuan et al., 2019].

The work of Yuan et al. [2019] focuses mostly on porous metal implants. Porous metallic
implants have been created using various manufacturing methods. Some of them include
powder metallurgy [Chen et al., 2017], metal foaming [Gu et al., 2009] and space holder
methods [Bram et al., 2000]. However, this work also states that the main two issues
with these techniques, despite the fact that they show great potential, is that they are
high-cost and time-consuming. A recent work from Maiti et al. [2016] compares the long-
term mechanical properties of 3D printed cellular solids and random foams: 3D printed
structures are shown to have better long-term stability and mechanical performance.
Imaging both microstructures and performing finite element analysis on them indicate
that this may be due to a wider stress variation in the stochastic foam, where points
of higher local stress are present, compared to the 3D printed cellular solid. Therefore,
research into 3D printing especially aimed at more accessible, easier to operate and faster
manufacturing is required. One may be able to achieve a broader range of materials to

be used, have a better control over the parameters and achieve higher resolution.

2.1.3 Mechanical properties of lattice structures and their characteri-
sation

The formal and analytical strudy of the mechanical properties of lattices and foams
started with the works by Gibson and Ashby. In their work Gibson L. J., Ashby M.
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Figure 2.2: (a) The structure of the octet-truss lattice material. The darkened
struts represent a octahedral cell, while the nodes with labels form a tetrahedral
cell. Adapted from Deshpande et al. [2001a].

F., Schajer G. S., Robertson C. I. [1982|, the mechanical properties of honeycombs
were analysed and compared with experiments. The properties are described in terms
of the bending, elastic buckling and plastic collapse of the beams that make up the
cell walls. Another of their most important work is Gibson I. J., Ashby M. F. [1982],
which is concerned with the study of three dimensional cellular solids or foams. This
work relates the mechanical properties to the properties of the cell wall and to the
cell geometry. Hence, the models developed in these works address the problem of 2D
lattices and 3D foams. Lattices in three dimensions cannot be modelled using the two
dimensional approach used in the works just mentioned. However, these works sparked
the interest in these kind of materials within the scientific community. These two studies
led to the first comprehensive treatise of mechanics of cellular materials Gibson and
Ashby [1997]. Shortly afterwards, various ordered cellular architectures with improved
mechanical properties were studied [Evans et al., 1999, Wadley et al., 2003]; for example,
the octet truss lattice with ideal linear scaling of mechanical properties [Deshpande et al.,
2001a] that can be seen in Figure 2.2. These pioneering works sparked the interest in
these topics, leading to more complex architectures to be studied in the years since. These
structures have also been studied by means of finite element analysis, as a method of
discovering the role that the cellular topology plays in the resulting mechanical properties.
One of the main conclusions drawn is that in some high-connectivity topologies, stiffness
and strength were significantly influenced when the regularity of the microstructure was
compromised [Alkhader and Vural, 2007]. This stresses the importance of studying
the relationship between the parameters of the manufacturing process and the resulting

properties, to achieve a structure that is as close as possible to the intended design.

A review on metallic micro-lattices [Rashed et al., 2016] presents an overview of their
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modelling approach first. Further, they present an overview of the manufacturing and
processing of these, together with the corresponding mechanical properties. Finite el-
ement analysis has been used in conjunction with several modelling approaches. The
structures can be modelled as a continuum—where the structure is assumed to have
homogenised properties—or modelling the individual struts, which allows to include im-
perfections. However, it is important to check how the variations in dimensions of the
individual struts affect the mechanical properties obtained. Modelling the individual
struts and comparing the predictions with experiments is then a way to check how the
imperfections introduced by the manufacturing process affect the properties of the final
result. A comprehensive review on the properties and performance of lattice structures
manufactured using Selective Laser Melting is available Maconachie et al. [2019]. In
this work, data available in literature on the experimental results obtained on such lat-
tices is summarised and analysed. Correlations between relative density and mechanical

properties have been found consistent with the predictions of the Gibson-Ashby model.

Physical realisation of porous materials have several technological impacts. Their ever-
increasing use necessitates their experimental, theoretical and computational characteri-
sation. Tissue engineering in recent years has rapidly increased the use of cellular mate-
rials. Three main reasons can be identified why the use of porous scaffolds has increased
for orthopaedic applications [Ryan et al., 2006]. It is possible to improve fixation when
bone tissue grows into and through a porous matrix. Their low elastic modulus could
reduce the problems associated with stress shielding. Finally, their porosity and inter-
connectivity can improve body fluid flow, resulting in an improvement of bone ingrowth.
The review by Ryan et al. [2006] summarises methods of fabrication for porous metallic
scaffolds, both that possess open-cell and closed-cell architectures. However, limitations
exist in the control of the porous material parameters. Most methods can control the
characteristics of the whole structure or a large area, but not of specific locations within
the matrix. In case of FDM 3D printing, works concerning the mechanical properties
of 3D printed structures started soon after the development of the RepRap open-source
prototyper [Tymrak et al., 2014]. However they were mostly concerned with the tensile
strength of the overall structure or its elastic modulus. A similar work has also been
carried out on dense 3D printed parts manufactured using ink-jet printing of a binder
[Giordano et al., 1997|. Here, the effects of the amount of binder used were analysed, as
well as the effect of low and high molecular weight of the base material on the properties,
for which the maximum tensile strength did not show significant difference. This work
also takes into account the way a part is treated and processed after being printed, which
plays a role in the properties of the manufactured part, and is usually overlooked. The
time elapsed between deposition of the material and its solidification is also responsible
for the final dimensions and characteristics of the final print. An example of this charac-
terisation is in the work by Smay et al. [2002]. Here, structures with a range of features

have been manufactured using colloidal inks, and the deflection of these has been used
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to probe the relationship between gel strength, deposition speed and shear rate profiles

in the nozzle.

The works by Cuan-Urquizo [2016], Cuan-Urquizo et al. [2015] deal with the characteri-
sation of regular 3D printed lattice structures. The mechanical properties of these have
been studied in the case of tensile, flexural and torsional load. The case of a compressive
force in the stacking direction has also been studied. These works provide mathematical
models for the prediction of the mechanical properties of regular lattices, hence no vari-
ation in the diameter of the filaments is allowed. Additionally, the contributions due to
shear are not considered. For these reasons, the models developed are applicable to lat-
tices made of filaments with one single diameter where the spacing between the filaments

is large compared to the diameter of the filaments (to ensure shear is negligible).

Dimensional accuracy is another aspect of manufacturing that needs to be characterised.
It is important not to introduce irregularities and imperfections in the cellular materials.
The manufacturing process must also ensure that it does not introduce irregularities that
greatly affect the mechanical behaviour. Non-stochastic lattices were fabricated using
electron beam melting (EBM) and their properties tested in compression and bending
[Cansizoglu et al., 2008|. It was found that modification to the geometry of the lattice
would be of value, to improve the response to shear forces. In this work, the minimum
achievable strut thickness was 0.7 mm. The discrepancy between the strut dimensions
in the CAD model and the actually fabricated struts was responsible for a slightly lower
value for the stiffness of the lattice. This stresses the importance of a good control over
the properties of the object to be manufactured, and also shows the need to improve
the knowledge on how the parameters of the porous structure and of the manufacturing
process affect its mechanical properties. The importance of predicting and modelling the
effects of imperfections introduced by the manufacturing process is highlighted in the
work by Harbusch-Hecking and Ochsner [2016], where small alterations in the simulated
mesh are introduced and their impact on the properties is characterised. The Young’s
modulus of the simulated part decreased over 70% after about 2.15% of the elements
were deleted. On the other hand, the effect of shifting nodes had little to no influence
on the performance, unless the nodes are shifted of an amount close to the size of an

element.

2.1.4 Bending-dominated and stretch-dominated structures

Cellular solids deform by a combination of deformation mechanisms of the cell walls—
bending and stretching being such two important mechanism. When the dominant mech-
anism is the bending of the cell walls, the cellular solids are referred to as bending-
dominated. Random cellular architectures of foams and aerogels result in bending-

dominated deformation of the cell walls when the architecture is kinematically mobile,
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resulting in a rapid decrease in strength and stiffness as porosity is increased [Desh-
pande et al., 2001b|]. On the other hand, certain ordered cellular architectures can
have nearly optimal stretching-dominated deformations, resulting in materials in which
the strength and stiffness scale proportionally to the solid volume fraction of the ma-
terial [Zheng et al., 2014]. Note however, that high stiffness is not a requirement for
all applications. Indeed flexible structures are desirable at times. In the recent review
by Tan et al. [2017] on metallic cellular scaffolds, a characterisation of bending- and
stretch-dominated topologies as well as a review on manufacturing, designs, mechani-
cal properties and biocompatibility, is provided. A bending-dominated translationally
repetitive structure consists of b struts and j frictionless joints that satisfy the Maxwell’s
criterion M = b — 35 + 6b < 0; this unit cell is characterised by the cell struts bending
upon loading. A stretch-dominated unit cell structure, on the other hand, satisfies the
Maxwell’s criterion M = b —3j + 6 > 0 [Tan et al., 2017]. Its struts are loaded in

tension-compression when load is applied to the structure.

2.1.5 Material-property space

Properties of materials can be conveniently displayed on the so-called material prop-
erty map which attempts to classify all available materials on a plane spanned by their
properties. This provides us with a convenient visual way of comparing relative merits
or deficiencies of different materials and material groups (e.g. metals vs ceramics vs
polymers, etc) within the material kingdom. Considering all the commercially available
materials and plotting their Young’s modulus against their density (Figure 2.3), it is pos-
sible to visualise the combinations of Young’s modulus and density for which a material
is available. Fixing the desired Young’s modulus, for example, one can find the range of
densities of the available materials with that modulus. Equivalently, fixing the desired
density it is possible to see the range of moduli for which a material is available [Granta,
2012].

White areas in this material property space represent combinations of modulus and den-
sity for which a material is not yet available. Continuous effort is being made to populate
these white areas of the diagram—especially the top-left corner, as it represents mate-
rials with low density but high elastic modulus. With the technological improvements
in the manufacturing processes, in particular with the advent of additive manufactur-
ing, the bounds of what can be produced are expanding. Further improvements in the
architectures and manufacturing processes could lead to new regions on the diagram,
achieved without the need for a chemically-new material but by tailoring the internal
architecture. These are the main reasons why the properties of complex architectures

and microstructures are interesting theoretically and practically.
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Figure 2.3: Material property space created using the CES Selector database
website [Granta, 2012]. The plot shows for which combinations of Young’s Mod-
ulus and Density a material is commercially available. White zones indicate
that there is no material available with that combination of Young’s modulus
and density.

2.1.6 Metamaterials

The possibility to produce architectured materials has given rise to intense activity in
the area of metamaterials. This class of materials exhibit properties that are usually not
associated with naturally occurring materials but are due to their engineered internal
structure. This field arose with the controlled propagation of electromagnetic waves,
including optics, and has matured over the last two decades [Sievenpiper et al., 1996].
Nevertheless, recently, the term mechanical metamaterial has been used to describe ma-
terials with unusual mechanical properties achieved by controlling their internal structure
[Christensen et al., 2015]. By tailoring this internal architecture, the properties of the
metamaterial can be controlled, and uncommon and sometimes unexpected properties
can be achieved. Auxetic materials are an interesting class of metamaterials with such
unique properties [Novak et al., 2016, Evans and Alderson, 2000]. As a consequence
of the structural deformation of their internal cellular structure they exhibit a negative
Poisson’s ratio, i.e. they increase in size laterally when stretched. This is associated
with increase in volume upon extension—it can be shown that % = e;(1 — 2v), where

V' is the volume of the material, €, is the strain in the direction of stretching and v is
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Figure 2.4: The re-entrant honeycomb auxetic structure, adapted from Yang
et al. [2015]. (a) shows the two-dimensional representation of the design, (b)
shows the 3D unit cell of the auxetic structure using this re-entrant honeycomb.

the Poisson’s ratio of the material. One example of a structure which exhibits auxetic
behaviour is the re-entrant honeycomb shown in Figure 2.4 [Yang et al., 2015]. An im-
portant application for auxetic materials in the field of bioengineering is in patches for
heart tissue. In this situation, when the heart tissue contracts, the synthetic material
attached must shrink in all directions; this desirable response can be achieved with the

use of auxetic materials.

Recently, development of a new class of metamaterials has taken off, in relation to the
advent of 4D printing. 4D printing has attracted tremendous attention since its first con-
ceptualisation in 2013 [Kuang et al., 2019]. As opposed to the static objects created with
3D printing, the structures created with 4D printing change configuration or function
in time, when subjected to external stimuli, such as temperature or water. Obtaining
such customised materials and behaviours has been possible thanks to research in 3D
printing; this process still needs to be fully explored, especially from the point of view
of the manufacturing process itself, both hardware or software, but it is a clear example

of how research can enhance and improve a manufacturing process.

2.2 Functionally Graded Materials

Cellular materials are a great example of how nature managed to come up with a way to
obtain lightweight materials with interesting properties. Natural cellular materials allow

us to gain an understanding of how nature creates materials needed to fulfil specific
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requirements through the evolutionary process. It can easily be observed that natural
materials tend to have a spatial variation in their properties based on their function and
location. For this reason, one of the enhancements of many manufacturing processes that
manufacture porous materials has been the idea of adding a variation in the porosity.
Materials with spatial variation in properties are called Functionally Graded Materials,
or FGMs. Usually, the term functional gradation refers to a gradation of porosity or
spatially varying chemical composition. However, its effect on the variation of mechanical
properties is usually overlooked [Ryan et al., 2006]. The variation in composition or
properties can either gradually vary throughout the volume, in which case the variation
is continuous, or it can be discrete, where different portions of the volume have different
properties, however they remain constant within each portion. This creates an interface
between the portions where there is a sharp variation in the properties. A continuous
gradation is preferred because it allows to avoid stress concentration around interfaces
between sections with different properties [Shah et al., 2014]. In the next sections, we will
present the main application for this kind of materials and their most common methods

of fabrication.

2.2.1 Applications

Functionally graded materials (FGMs) are a class of high-performance materials that
have quickly developed in the last three decades Gupta and Talha [2015] and that have
the potential for wider applications in the future. FGMs have been initially used in
the aerospace sector, however, applications in other fields have quickly developed. The
aerospace sector uses FGMs for thermal applications. Specifically, to avoid stress concen-
tration due to different thermal expansion coefficients at the interfaces between materials
with different properties (for example when coating metals with ceramics). Between these
two materials, a FGM can be used to make the properties vary gradually at the interface.
In the optoelectronics sector, an example of application can be found in the modulation
of refractive index, achieved through functional gradation of material properties. In
semiconductors, it has been found that many parameters depend on local material func-
tions. However, in this field, the concern is with optical and electromagnetic properties.
The extensive review from Gupta and Talha [2015] presents the structural response for
functionally graded materials as well as an overview of different fabrication methods,
discussed in the next section. Additionally, several studies have been carried out, as
discussed in a recent review [Sola et al., 2016a], on the basis that FGMs can improve
the mechanical properties of implants as well as their interaction with the host biological

environment |[Pompe et al., 2003].

The biomedical sector has become more and more interested in this class of materials.
Gradients in properties are being used in the biological and medical fields for specific

purposes. It has been shown that an ambient with gradation in properties, for example
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pore size, improves the response of cells. Di Luca et al. [2016] showed that designing
structural porosity gradients may be an appealing strategy to support gradual osteogenic
differentiation of adult stem cells. In this work, scaffolds with homogeneous spacing
have been manufactured, as well as scaffolds with a discrete variation in the spacing of
filaments throughout the scaffold, see Figure 2.5. This work shows that the differentiation
of hMSCs cultured in mineralisation media was improved in gradient scaffolds. In the
work by Sobral et al. [2011], scaffolds with pore-size gradients were found to improve cell
seeding efficiency. The scaffolds that have been manufactured and tested in this work can
be seen in Figure 2.6. Here, the pore size gradient scaffolds improved seeding efficiency
from about 35% in homogeneous scaffolds to about 70% under static culture conditions.
Anisotropic cell distribution was also shown in the presence of a scaffold with pore-size
gradients in another work [Woodfield et al., 2005a]. In the work by Singh et al. [2010], a
gradient in composition has been introduced, which results in a gradient in stiffness, for
functional regeneration of interfacial tissue (direct the differentiation of hMSCs) using

controlled infusion of polymeric and composite microspheres.

The works presented in this section all show how manipulation of the internal architecture
of the scaffold can lead to improved biological performance. This is obtained either with a
change in composition or a change in porosity. However, the focus is on the improvements
that can be achieved from a biological standpoint. The change in mechanical response
as a result of the changes in porosity is usually overlooked. The methods presented
in these works give an understanding of the requirements in terms of porosity but a
characterisation of the properties and a method to tailor the mechanical properties of
scaffolds is identified as a gap in the literature. It could be argued that in order to change
the stiffness it would be sufficient to cluster multiple filaments together (i.e. spacing = 0),
however, using this technique would only result in clusters with a width that is a multiple
of the width of the starting filaments, while the thickness would not change. Assuming
a diameter of the filaments d, this technique would not be a viable solution for obtaining
filaments with diameters in the range [d, 2d]. Additionally, when a change in porosity is
used to improve biological performance, the mechanical properties are a consequence of

the change in porosity rather than being controlled separately.

2.2.2 Fabrication of functionally graded materials

There are occasional situations within conventional processing, dating back to several
decades in cutting tool manufacturing, that can be technically called functionally graded.
One of them is carburising, which provides hardness at the surface of a cutting tool due
to the high carbon content, usually achieved by charcoal diffusion or carbon monoxide
|[Edenhofer et al., 2015|. Such layers are only a few microns to fractions of a few mil-
limetre. When such a tool is quenched, the surface is brittle but hard, whereas the bulk

of the core of the cutting tool remains tough, which is resistant to impact and fracture.
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Figure 2.5: Scaffolds with different spacing and hence different porosity. pCT
and SEM micrographs of scaffold with spacing of 1100 pm (a,d) and 500 pm (b,e).
pCT and SEM micrographs of scaffold with a discrete gradation of spacing:
four parts with spacing 1100 pm, 900 pm, 700 pm, 500 pm(c,f). Scale bar 2 mm.
Image from Di Luca et al. [2016].
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Figure 2.6: Scaffold with a gradation in spacing between filaments and hence
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top and bottom of the scaffold to 100 pm at the centre. 'Grad 2’ on the other
hand has a porosity that goes from 100 pm at the top and bottom and 750 pm
at the centre. '"Homog 1’ and 'Homog 2’ scaffolds have a constant spacing of
750 pm and 100 pm respectively. Image from Sobral et al. [2011].
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The profile of material properties such as hardness or local modulus of elasticity rapidly

decays into the depth of the material.

Methods of production of functionally graded porous structures and scaffolds can be di-
vided into conventional processing & subtractive methods vs additive 3D-printing tech-
niques [Leong et al., 2008]. Standard methods of production could be further divided
into physical or chemical methods [Gupta and Talha, 2015]; some of these involve powder
processes, techniques involving metal melts or processing of graded polymers. The review
from Kieback et al. [2003] also describes the techniques to model the processes involved

in manufacturing these materials, from gradient formation, to sintering and drying.

The conventional methods do not generally provide full control of the macro- and micro-
structure of the produced material but they have been successful in producing scaffolds
with gradients in porosity and pore size. Volatile sintering additives have been added in
different proportions throughout the powder mixture used to build structures [Werner
et al., 2002|, which would leave pores when disappearing during sintering. Another
method makes use of powders with different degrees of crystallinity by impregnating
cellulosic sponges into hydroxyapatite (HA) slurries [Tampieri et al., 2001]. Self-foaming
followed by pyrolysis has also been explored [Zeschky et al., 2005|. Here, the use of
a low foaming temperature allowed control of bubble nucleation and hence porosity.
Centrifugation is another conventional method for fabrication of functionally graded
parts. This method allows the separation of the components of the suspension, then the
spinning mixture is rapidly frozen to lock the component separation. The frozen solvent
phase is then removed via sublimation [Harley et al., 2006]. The centrifugal mixed-
powder method [Watanabe et al., 2009] is a novel method for the production of FGMs.
It is derived from the centrifugal solid-particle method, an application of the technique
of centrifugal casting, in which it is hard to produce FGMs containing nano-particles.
This novel technique, on the other hand, can obtain FGMs containing nano-particles.
A deeper discussion on these non-3D-printing-related techniques for the fabrication of
functionally graded materials is available in a recent review by Sola et al. [2016b]. FGMs
still require advances in materials, manufacturing and modelling for a full development
of their potential. To this end, 3D printing looks very promising, especially from the

perspective of customisation options and ease of use.

The main 3D-printing techniques that have been used for creating functionally graded
parts are: Theriform™
sition Modelling (FDM) and 3D Fibre deposition (3DF), resulting in discrete gradients.

Theriform™ is a 3D printing process that has been used to fabricate composite scaf-

, resulting in semi-continuous gradient in porosity; Fused Depo-

folds for articular cartilage repair [Sherwood et al., 2002]. This technique makes use of
a porogen, particles that are dissolved after the structure solidifies, leaving pores in the
material. The use of this kind of chemical process requires the use of a laboratory and the
knowledge of the underlying chemistry to be able to engineer products with the desired

features. Additionally, the variation in porosity obtained is discrete. A zone of transition
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Figure 2.7: (a) shows the case when the concentric nozzles are all in the 'down’
position, resulting in the smallest possible diameter of the nozzle (17). (b) shows
the case of a different nozzle size. Here, nozzles number 14 and 15 have been
moved to the 'up’ position to make the nozzle (17) larger. By varying the height
of the nozzle with respect to the buildplate (40), the diameter of the filament
can be changed. Images from patent KR101725302B1 [Jin, 2016].

was added to avoid delamination: a gradient of materials was added to avoid the sharp
interface between the two regions. Fused deposition modelling has been used to produce
a cylindrical scaffold with concentric regions of different porosity to mimic the average
bone composition [Kalita et al., 2003|, however the porosity variation was discrete and
not continuous. 3D fibre deposition, where the input material is in pellet form rather than
a filament, generates graded structures by varying the fibre spacing [Woodfield et al.,
2004, 2005b], which can have, as we will see in a later chapter, a counter-intuitive effect
on the mechanical properties. Another possibility is to use a 3D printer that is fitted
with a variable-nozzle head [Jin, 2016]. A series of concentric nozzles that can be raised
or lowered are used to obtain filaments of different diameters, see Figure 2.7. Although
this method removes the need to change nozzles manually, no continuous variation can

be achieved.

All of these manufacturing methods move one step closer to the production of FGMs
using 3D printing. However, none of these methods provide a continuous variation of
mechanical properties using standard equipment. The use of porogens or chemicals
require a specific setup to work and requires professional staff to manufacture the pieces.
Similarly, standard 3D printers have only been used to manufacture FGMs with discrete
variation in properties. Lastly, the use of a variable nozzle requires the use of bespoke
expensive hardware, which makes the method usable only by those with the specific

equipment. A gap in the knowledge can be identified here: the lack of a consistent and
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cheap method to manufacture functionally graded material using standard, out-of-the-
box equipment. This would allow anyone with minimal training to take advantage of

FGMs. This can also greatly impact their development and help their spread.

2.3 Additive manufacturing

Additive manufacturing, also referred to as 3D printing, is a manufacturing method
that builds 3D objects by addition of layers of material. Great interest has been gener-
ated in the recent years, not only within the scientific community, but also the general
public. The relatively low cost of some of the methods and the ever increasing num-
ber of resources available make 3D printing very accessible. Many specialised websites
now provide set-up guides and introductions to the main methods [3DPrintingIndustry,
Markforged| as well as to the most common method for desktop applications: Fused
Deposition Modelling [3DHubs|. The illustrative images in this section are from the

Manufacturing Guide website Manufacturing Guide Sweden AB.

The inherent technology for additive manufacturing widely varies, depending on the pro-
cess, which limits the materials used and on the power source, greatly impacting the
characteristics of the final structures. These methods are all characterised by a sub-
sequent addition of material, hence the name additive manufacturing, until the final
product is complete. This family of techniques makes use of a computer code, known as
Slicer, that slices a three-dimensional object in a series of stacked layers. A machine then
reads the geometry of each layer and uses a nozzle, dispenser or optical source to build
the object, layer by layer. Different 3D-printing techniques can be differentiated by the
different ways in which the layers are built. The many methods that are included under
the term 3D printing are discussed in the following. The most commonly used additive
manufacturing techniques are: material extrusion, powder bed fusion, vat photopoly-
merization, inkjet printing, directed energy deposition, laminated object manufacturing
and bioprinting [Wang et al., 2017, Ngo et al., 2018, Zhang and Chen, 2019].

Table 2.1 gives an overview of the most common manufacturing processes for architected
cellular materials along with the respective materials that can be used. In the following,
we discuss some of the most relevant of these manufacturing processes, and we touch on
the other main methods at the end of this section. Bioprinting, on the other hand, will

be introduced in this section, but will be also discussed in later sections in this chapter.

2.3.1 Material extrusion methods

Manufacturing processes in the material extrusion category are characterised by the
extrusion of molten material through a nozzle and layered in a specified pattern, to form

the part, as shown in Figure 2.8. In case of ceramics, extrusion of slurries and pastes,
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Category

Methods

Materials

Material extrusion

Fused deposition
modelling (FDM), also
called Fused filament
fabrication (FFF)

Filaments of
thermoplastic polymers
such as polylactic acid
(PLA), acrylonitrile
butadiene styrene (ABS),
polycarbonate (PC)

Continuous filaments
fabrication (CFF) and
Fibre-reinforced additive
manufacturing (FRAM)

Same as FFF plus
reinforced fibres within
(carbon, glass)

Atomic diffusion additive
manufacturing (ADAM)

Ceramic or metallic
powder within a
polymeric matrix

| Powder bed fusion

Selective laser sintering

(SLS)

PCL and polyammide
powder

Direct metal laser
sintering (DMLS)

Metal alloys

Selective laser melting
(SLM)

Titanium alloys,
Cobalt-Chrome alloys,
Stainless steel, Aluminium

Electron Beam Melting
(EBM)

Metal alloys

Vat photo-polymerisation

Stereolithography (SLA)

Photocurable resins

| Inkjet printing
(powder adhesion)

Material jetting

Mainly ceramics

Binder jetting

Mainly ceramics

Directed energy
deposition (DED)

Many different names:
directed energy deposition
(DED), laser engineered
net shaping (LENS), laser
solid forming (LSF),
directed light fabrication
(DLF), direct metal
deposition (DMD)

Metal alloys

Lamination Laminated object Polymers, metals,
manufacturing (LOM) ceramics, paper
Bioprinting Bioprinting Living cells, hydrogels,

bioinks

Table 2.1: Summary of additive manufacturing methods [Ngo et al., 2018, Wang

et al., 2017].
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1

Figure 2.8: Material in the form of a filament (2) is pushed by rollers (3) into
a heated element (4) where the material is melted. The movement of the print
head, allows the material to be deposited on the build plate (1) according to the
commands received via software. In the case of overhangs, support material (5)
may be needed. Image from Manufacturing Guide Sweden AB.
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rather the molten material, is also used. All of the methods in this category derive
from fused deposition modelling (FDM) or paste extrusion. Fused Deposition Modelling
(FDM), also known as Fused Filament Fabrication, is now one of the most affordable
and widely used methods for 3D printing. In this process, each layer is produced by
the deposition of melt extruded filaments. A spool of thermoplastic polymer is fed into
the printer to supply material to the printing-head (or extrusion-head). The polymer
is heated above its melting temperature and extruded through a nozzle. The polymers
that are most frequently used for this, depending on the application, are polylactic acid
(PLA), acrylonitrile butadiene styrene (ABS), polycarbonate (PC) and Nylon, depending
on the required properties. The path in which this filament is deposited is determined
by the slicing software and is written as a series of G-code commands (see Section 3.2).
G-codes constitute a set of instructions that move a machine tool—the nozzle, in this

case—usually generated by a computer-aided manufacturing (CAM) software.
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Some of the main limitations of the FDM process will now be discussed, as they led to
the development of modified versions of the FDM process aimed at addressing them.
A thin support, that can later be removed, must be designed for part of the structure
with overhang, so that these are supported during the printing process. The process of
breaking away the support structures affects the surface finish of the fabricated parts
adversely and requires additional processing. Other current limitations of FDM are the
range of materials that can be processed and poor mechanical properties of the printed
parts [N. Turner et al., 2014, Ngo et al., 2018], especially for high strength and stiffness
applications where metallic parts outperform polymers. Continuous filament fabrication
(CFF) and Fibre-Reinforced Additive Manufacturing (FRAM) attempt to improve the
mechanical properties of 3D printed parts by inserting strands of reinforced fibres between
layers printed with FDM-like techniques [Plocher and Panesar, 2020]. Atomic diffusion
additive manufacturing (ADAM), on the other hand, extends FDM capabilities to metals
and ceramics. Here, the filaments that is used for extrusion is a mix of ceramic or metallic
powder with a polymeric matrix. After printing the part, a sintering process removes
the polymeric matrix and binds together the ceramic or metallic powder [Galati and
Minetola, 2019].

Improved mechanical properties, a greater flexibility in the design and range of materials
are essential to ensure a broader applicability of FDM manufacturing. Therefore, re-
search into each of these topics is necessary due to the promising potential. The process
parameters and their relation to the mechanical properties of the printed part, in partic-
ular, are of great current interest. In the present work, we explore novel capabilities of
the FDM process and study the mechanics of the parts thus printed. The ease of use of
this technique would also allow a much wider range of users to benefit from it, without
the need, for instance, for a constant presence of specialised technicians as opposed to
the methods described later. In the rest of this section, we are going to introduce the
other common additive manufacturing techniques. The next section (Section 2.4) will
focus on the manufacturing technique that will be used in the rest of this work: Fused

Deposition Modelling 3D printing.

2.3.2 Powder bed fusion

Powder bed fusion is a 3D printing approach that works by fusing together grains of
powdered material using an energy source. The techniques that belong to this family
can be divided based on the source of energy used. In one of the most successful powder
bed fusion methods in the market, the metal powder is typically melted with either a
laser or an electron beam to create each layer [Horn and Harrysson, 2012]. One of the
methods is called Selective Heat Sintering (SHS). In this process, layers of thermoplastic
powder are treated with high-precision heat: when one layer is complete, the bed moves

downwards, a roller adds a new layer of powder and the next layer can be sintered.
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Figure 2.9: Powdered material (1) is spread using a roller (3). A pulsating laser
(4) scans the powder according to commands from software and sinters a thin
layer of the powder. The build plate (2) then moves down and the process is
repeated until the part is complete. Image from Manufacturing Guide Sweden
AB.

When the energy comes from a laser, instead, the techniques are called Laser Sintering
techniques. This makes the process more accurate but more expensive [Sahasrabudhe
et al., 2018]. Laser sintering techniques include Selective Laser Sintering (SLS), see
figure 2.9, usually used for polymers, and Direct Metal Laser Sintering (DMLS), for
metals. Selective Laser Melting (SLM) is another technique in this category. Here the
powder reaches the melting point and thus fuses, instead of being sintered by means of
a high-energy laser. Layer by layer, a fully dense material is created. The effects on the
final printed part of process parameters of SLM, such as exposure time and laser power,
have been studied [Ahmadi et al., 2017]. The results showed that the rate of change
in mechanical and topological properties with respect to exposure time was non-linear,
while it was linear with respect to the laser power. Electron beam melting (EBM) is
yet another similar type of additive manufacturing technology for metals, however the

energy comes from an electron beam in a high vacuum.

Powder bed fusion methods are generally dimensionally more accurate than FDM-like
methods. Additionally, this family of processes uses the powder to support overhangs and

thin walls in the part being produced, thus eliminating the need for support structures.



Chapter 2 Literature Review 31

However, costs are still very high: the price for a 3D printer in this category is roughly 50—
100 times the price for an FDM 3D printer. Furthermore, the upkeep of these machines
is very high and an extensive training is required for their use and maintenance. These
are also the most studied methods, given their precision and quality of the printed parts.
Certainly there are applications where this is a requirement, but many applications
would benefit from a cheaper, more accessible and immediate method, such as FDM-like

techniques.

2.3.3 Vat photopolymerisation

This category of printing processes is characterised by a vat of material in liquid state
that is hardened, or cured, using light or a laser. Stereolithography (SLA) uses photopoly-
merization to produce a solid part from a liquid, usually a type of photosensitive resin
[Melchels et al., 2010]. The parts printed with this process are generally printed upside-
down: a build-plate is lowered into a vat or liquid resin which is exposed to light under
controlled conditions from below the vat. This causes a thin layer of the exposed liquid
resin to harden due to photopolymerisation. Then, the build-plate moves upwards. The
liquid resin then fills the gaps between the layer that just hardened and the bottom of
the tank, and is then exposed to light again to form the next layer—this process repeats
until the object is complete. The part is then removed from the build-plate, drained and
cleaned [Jacobs et al., 1992].

Self-propagating photopolymer waveguide production is a method that takes advantage of
an optical effect that traps the UV light in a waveguide, as the index of refraction changes
on polymerisation |[Jacobsen et al., 2007]. Continuous liquid interface production uses
digital image projection to expose the resin at a persistent liquid interface [Tumbleston
et al., 2015]. Two-photon lithography enables 3D printing of polymers at a much higher
resolution than that achieved through the standard SLA process. Such resolution, as
low as 150 nm [Nanoscribe GmbH, 2007|, enables the fabrication of structured materials
at the nanoscale [Schaedler and Carter, 2016, Maggi et al., 2017]. The main problem
with this technology is related to cost—even though it is cheaper than the sintering
techniques—and to the long time needed to produce an object. The speed of the prints
is of the order of a few millimetres per hour. Additionally, as mentioned, the polymer is
in liquid state. This results in a printed object that is wet once finished, which requires a
specific laboratory where the objects can be post-processed, which can include washing

and curing.

2.3.4 Bioprinting

The use of living cells as a material for additive manufacturing gave birth to what is

known as 3D bioprinting, a method that has emerged powerful in regenerative medicine.
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Figure 2.10: The build plate (2) starts from the bottom of the vat of photosen-
sitive resin (1) and raises after every layer is formed. Each layer is formed by
means of a light source (3) that hardens the resin to form each layer. Image
from Manufacturing Guide Sweden AB.

In this process, layers are generally made of living cells, deposited onto a gel medium
or sugar matrix, providing nutrients to prevent the death of the living material that is
printed. The layers are slowly deposited to form the three-dimensional part. A rep-
resentation of the process can be seen in figure 2.11. Further review of this topic will
be provided in the following sections, however, two works in particular stand out as

examples of the applicability of this manufacturing technique.

3D bioprinting has been used to print a human bi-layered skin using bio-inks containing
human plasma, as well as primary human fibroblasts and keratinocytes that were ob-
tained from skin biopsies [Cubo et al., 2017]. A novel way to combine bioprinting with
FDM in a manufacturing method has been develop [Wang et al., 2019, Liu et al., 2019].
The coaxial extrusion process presented in these works is characterised by two nozzles
coupled together, so that one is inside the other. The inner nozzle extrudes sensitive ma-
terials, such as living cells, while the material extruded by the external nozzle protects

and supports the sensitive material within (extruded from the other nozzle).

2.3.5 Other additive manufacturing techniques

The most relevant methods for the production of structures with internal architecture

have been discussed in the sections above. However, in the case of metals and ceramics,
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Figure 2.11: 3D Bioprinting of tissue and organs. Bioinks are created by combin-
ing cultured cells and various biocompatable materials. Bioinks can then be 3D
bioprinted into functional tissue constructs for drug screening, disease modeling,
and in vitro transplantation. From Sigma-Aldrich.

two more techniques are promising: directed energy deposition (DED) and binder jetting.
Directed energy deposition, also known as laser-engineered net shaping or direct metal
deposition is suitable for the production of large structures, as opposed to the methods
mentioned before, which can generally produce only small parts. DED methods have
some similarities with FDM, in that they do not make use of a powder bed, but the
material is melted before deposition in a layer-by-layer fashion. In binder jetting, one
of the few methods to print with ceramics, the model is built by selective deposition
of a liquid binder agent onto ceramic powder [Deckers et al., 2014, Zocca et al., 2015].
This process results in what is known as a green part: a part that then requires firing
for the powder particles to fuse. The binder is the agent that holds the part together
temporarily, before firing. Similar to this method is the material jetting method [Yap
et al., 2017]. In this case it is the material that is being deposited, in the form of small
droplets, as opposed to the binder. This material is then cured using a UV light. Due
to the very small thickness of these droplets, high accuracy as well as a good surface
finish are achieved. This method is similar to the classic 2D ink-on-paper printers on the
market. Instead of depositing droplets of ink on paper, this method deposits droplets of
material that are cured with UV light.

2.4 Fused deposition modelling 3D printing

After introducing the most common and widely adopted additive manufacturing tech-
niques, we now focus our attention on the manufacturing method that will be used in the
following: Fused Deposition Modelling (FDM) 3D printing. We present here the most
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important parameters that are involved in this manufacturing technique, in particular,
we focus on the flow rate of material. Additionally, we will review the applications of
this manufacturing technique that can be found in literature and that are relevant for

this work.

2.4.1 Parameters of FDM 3D printing

Designing a part to be 3D printed using Fused Deposition Modelling requires, first of all,
the selection of the material to be used. Some materials require a controlled environment
or higher temperatures that may or may not be achievable by the machine available to
the user. Each material is characterised by an optimal temperature of extrusion: this is
the temperature to which the material should be heated in order to obtain the optimal
viscosity for 3D printing. However, this is not the only temperature that should be
considered. The temperature of the printing bed and the ambient temperature also play
a role, especially with some higher-end materials (for example, polycarbonate) as this
affects proper adhesion to the buildplate as well as retention of shape during solidification.
A high printing bed temperature and ambient temperature, usually achieved by adding
a front enclosure to the printer, ensure the correct cooling profile to avoid warping and
to ensure adhesion to the build plate. Another important parameter is the printing
speed. This can either be interpreted as the speed at which the print head moves,
or the speed at which the stock filament is pushed into the printing head. These two
definitions of printing speed are equivalent, as they are related by a simple conservation of
mass relation between the filament fed into the printing head and the filament extruded
from the nozzle. An in-depth discussion on the topic can be found on the work by Go
et al. [2017]. A lower printing speed requires less material to be extruded in a fixed
amount of time, improving the finish of the part and the accuracy of the movements.
With some materials (for example PLA), it is possible to achieve higher-than-standard
speeds by slightly increasing the extrusion temperature to ensure proper flow of material,
provided that the extruded material is cooled effectively and rapidly to avoid unwanted
deformations. Cooling is another parameter: the printing head is usually equipped with
a fan, the speed of which can be controlled. The parameters mentioned in this section
are particularly important not to overlook when the part to be printed has overhangs,
with or without support, or tall sections that are far apart. This is because in the case
of overhangs, the material needs to be cooled before gravity can deform the part; while
in the case of sections that are far apart, when the printer stops the extrusion to move
to a new location on the build plate to continue the print, material can ooze from the
nozzle, leaving unwanted thin strings of material between separate parts of the print
(this is usually referred to as stringing). A lower printing speed, adjustments to the
extrusion temperature and a higher speed during repositioning of the print head are

usually sufficient to solve the issue (see AlI3DP for more information).
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2.4.2 Flow rate of material in FDM 3D printing

We now refer back to Figure 2.8 and we focus our attention on detail (3) of the figure:
these rollers are responsible for pushing the stock material in filament form into the heat-
ing element. These rollers are responsible for pulling the filament from the spool of stock
material and pushing it into the heating element. The stepper motor that drives these
rollers is calibrated so that the correct rotational speed is applied, to achieve the required
dimensional control over the parameters of the extruded filaments [N. Turner et al., 2014,
Gold and Turner, 2015]. Two main limitations can be identified here. The motors are
characterised by a maximum speed at which they can rotate and by a maximum torque
that they can apply. This limits the maximum flow rate of material, together with possi-
ble loss of traction, causing the filament to slip with respect to the rollers. For instance,
with a large nozzle, the amount of material that needs to be extruded may require a speed
that the rollers cannot achieve. Similarly, when the nozzle is small, the pressure drop
through the liquefier increases, increasing the necessary torque to push the material out.
In this case, it is possible that the motors cannot apply the amount of torque needed,
that the filament buckles under the compressive load given by these motors [Go et al.,
2017| or that the filaments slips when the rollers rotate, due to the pressure build-up
inside the nozzle. These concept will be relevant in the following, when we explore the
possibility to alter the flow rate of the material to obtain filaments of arbitrary diameter

using a fixed-nozzle machine.

2.4.3 Applications

FDM as a manufacturing process has been used in a wide variety of sectors. A common
application is the production of physical 3D models of prototypes. This can be used,
for example, by physicians to communicate effectively with the patient, informing them
and empowering them. The model can be used as an effective and cheap visualisation
aid for immediate understanding of an operation or of an anatomical issue that needs
to be well understood by the patient for their therapy and recovery, or by the clinicians
themselves. The same idea can be applied to other engineering sectors, for example as
a visualisation aid to compare surface roughness, or any laboratory test that generates

data points that can be converted into 3D models.

As mentioned before, many applications come from methods that are a modified version
of FDM. Some of these modifications come in the form of software optimisation, others
come in the form of material optimisation. In the first case, once the design has been
optimised, then a standard FDM technique can be used to manufacture the part. Mod-
elling allows us to optimise the structure in order to produce physiologically realistic
constructs that mimic real tissue structure and function [Shipley et al., 2009|. In this

work, biomedical scaffolds that host strands of gel containing cells are considered, and
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the effective flow and transport properties of such a scaffold system are determined using
asymptotic homogenisation. Another method of this kind has been developed to create
an infill pattern for 3D printing that resembles the internal structure of bones. An opti-
misation process is performed on the infill of a 3D printed object in order to approach
bone-like porous structures [Wu et al., 2018]. The work by Schumacher et al. [2015]
proposes a method for fabricating deformable objects with spatially varying elasticity
using 3D printing. However, no material modifications are made, rather a microstruc-
tural optimisation is carried out. Pre-computed small-scale structures are assembled via
interpolation to obtain an internal architecture of the object to be manufactured using
rapid prototyping that is optimised based on the loading chosen. These small-scale struc-
tures are chosen from a pre-computed database, and then an optimisation process takes
place to interconnect them and build the final optimised microstructure. In this work
by Schumacher et al. [2015], due to some manufacturing constraints, the AM method
chosen is SLS (selective laser sintering), however, once the microstructure is optimised,

any AM technique that satisfies the requirements could be used.

Other modifications to FDM attempt to enhance the mechanical properties of the printed
parts, especially when they are load-bearing. Fibre-reinforced polymer structures are
widely used for lightweight structural applications [Brenken et al., 2018]. The size of
the machine also increased considerably, as well as the dimensions of the parts that can
be printed. Some applications include the manufacturing of moulds and tooling. Their
production, however, is energy- and labour-intensive. A novel approach, that makes use
of 3D printing to generate light structures with hierarchical architecture by orienting
the molecular domains with the printing path, has recently been proposed |Gantenbein
et al., 2018|.

As we have seen before, the accuracy and precision at which it is possible to manufacture
parts is possibly the most relevant aspect of the characterisation of FDM parts. There are
many factors that affect how accurately the manufactured part represents its intended
CAD model. The successful manufacturing of parts using fused deposition modelling can
depend on the orientation of the part, the temperature of the process and the material
chosen, as well as the machine. Therefore, it is essential to be able to characterise
the process. The relationship between these parameters and the resulting properties
must be determined. The work by Gold and Turner [2015] reviews the materials and
dimensional accuracy for FDM and similar extrusion-based AM processes, together with
methods for evaluating performance parameters. A study on the physical limits (rate
limits) of fused deposition modelling 3D printing and guidelines for this kind of systems
is also available |Go et al., 2017]. This study exploits limits on the build rate, the
maximum throughput and the speed of the actuators. It is important to learn how to
improve the manufacturing process and the machine design. This understanding, as well

as its continuous expansion, are essential to improve extrusion processes such as FDM
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expanding their range of applicability and enhancing the mechanical properties of the

final parts.

Despite many improvements in manufacturing, there have been works demonstrating the
capability of AM techniques to produce biomedical scaffolds with tailored properties. 3D
fibre deposition was used to fabricate well-defined and custom-made scaffolds for tissue
engineering with 100% connected pores [Moroni et al., 2005]. This work examines the
influence of co-polymer composition in terms of their swelling on dynamic mechanical
properties of the scaffold. The results indicate that by coupling structural and chemi-
cal characteristics, the viscoelastic properties may be fine-tuned to achieve the desired

properties.

2.5 Tissue Engineering

Tissue Engineering (TE) is undergoing rapid advances. The main reasons for this are
the development of manufacturing methods like 3D printing and 3D bioprinting, which
helped in achieving a degree of customisation, design and patient-specific features that
greatly improved the applicability and customisation capabilities. Despite these impor-
tant developments, there is still a long way to go before complex organs can be syn-
thetically produced. Many novel ideas are still at laboratory level and require further

developments before they can be used in operating theatres or implanted.

The main issues to date with tissue engineering come from two fronts: the technology
barriers and the ethical or regulatory barriers. Technology barriers refer to all of the lim-
itations imposed by the current state of technology, be it in the manufacturing process
and materials or in the specific subject knowledge necessary to achieve clinical applica-
bility [Bonfield, 2006]. A recent review by Francis et al. [2018] looks at the technology
barriers in the four major components of the field of cartilage tissue engineering: cells,
scaffolds, chemical and physical simulations. Due to these limitations, there have not
yet been human clinical trials using 3D printed cartilage tissue, for instance. The second
front regards ethical barriers and regulatory issues [Gilbert et al., 2018]. These arise
from questions such as whether there is a limit as to what should be bioprinted and
whether the risks of harm to humans during testing is justifiable. Other questions that
arise regarding the irreversibility of the treatment—due to how the patient’s cells grow
inside the scaffolds, it is not easy to withdraw from trial—but also the loss of treatment
opportunity—accessing a new and superior treatment in the future might not be possible
due to technical and biological reasons. Although the ethical issues must be addressed,
the technological barriers should be brought forward. Until the technology develops
enough to be able to manufacture grafts and scaffolds with satisfactory properties ca-
pable of carrying out some preliminary tests, it is unlikely the ethical and regulatory

questions can be satisfactorily answered.
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Manufacturing is a key technological barrier that currently limits the applicability of
materials in medicine. A key point is the combination of tissue engineering with 3D
printing. The idea of applying 3D printing to tissue engineering usually comes in the
form of porous or solid scaffolds made of polymers or metals; however, recently, the
advent of 3D bioprinting pushed the boundaries even more. This renders even more
important advances in 3D printing manufacturing processes as these could have a strong
impact on bioprinting. Both 3D printing and 3D bioprinting have had a huge impact
in the field of tissue engineering. An example of how these methods can be used, both
as a research tool, as well as for the medical sector is the BioPen [Bella et al., 2018].
The BioPen is a hand-held device that can be used by doctors directly in the operating
theatres and can be seen in Figure 2.12. It makes use of coaxial extrusion to deliver
bioscaffold and cultured cells directly in vivo to the location of the cartilage defect. This
device develops from the 3D printing pens available on the market. Additionally, the
development of this medical device made use of standard 3D printing for the prototyping
and testing stages of development. Another example of developments in the field of
3D printing and tissue engineering is the work by Marga et al. [2007]. Here, a novel
approach is presented to build 3D living structures, in which cell aggregates are printed
instead of individual cells, assuring a significant gain in speed. This work makes use
of the differential adhesion hypothesis [Steinberg, 1963] to illustrate the role that tissue

fusion and tissue liquidity play in the process of manufacturing.

2.5.1 Biomedical scaffolds

Musculoskeletal tissue, bone and cartilage are under extensive investigation in tissue
engineering research [Hutmacher, 2000b|. The work of Simske et al. [1997] reviews the
pertinent aspects of bone morphology and metabolism, and the subsequent engineering
considerations. This review sees composites as the future of porous materials in bone
tissue engineering. A recent review from Do et al. [2018]| provides an overview of the
developments of 3D printing in the field of tissue engineering, as well as points out the
main hurdles that still need to be overcome, such as the preservation of tissues and cells

for long-term storage, and the prevention of tissue and cell rejection.

Issues regarding the vascularisation of scaffolds make cartilage regeneration particularly
appealing for AM technologies. This tissue-type does not have a dense net of capillaries
inside and it only contains very few resident stem cells, meaning that the chance of self
repair is very little. This application is then very promising for additive manufacturing,
as vascularisation remains one of the biggest challenges. Additionally, scaffolds that are
currently manufactured with non-additive-manufacturing technologies, lack the control
and the ability to completely customise the microstructure that are inherent of AM
technologies. Many of the conventional methods for the production of scaffolds fall short

of AM technologies, as they cannot achieve structures with the same control over the
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Figure 2.12: (a) Design of the BioPen, which shows the two separate chambers
with a motor control. The two chambers are connected to the printing nozzle (in-
sert), which allows the coaxial printing of the two different bioinks in a core/shell
distribution. (b) Photograph of the biopen. (¢) Representation of the core/shell
distribution. (d) Representation of the multiple layer three-dimensional printed
block in a criss-cross pattern . Adapted from Bella et al. [2018].

parameters. Examples of methods used in the past include the formation of macro pores
using additives to cement powders that are then chemically treated to obtain COs bubbles
[del Real et al., 2002|, and the construction of a synthetic biomaterial of ICPC (injectable
calcium phosphate cement) combined with recombined bone xenograft granules [Weimin
et al., 2013]. Solvent casting is another viable method. Here, 2D films or 3D scaffolds

are fabricated by evaporation of a solvent in a polymeric solution [Haider et al., 2020].

Additive manufacturing, on the other hand, provides excellent control over the mi-
crostructure. Metal foams and ceramic porous scaffolds obtained with laser sintering
methods are commonly found in literature [Duan et al., 2010, Yuan et al., 2019]. How-
ever, these methods are expensive, both for the machine that is needed and for its main-
tenance and use. Fused deposition modelling (FDM) on the other hand is cheap, easy
to use and accessible. An early example of the use of FDM as a production method for
novel scaffold architectures can be found in Zein et al. [2002], where layers of directionally
aligned microfilaments were used to produce 3D scaffolds with controllable porosity and

channel size. Mechanical tests were used to better understand the anisotropic nature
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Figure 2.13: Ear scaffold. Designed model on the left and 3D printed part on
the right (PCL material, manufactured using a KIMM 3D printer). Different
sections have been printed with different parameters, to match the desired me-
chanical properties. Scale bar 2 mm. From Shahangi [2018].

of the designs. The mechanical properties were found to be generally dependent on the
porosity, regardless of the design patterns and channel size, in agreement with theoretical
concepts on the structure-property relationships of porous solids. A more recent example
is the work of Shahangi [2018], who produced, using 3D printed polycaprolactone (PCL),
an auricular structure divided into six parts, each printed with a different diameter and
spacing to achieve the desired mechanical properties. Data from CT scans were used
for the modelling of the structure and FEA analysis was performed for validation. This
work makes use of a single material and does not need to modify the appearance of the
ear, as can be seen in figure 2.13. A review by Ng et al. [2019] provides an analysis of
the improvements in the 3D printing of biological tissues and scaffolds. In this review,
special attention is given to the role of polymers and how they help overcome some of

the major impediments in the field of organ printing.

2.5.2 Pore size requirements for tissue engineering

From the point of view of the interaction of the scaffolds with living cells, the majority of
the works in the literature have focused on the interaction with 2D substrates with stiff-
ness ranging from a few kPa to hundreds of MPa [Cui et al., 2009, Fu et al., 2011, Hulbert
et al., 1970, Johnson and Herschler, 2011, Karageorgiou and Kaplan, 2005]. Only one
work [Maggi et al., 2017] considers cell viability and functionality in 3D scaffolds with

compressive moduli in the MPa range and with strut dimensions on the order of a few
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microns. The parameter space in 3D is more complex; it involves the effects of rela-
tive density, effective surface area and the scaffold’s structural stiffness on cell function
(usually correlated with the deposition of collagen and calcium phosphate). Investiga-
tions about the effect of micro-porosity on osseointegration are also available [Hing et al.,
2005]. The results indicate that the microporosity can accelerate osseointegration and

elevate the equilibrium volume of bone.

Additive manufacturing is beginning to possess the capability of manufacturing porous
materials at fairly small length scales, with the potential of easily tuning properties.
Conventional manufacturing techniques such as foaming could result in a structure with
pores that are not completely interconnected, leading to a poor diffusion of nutrients
[Genzer, 2005, Bidan et al., 2013|. In order to create three-dimensional structures with
controlled macro- and micro-structures, alternatives to AM have been considered, for
example cryogenic prototyping [Lim et al., 2010]. In this work, micro pores of 90 pm were

used, together with 300 pm channels to enhance cellular infiltration and vascularisation.

The ideal pore size is not easy to universalise—it depends on many factors depending on
the application. Zadpoor [2015] reports a minimum pore size of 100 pm and a suggested
pore size larger than 300 pm for bone tissue regeneration. Additionally, a single value of
porosity may not even be the right choice: the work by Di Luca et al. [2016] suggests that
designing porosity gradients may be an appealing strategy to support gradual osteogenic
differentiation of adult stem cells. A focus on the functional gradation of scaffolds should
then be considered. Additionally, porosity distribution should not be the only gradient to
be studied. Mechanical properties of scaffolds can also be graded for the best structural
benefits from material at different regions of a structure. It is, therefore, necessary to
understand how the variations in porosity affect the mechanical properties and vice-versa,

to achieve an effective material or scaffold.

2.5.3 Stress shielding

The most widely adopted materials for bone implants have been titanium alloys for a
long time. They have excellent biocompatibility, high strength, high fracture toughness
and strong corrosion resistance [Zhang and Chen, 2019]. However, there are many issues
that remain unresolved. These materials have an elastic modulus on the order of ~100-
200 GPa [Nag and Banerjee, 2012|. The modulus of bone ranges from 0.2-10 GPa for
trabecular bone, and from 22-26 GPa for cortical bone [Rho et al., 1997, Kopperdahl
and Keaveny, 1998|. This mismatch in moduli leads to a phenomenon known as stress
shielding [Ridzwan et al., 2007a|. The significance of stress shielding has been noticed
in the past, however, the long-term effects were not known [Huiskes et al., 1992|. This
phenomenon is related to the adaptive remodelling of bone due to a variation in the
loading applied to it. Clinical data highlights the importance of load application to bone

cells because an adequate mechanical load causes the osteoblasts to remodel the tissue,
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forming denser and stronger bone over time [Maggi et al., 2017]. No load transfer from
the implant to the surrounding tissues, on the other hand, leads to the activation of
osteoclasts, which break down bone tissue, resulting in bone resorption. This generates
weaker bone that increases the chances of fracture recurrence [Nag and Banerjee, 2012,
Ridzwan et al., 2007a, Frost, 1994|. As an example, normally the femur carries external
loads from the femoral head, through the femoral neck, to the cortical bone [Ridzwan
et al., 2007b|. When a stiffer material is inserted into the bone, there are parts of the
cortical tissue around the implant with reduced load. Consequently the bone responds
by remodelling itself, in this case reducing bone mass because of the reduced stresses it

has to withstand. This leads to a weakening of the bone and possible re-fracture.

As the issue is more prominent the larger the mismatch in elastic modulus between the
implant and the surrounding bone, reducing the mismatch could help prevent recurring
fractures. A possible solution to the issue of the mismatch in moduli could be the use
of polymers and implants with porous internal structure, which may provide mechanical
properties closer to those of bone, thus reducing the contrast in stiffness between the graft
and the adjacent tissue. This is thought to lead to a distribution of load closer to that in
the original bone, reducing the remodelling due to the presence of the implant. Secondly,
polymers can be easily processed using affordable techniques, such as 3D printing, which
offers the possibility to meet patient-specific requirements in terms of geometry and cut
the cost considerably [Mota et al., 2015]. In this case, the idea of introducing functional
gradation in the mechanical properties may help to further reduce the gap between the
properties of the bone and the properties of the scaffold. Such clinical needs form the
basis for the present work where tissue engineering requires subtle aspects of structural

mechanics to inform implant design.

2.6 Manufacturing of functionally graded materials using

3D printing

A review by Sing et al. [2016] presents the progress of selective laser melting (SLM)
and electron beam melting (EBM) in the field of manufacturing metallic orthopaedic
implants. This work also explains how single-materials scaffolds, with their uniform
structure, cannot easily satisfy the requirements needed for implants. The paper then
goes on to introducing the idea of functional gradation as a method to overcome this issue.
Several works regarding functional gradation have been carried out. A novel optimisation
strategy has been developed for designing functionally graded cellular structures with
desired mechanical properties |Li et al., 2018]. In this work, a variable-density gyroid
structure is created, then optimised using graded structure optimisation. A very recent
work by Scaffaro et al. [2020] presents another useful application of functional gradation,

the controlled release of substances. Functionally graded laminates were manufactured
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by direct electrospinning onto dense substrates achieved by solvent casting. An increase

in stiffness was achieved, as well as a reduction of burst delivery of carvacrol.

The majority of the works in this area seem to focus on the porosity from biological
perspective, rather than from the point of view of the mechanical properties. Laser-
engineered net shaping (LENS) has also been used in the past for the production of
a complex-shaped metallic implant with functionally graded porosity [Krishna et al.,
2007|. The variation in porosity results in a structure with spatially varying properties,
however, the direct connection with mechanical properties is not usually explored. It
has been shown that a gradation in stiffness can affect the response of cells [Singh et al.,
2010]. This is the local stiffness, whereas often the bulk stiffness may also need to
be functionally graded for optimal structural performance. To be able to achieve this,
a direct control over the properties is necessary. A novel method for the production
of functionally graded structures is needed, which does not focus on porosity as the
parameter to control the mechanical properties of the structures. Rather, porosity and
mechanical properties should be controlled separately and independently to achieve the
desired results. Additionally, the conventional fabrication methods mainly provide a way
for the porosity to be discretely varied, rather than continuously. The third issue is in the
traditional manufacturing processes as they are expensive, very elaborate and complex.
Fused Deposition Modelling can overcome many of these issues. Additionally, being a
cheap and accessible method, research in this area can grow much more rapidly, helping

this manufacturing method to achieve its potential.

2.7 Current state of the biomedical applications of 3D print-

ing

3D printing has greatly evolved since its initial use as pre-surgical tool, which made it
available to many applications in the biomedical world: devices, implants, scaffolds, as
well as diagnostic platforms and drug delivery systems [Chia and Wu, 2015|. A recent re-
view by Durfee and Iaizzo [2019] provides an overview on 3D printing and how it has been
used in various medical applications, from cardiac 3D printing, to low-cost limb pros-
thetics and orthotics. The ability of 3D printing to produce customised medical devices
has been demonstrated and practical applications are rapidly replacing laboratory-level
attempts [Tofail et al., 2018|. For example, a customised bioresorbable tracheal splint,
created from the computed tomographic image of the patient’s airway, was implanted in
an infant with tracheobronchomalacia [Zopf et al., 2013]. However, not all of the appli-
cations are for implantation. 3D printed hearts have been used to effectively illustrate
a range of heart conditions for education and training. Another interesting story comes
from the University of Minnesota [Con, 2017], where the connected hearts of two twins
have been imaged and a 3D model has been 3D printed. This tangible model of the

connected hearts helped the surgeons in planning the surgery for their separation.
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Many limitations of additive manufacturing in the context of biomedical engineering still
needs to be addressed, mainly due to the limited number of materials available that have
sufficient mechanical properties as well as the required biocompatibility and biodegrada-
tion properties, but also the need to address lower resolution features in the manufactured
parts. Due to the increasing number of applications and the improvements in materials
and manufacturing processes, research in the area of materials and manufacturing can
only be beneficial to this fast-growing sector. There are three main bioengineering ar-
eas where 3D printing is ever more present: the field of tissue and organ regeneration,

orthopaedic implants, and pharmaceuticals.

2.7.1 Tissue and organ regeneration

3D printing and 3D bioprinting have both seen tremendous advances in the past few
years, and their applicability in the field of tissue and organ regeneration drastically
increased. Soft-tissue prosthesis moulds have been successfully produced using a desk-
top 3D printer [He et al., 2014] through a method known as SPPC—Scanning Printing
Polishing Casting. The anatomy is scanned, a mould is designed and 3D printed, the
mould is chemically polished to remove the staircase effect (due to the layering of the
manufacturing process) and obtain a smooth surface. This method turns out to be much
cheaper than the current fabrication methods for soft prosthesis. 3D bioprinting has
been used not only for the generation and transplantation of several tissues [Murphy and
Atala, 2014]—like skin, bone [Bose et al., 2013, Inzana et al., 2014], heart tissue and

cartilaginous structures—but also to develop tissue models for research.

A variety of interesting applications of 3D printing for tissue regeneration can be found in
literature. A 3D printed bionic ear was successfully developed by [Mannoor et al., 2013].
Here, the ability to interweave biological tissue with functional electronics is exploited.
The result is an enhancement of the auditory sensing for radio frequency reception, and
the possibility to listen to stereo audio with complementary left and right ears. There has
also been research to create a network of blood vessels in 3D engineered tissues [Miller
et al., 2012]. In this work, a network of carbohydrate glass was printed and used as a
sacrificial template for the creation of cylindrical networks that could form a system of
blood vessels. In the work from Noor et al. [2019], thick and perfusable cardiac patches
have been manufactured using 3D printing. This work demonstrated, for the first time,
the use of fully personalised 3D-printable bioinks, made from fatty tissue of the same

patients.
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2.7.2 Orthopaedic implants

Manufacturing of orthopaedic implants using 3D printing is very often achieved using
powder-based techniques with ceramic materials [Butscher et al., 2011] or metallic pow-
ders such as titanium |[Ryan et al., 2008]. Examples of combination of techniques are
also available: a screw-like porous scaffold has been produced by means of 3D print-
ing, then coated with hydroxyapatite (HA) to improve its osteocondcutivity [Liu et al.,
2016]. A recent review by Sing et al. [2016] takes a closer look at the processes, ma-
terials and design of metallic implants obtained with laser and electron beam melting.
This review reports how strength and biocompatibility are not desired to be uniform:
a single composition with uniform structure cannot satisfy the requirements needed for
implants [Watari et al., 1997]. A recent review on this topic [Mahmoud and Elbestawi,
2017] describes important aspects of functionally graded materials and their applications
in additive manufacturing of orthopaedic implants. It also points out the importance of
optimisation in the manufacturing process to obtain high quality lattice structures and

implants.

2.7.3 3D printing for pharmaceutical applications

Together with the manufacturing process itself, the production of polymers for 3D print-
ing is also of utmost importance for many applications. A recent study [Melocchi et al.,
2016| developed and manufactured filaments to be used on 3D printers which were con-
sidered potentially suitable for printing capsules and coating layers for immediate or
modified release. Another work combines fused deposition modelling with hot-melt
extrusion (HME) technology to fabricate tablets with extended drug release proper-
ties |Zhang et al., 2017|. There are advantages compared to the traditional processes
(milling extrudates, sieving, compressing and coating), such as an increased solubility
and bioavailability of drugs, as well as a production of more complex-structured dosage

forms and personalised drug products.

Tablets with different infills have been 3D printed and tested for dissolution. Different
release profiles were found in [Solanki et al., 2018]. Improvements in this area could in-
clude studies on the link between the process parameters of 3D printing and the release
profile of drugs from the tablets. This would allow to optimise the process parameters
based on the release profile as demanded by pharmocological considerations. A similar
strategy can be applied to mechanical properties. Being able to determine the connection
between the response and the process parameters enhances the applicability of 3D print-
ing as a manufacturing process. Additionally, researching the manufacturing processes
themselves makes possible to push the boundaries further and achieve applications that

were not possible before.
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2.8 Conclusions

The current state of technology regarding the manufacturing of porous structures, espe-
cially by means of additive manufacturing technology was reviewed in this chapter. This
includes the comparison between additive manufacturing and conventional methods of
manufacturing. It has been shown how additive manufacturing technologies have several
advantages, because of the personalisation capabilities, quick turn around time between
design and manufacture, ability to deal with geometric complexity of shape, and the
freedom of design. Gaps in knowledge have been identified, such as a relatively narrow
range of materials available for fabrication, as well as the challenges due to the under-
standing of the connection between the mechanical properties of 3D printed parts and

the manufacturing parameters.

Here is a summary of the key points:

e Additive manufacturing technology has shown great potential for many engineering

and medical applications;

e Functional gradation, which means spatially varying stiffness for present, is likely

to improve the structural performance for many applications;

e Improvements in the usable materials and in the manufacturing processes them-

selves are necessary to enhance the applicability of these methods;

e Some of the most widespread methods of additive manufacturing lack the simplicity
and the availability of other methods, namely methods such as Selective Laser
Sintering and similar, which require trained staff and expensive equipment, as

opposed to Fused Deposition Modelling, which is accessible and easy to implement;

e Fused Deposition Modelling has disadvantages over some of the more sophisticated

methods but with research, the potential of this method can grow immensely;
e Not all applications require sophisticated and expensive methods;

e Processing parameters are linked to the mechanical properties of the resulting ob-
ject: a clear evaluation of this link could lead to microstructure optimisation leading

to an even higher applicability of the process.

To conclude, this works focuses on Fused Deposition Modelling 3D printing and on the
link between the processing parameters of this manufacturing process and the resulting
mechanical properties. This will be exploited to innovative ways of producing func-
tionally graded lattice structures. We will focus on the difference between gradients
in porosity and in mechanical properties, as well as provide a novel technique for the

production of functionally graded materials control of process parameters.



Chapter 3

Adaptable diameter extrusion using
fixed bore FDM nozzles

Functionally graded materials are often found in nature. For example, the internal
structure of a bone is characterised by hard tissue with decreasing density and increasing
pore size towards the centre. Reproducing this spatial variation in the properties to mimic
the original tissue is important in the field of biomedical engineering. This could reduce
the risks of subsequent fractures. Another possible application for FGMs is in weight
reduction for specified function of a structure. The possibility to tailor the properties
based on the local requirements can save material. Otherwise, the whole structure would
need to have the properties required for the highest local load, resulting in excess material
where not necessary. We have seen this in Chapter 2, where a number of works make
use of materials that exhibit a spatial variation in their porosity. This can be achieved
by adjusting the polymer melt viscosity during foaming via temperature [Zeschky et al.,
2005], by centrifugation of a solution that is then quickly solidified [Harley et al., 2006|
or by means of porogens [Werner et al., 2002]. Additive manufacturing techniques have
also been used to produce composite scaffolds for articular cartilage repair [Sherwood
et al., 2002] and scaffolds with concentric regions of different porosity to mimic the
average bone composition [Kalita et al., 2003]. However, the lack of a consistent, reliable,
yet affordable method for production of functionally graded materials is the motivation
behind this course of research. Current additive manufacturing techniques have failed
to deliver structures with continuously graded properties, even when specific hardware

modifications were adopted.

This work explores the possibility of manufacturing novel structures with spatially vary-
ing stiffness using existing FDM hardware, such as a standard desktop 3D printer. Here
we propose to achieve this by controlling a process parameter, responsible for the amount

of material that is extruded during the printing process. The proposed approach requires

47
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systematically characterising the response to variations in the input commands. The es-
sential idea is simple. Extrusion-based printers have a nominal nozzle diameter. Actual
velocity of extrusion can be controlled by the volume flow rate independently. Therefore
a limited amount of control on the diameter of the extruded material can be envisaged
by under-extruding or over-extruding using the pressure of the machine that can be con-
trolled using a computer code. The rheology of the molten polymer is complex, with a
velocity profile through the cross-section, which is expected to result in the diameter of
the solidified extruded material with size that is variable for a fixed nominal diameter
of the nozzle. In this way, if successful, one would be able to use an affordable and con-
ventional FDM machine as if it had variable-diameter nozzle. This research hypothesis
that extrusion of material can produce spatially varying stiffness by the use of under-
and over-extrusion, runs through the present work starting with the simplest validation

of the idea to producing and characterising complex lattice structures.

In this chapter, we present the manufacture of single filaments by controlling the pro-
cess parameter that affects the extrusion rate and characterise the cross-section of the
extruded filaments. This characterisation has been carried out on two different FDM
machines. By following the procedure presented here, users of other 3D printers can find
the correct calibration for their machines, and make use of our technique. The aim of this
work is to produce filaments with continuous spatial variation of mechanical stiffness.
This chapter presents the basics for the use of this method, i.e. how to vary the diam-
eter of the extruded filament in fused deposition modelling 3D printing, by controlling
the code that drives the machine. Subsequent chapters will make use of the technique

presented here, for the production of films with continuously varying properties.

3.1 Methodology of fabrication and characterisation

3.1.1 Fabrication of variable-diameter filaments

The fabrication of variable-diameter filaments was achieved using two commercial desk-
top FDM 3D printers: Ultimaker 24 (UM2) and an Ultimaker 3 Extended (UM3) (see
Ultimaker [2011] for specifications). Ultimaker 2+ can be fitted with interchangeable
nozzles of four different diameters: 0.25 mm, 0.4 mm, 0.6 mm, 0.8 mm. Ultimaker 3 does
not support interchangeable nozzles but is equipped with a cartridge-like 0.4 mm print
core. The procedure for fabrication using these 3D printers requires a 3D model to be
sliced by the use of a software, which then saves a G-code file that contains the list of
commands that the 3D printer needs to follow, to obtain a 3D printed version of the
3D model. G-codes are instructions for tool path generation and have been used in con-
ventional machining such as CNC milling machines. The language provides very basic

instruction for the movement of tool path. The same language has been adopted by
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the 3D printing manufacturers, so that a CAD drawing generates G-codes to control the
path of the nozzle of FDM printers.

In this work, a bespoke MATLAB [MATLAB, 2016] script was created, which directly
generates an ASCII-file containing the machine code, known as G-code, that drives the
3D printer, details of which will be given in Section3.2. This code drives the FDM nozzle
path, in addition to controlling some other process parameters. To produce variable-
diameter filaments, process parameters within the G-code were overridden, so that over-
extrusion, or under-extrusion, could be realised. The details of this are presented in
Section 3.2, and involve a process parameter E that is responsible for controlling the
amount of extruded material and consequently the diameter of the extruded filament.
Due to the different ways in which this parameter FE is interpreted by different machines,
the MATLAB code required adjustments based on the machine. There exist slightly dif-
ferent versions of G-code in different "dialects" of the machine language, and also the
internal handling. These different versions are often referred to as different flavours of
G-code. Both printers were fed with standard Ultimaker PLA, polylactic acid feeder
material, either in white or grey colour. Although no difference in the fabricated struc-
tures or their mechanical properties was observed for materials of different colours, the

samples used for testing have always been manufactured using white PLA.

The in-house developed MATLAB script mentioned above takes manufacturing param-
eters as input and returns a G-code file as output. These manufacturing parameters,
related to the lattice to be 3D printed, are: the number of layers in the z-direction, the
number of filaments along the overall x and y axes, the nominal diameter of the nozzle
fitted on the machine and the z and y dimensions of the required sample. This allows us
to fabricate rectangular lattices of any dimension and spacing. The value for the nozzle
diameter can also be modified in the code without physically changing the nozzle on the
machine, to induce the printer to over- or under-extrude, resulting in thicker or thinner
printed filaments. For the fabrication and experimental characterisation carried out in
this chapter, we manufacture several samples of filaments with fixed diameter first; each
filament has a specified diameter that differs from the nominal nozzle diameter. Samples

of filaments with spatially varying stiffness are presented in future chapters.

Together with the manufacturing parameters related to the lattice, there are a number
of process parameters related to FMD 3D printing that need to be chosen. The four
essential parameters that need to be chosen are: the printing temperature, the printing
speed, the temperature of the print bed and the speed of the cooling fan. Unfortunately
these parameters depend of several factors, mainly ambient temperature and humidity,
which need to be taken into account. This means that there is no single value for
these parameters that can be used, even for the same exact print. However, a range
of values can be given. The printing temperature is probably the most consistent of
these parameters: a value of about 210°C has been used throughout this work. Minor

tweaks to the temperature may be needed if the printing speed is increased (215°C)
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or if the part to be printed has large overhangs (205°C). The printing speed depends
on the desired precision and on the amount of overhangs that are present in the part
to be manufactured. A good range for the type of lattices manufactured in this work
has been found to be 800-1200 mm/ min, where the speed represents the speed at which
filament is fed into the printing head (the speed of the printing head is handled by the
machine automatically, through conservation of mass). It has been observed that a value
of 1000 mm/ min usually leads to good results for lattices with overhangs up to five-ten
times the diameter of the filaments. The temperature of the print bed was usually chosen
to be 40-60 °C, however, especially with PLA material, the heating of the print bed is not
essential. If no heated printed bed is used, especially for 3D printers with a glass print
bed, tape is used to cover the surface, to ensure proper adhesion of the part. The speed
of the cooling fan is usually expressed as a number between 0 and 255 in the G-code:
generally, a value of 100 was used, indicating then about 40% fan speed. If deformation
is observed on the part, this number is increased. When deformation is still present with
fan speeds close to 100%, then it is necessary to reduce the print bed temperature or the

extrusion temperature.

3.1.2 Methodology to characterise the fabricated filaments using mi-
croscopic measurements

Following the manufacturing phase, a characterisation was carried out to demonstrate if
the proposed technique has been successful. There is no guarantee that this would be the
case, because the process of extruding pressurised filaments, followed by solidification at
the atmospheric pressure, is characterised by a complex flow profile within the molten
material. Hence, the response of the FDM machine to the demand dictated by G-code,
which has a mismatch with the nominal nozzle size, and the complex interaction with the
movement of the nozzle are difficult to theorise and predict. Here we test the simplest
hypothesis that the machine dispenses material volume as per rate demanded and the
diameter of the extruded material upon solidification approximately obeys simple flow
continuity, i.e. the diameter increases or decreases to compensate for a variable extrusion
rate. Indeed, with so many complexities involved, this may not be true and instead of
modelling the flow, the controller of the machine, or the solidification process, here
we propose to fabricate filaments produced by changed demands of extrusion through
a fixed diameter nozzle and then to test if over-extrusion or under-extrusion is at all
possible using these standard FDM machines. Once this is established, we then go on to
quantitatively test this against the simple hypothesis of solidified diameter approximately
compensating the enforced changes in the flow rate. This allows us to calibrate the
machine so that a specific diameter can be obtained just by modifying the parameter in
the G-code.
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Twenty samples were manufactured, each with a different, but fized value for the pro-
cess parameter, resulting in a set of twenty samples with varied intended diameter of
the filaments with which they were manufactured. Over-extrusion and under-extrusion
was carried out for different nozzles (each of fixed diameter again). A microscope was
then used to image the manufactured filaments together with a scale given by a stage
micrometer. Post-processing of the image was carried out using an image processing
software (Adobe® Photoshop® software, see Photoshop [2019]). A scale could be set,
based on the stage micrometer in the frame, and a measurement of the filament could be
taken. The images were 2448 x 2050 pixels with the 0.1 mm stage micrometer spanning
144 pixels, resulting in a scale of 1440 pixels/mm. Five measurements were taken at
five random locations in each sample, giving us five values of filament diameter for each
value of the parameter. This gives an idea on the variability of the diameter and also
provides a mean value for the filament diameter to be associated with the value of the
process parameter used to manufacture the sample. Plotting these results against the
expected theoretical relation, we obtain a master curve that can be used as calibration for
the printer, allowing users to obtain filaments of the desired diameter (within a specific

range).

3.1.3 Procedure for validation of under- & over-extrusion by weighing
the samples

The method described above to measure the diameter of the filaments using an opti-
cal microscope assumes circular cross-section, which is not strictly correct, because the
observed cross-section has ovality due to the creeping flow under gravity. There is no
guarantee that cross-sectional shapes are circular, and with only five measurements taken
for each sample, the average behaviour and response of the printing machine requires an-
other independent measurement. Microscopic measurements taken in total were around
400, only for the Ultimaker 2+: this arises from a combination of 4 nozzles, 20 samples
for each nozzle, and five measurements for each sample. The benefits of taking more
measurements would not be comparable to the amount of time needed for production,
testing and post-processing. Another possible method to study the cross-sectional shape
of the printed filaments could have involved the use of a Scanning Electron Microscope
(SEM). This, however, would be highly dependent on the position where the sample is
broken: the cross-section of the filaments of the first layer is affected by the distance be-
tween the nozzle and the print bed, while filaments in subsequent layers are affected by
whether the cross section is taken in the hanging portion of a filament or close to where
the filament interacts with the layer on which it rests. This section explains the method
used to address these issues, by weighing samples. The averaging effect of considering
the mass of the samples gives a good idea of the average extrusion rate of the 3D printer

from start to finish.
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We consider 3D-printed lattices that consist of a set of extruded filaments arranged
in a woodpile fashion: filaments running orthogonally in alternate layer are stacked
over each other. The sum of the lengths of the extruded filaments, L, is calculated by
the MATLAB script that generates the tool path, hence it is known. The mass of the
samples can be easily converted into the volume of extruded material, V', by means of
the density of PLA filament material. The density is known to be p = 1.24g/ cm?®, from
the technical data sheet of PLA, directly from the Ultimaker website [Ultimaker, 2011],
alternatively, the density can also be calculated weighing a given amount of filament and
using Archimedes’ principle. The volume of extruded material can be converted into the
average cross sectional area, A, making use of the total length of extruded filament. To

summarise, if m is the mass of the sample, we can write m = pV = pLA, so that

A=—. 3.1
L (3.1)
Assuming that the cross section of the filament is circular with radius d, we then have

A= iwdz, which combined with the previous expression gives

d= \/:’TL. (3.2)

This assumes that the volume of the extruded material is arranged in a set of cylinders
of a length equal to the total length of extrusion L, as given by the MATLAB script, and
with a uniform circular cross-sectional area, A. Discrepancies between the diameter mea-
sured with the optical microscope as explained in the previous section, and the diameter
obtained using the average cross-sectional area as just explained led to the considera-
tion that the cross section is not always circular. We accounted for these deviations by

allowing for the cross-section to be elliptical.

The measurements taken on the microscope images correspond approximately to the
major axis diameter of an ellipse, djs, because gravity flattens circular cross-sections
in a manner that the minor axis is vertical and the major axis is horizontal. Since
microscopic measurements are in the top view, one measures the major axis diameter
of such elliptical cross-section. Then, from the mass of the sample, one could find the
minor axis diameter d,,, so that the volume matches that of extruded material. We can
take equation 3.1 and use the substitution A = %ﬂdmdM, where dy; is the microscope
measurement and d,, is the only unknown. This leads to the expression for the minor
axis diameter
4m

dpm = . .
wpLdyy (33)

Instead of elliptical cross-section, any other cross-sectional shape described by two pa-
rameters could be used and assumed to be the cross-sectional shape, using the procedure
above to find the unknown height of the shape (width of the shape is the microscope

measurement). For example, the stadium shape, shown in Figure 3.1, as seen in the
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Figure 3.1: The table shows two shapes that could be used as assumptions for
the cross sections. On the left, the elliptical cross section, the one chosen in this
work; on the right, the stadium shape, a possible alternative. The idea is to use
the microscope measurements as djs, and obtain the second parameter (d,, or
h, in these examples) making use of the mass m of the sample and the length of
extruded filament L.

work by Serdeczny et al. [2018] could have been assumed as cross-sectional shape. Fig-
ure 3.1 shows the elliptical shapes and its dimensions and the stadium shapes and its
dimensions; additionally, their area and the value of the height parameter given the mass

of the sample, are presented in the table.

3.2 Fabrication of variable-stiffness filaments by controlling

process parameters

We have seen in Chapter 2 that the conventional manufacturing processes produce func-
tionally graded materials mainly using composites, hence multiple materials, to achieve
localised properties. Although these techniques lead to a structure with properties that
vary in space, it is often unclear or not specified how mechanical properties are affected or
under what loading conditions these mechanical properties vary in space. In this section
we present a novel technique for manufacturing lattice structures with graded mechanical
properties. Two main factors contributed to the development of the proposed approach:
the identification of a process parameter responsible for the amount of material pushed
out of the 3D printer nozzle, and the ability to directly create the G-code that drives the

printer. This combination allows us to achieve variable-diameter filaments during the



54 Chapter 3 Production of variable-diameter filaments

M109 5210

M106 S100

G10

G0 F12000.00 X60.00000 Y50.00000 Z0.60000
G0 F1000.00000 X60.00000 Y50.00000

G11

G1 X60.00000 Y175.00000 Z0.60000 E238.762456

Figure 3.2: An extract of G-code to show the main commands: G10 to stop
extruding material, GO to move the printing-head without extruding, G11 to
start extruding, G1 to move the printing-head while extruding material, M 109
to change the extrusion temperature, M 106 to change the speed of the cooling
fan.

printing process, resulting in continuously varying stiffness throughout the 3D printed
body.

Computer Numerical Control (CNC) refers to automation of machine tools operated
by a software. CNC systems are used for process that can be described as a series of
movements and operations. G-code (international standard ISO 6983) is the most widely
used numerical control programming language in the area of computer-aided manufac-
turing. It is a set of machine-readable instructions used for controlling the path of a tool
and other associated parameters. The first implementation of a numerical control pro-
gramming language was developed at the Massachusetts Institute of Technology (MIT)
Servomechanisms Laboratory in the late 1950s. Since then, many implementations have
taken place and this language has become very popular to control a range of manufac-
turing hardware. Due to G-code being already used in the manufacturing industry, their
use as instructions for tool-path programming has continued in additive manufactur-
ing. Even though the spatial information in modern CAD systems might use software
tools specific to the management of spatial information of a 3D object, the machine
instructions that they generate to drive the printing-head is invariably a G-code. The
next section introduces this programming language and explains how this relates to the

technique of fabricating variable stiffness filaments as proposed here.

3.2.1 Controlling the fabrication of filament diameter by G-code

An example of a series of G-code commands is shown in figure 3.2. This extract is
taken from the G-code used on an Ultimaker 2 3D printer. While most features of
this programming language are fairly universal, there are aspects of the dialect of the
language that are machine specific. Minor differences in these dialects of programming
language mainly account for machine-specific purposes and features. The lines of code
are numbered here for convenience; these numbers do not appear in a G-code file (these
line would all start with G or M).
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The simple G-code instructions in figure 3.2 contain some of the most important com-
mands regularly used for 3D printing, one per line. Commands can be differentiated by
their first letter: M for commands that change parameters and functions of the machine,
G for commands that involve movement of the printing head. Two of the most important
M-commands regularly seen in G-code can be seen in line 1 and 2. The command M 109
sets the extruder temperature and tells the machine to wait until that temperature is
reached. The temperature is given in degrees Celsius after the option S when one wants
to increase the temperature, or after the option R when one wants for the machine to
wait for a lower temperature (cool down). The command in line 1 of the figure then
tells the machine to set the extruder temperature to 210 °C and wait to reach the tem-
perature. This command is usually seen in the first lines of the G-code as the heating
elements needs to be heated to the desired extrusion temperature before starting the
print, however, this command can be used anywhere in the code to alter the tempera-
ture (remembering to use option R instead of S to reduce the temperature). M 106 sets
the speed of the cooling fan: the speed is given after the option S as a number between 0
and 255, corresponding to the range 0%-100% relative to the maximum fan speed. In the
example we then have a fan speed set to 100, which, to clarify, does not mean 100%. The
maximum speed would be 255, hence that corresponds to a fan speed of approximately

40% (of the maximum speed of the fan).

Instructions starting with the letter G (GO, G1, G10, G11) are the main instructions;
they command the machine as to what to do. The fields that follow the instructions
starting with G include the parameters, or options, and they tell the machine how to
perform the operation. We start here by explaining the commands first and we’ll intro-
duce later the options that they accept. Line 3 of the code, G10, instructs the machine
to stop extruding. More specifically, it retracts the filament out from the printing-head,
stopping the extrusion of melted material from the nozzle. When the command is given
on its own, as in line 1, a default option is used. Otherwise, the length of the retraction
could come as an option after this instruction: it is possible to specify S0 for ‘short
retract’ or S1 for ‘long retract’ (the line of code would be “G10 S0”). The GO instruction
in lines 4,5 is a rapid linear move used to move the printing head without extruding
any material. A rapid movement is necessary to avoid what is known as stringing—the
presence of very thin strings of polymer left during in-air movements of the nozzle. The
(11 instruction in line 6 is the command to unretract, which is the opposite of G10, as it
appears in line 3. When executing the G11 instruction, the printer pushes the filament
back into the heated nozzle to restart the extrusion of melted material. To conclude, the
(1 instruction found in line 7 is used for linear movements while the printer is extrud-
ing. This instruction allows the movement to be controlled precisely, accounting for the
quality of the printed object, as opposed to the quick and abrupt movement executed

when performing a GO command.

The first four parameters following the G0 and G1 commands are F, X, Y, Z (see lines 4,
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5 and 7 in figure 3.2). Each of these letters corresponds to a parameter and the number
following them is the value for that parameter. F' is the feed rate, measured in mm/min,
referring to the speed at which the stock filament in the spool is pushed into the printing
head for extrusion. The speed of the printing head is directly related to this feed rate,
adapted by the controller of the printer. For some 3D printers, parameter F' refers
directly to the speed of the printing head. The next three parameters, X, Y and Z, refer
to the coordinates of the point to which the print head must move to, in the coordinate
system of the 3D printer. Note that any of these options can be left out. In which case,
the machine uses the last assigned value. If no new value is given to update the X, Y or Z
parameters, there will be no movement in that direction. For example, the instruction in
line 4 means “perform a fast move, GO, at speed 12000 mm/min, F'12000.00, moving to
the point (60 mm, 50 mm, 0.6 mm) in the (X, Y, Z) reference system of the 3D printer”.
On line 5 the speed is updated to 1000 mm/min, F'1000.00000, and the Z value is
missing. This means that the printing head will not move in the z-direction, so the
nozzle movement is planar. Note that, since the X and Y values are the same as in the

line before, such a line of code is used to update the speed F' only.

The next parameter, £ (see line 5 in figure 3.2), is related the amount of material being
extruded. However, the way that its numerical value is calculated is often machine
specific. 'We will now focus on how this parameter is calculated for the Ultimaker 2
3D printer, where its value specifies the volume of material extruded—we will see later
in this section another possible definition. In this case, more specifically, its value is a
cumulative value of the volume of material extruded in mm?®, from the beginning of the
print. For each movement, the value of this parameter is increased by the volume of
material to be used for the current movement. If dyoue is the diameter of the nozzle
fitted on the 3D printer and if the print head is performing a movement of length [ from

point A = (x1,y1) to point B = (x2,y2), the value for Eyomina) is increased by

AFEominal = Anozzle | = (ﬂ'diozz]e/él) \/($2 - xl)z + (y? - y1)27 (34)

where A o,z00 18 the area of the nozzle and d),o e its diameter. The parameter E is useful
for printers that have nozzles that can be changed: when a nozzle of a different diameter
is fitted, a different amount of material needs to be extruded, depending on the nozzle
diameter, for a given print speed. For example, four times the amount of material needs
to be extruded for the same nozzle movement, if the nominal diameter is doubled. For
printers with a fixed nozzle, it is possible that the value following the option E be just

the length of the movement, as the diameter of the nozzle is not a variable.

The diameter of the nozzle, dpgz,16, and the diameter of the extruded filament, d, will
be different when we under-extrude or over-extrude, as illustrated in figure 3.3 for over-
extrusion. We do this by controlling the extrusion rate via the process parameter E in
the G-code. By controlling this rate, we obtain a filament with a diameter d # dyogzle-

If we rewrite equation 3.4 using an arbitrary value diptended in place of dpozz1e, We obtain
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Figure 3.3: A schematic diagram of the extrusion process during over-extrusion:
the diameter of the extruded filament, d, is greater than the nominal diameter
of the nozzle dyoz06, because of the change to the E value.

a value for AFE that differs from the nominal value:

d2 d?
AE = %l 7& AE‘nominal = %l' (35)

The subscript ‘nominal’ refers to the value calculated using the nominal nozzle diameter,
dpozzle; on the other hand, diptendeq refers to the value we choose to use to calculate the
new value of E. The symbol d, with no subscript, refers to the diameter of the extruded
filament, which may have undergone a deliberate under-extrusion or over-extrusion (see
Figure 3.3). The hypothesis is that the value chosen as diptended Will be the same as the
diameter of the extruded filament d, or that at least a relation between the two could be
established. The chosen diameter diptendeq corresponds only in theory to the diameter
of the extruded filament d: a characterisation is necessary to establish whether this is
true, or to obtain a master curve that can give indication on what value to choose as
dintended 1O Obtain a certain value for d, in case they differ. This process is what we
refer to as calibration, and will be dealt with in the rest of this chapter. In the following
we will plot the obtained filament diameter d against the value chosen dintended and we
will compare these results to the line d = djntendea Which represents the ideal theoretical

relation between the two.

The approach of fabricating variable diameter filaments using a fixed diameter nozzle by
controlling the extrusion parameters is then implemented on Ultimaker 3 Extended 3D
printer next. Ultimaker 3 Extended is a fused deposition modelling 3D printer that uses
a different definition of the extrusion parameter E within its G-code. As opposed to the
volume of the extruded material, as for the Ultimaker 2, the value of E is now defined
as the length of filament fed into the machine from the spool of material at the back of
the printer. We introduce a new symbol, dspo01 representing the diameter of the filament
in the spool of material at the back of the printer. For Ultimaker machines this value is

usually dspool = 2.85 mm, but for some machines it could also be dgpoo1 = 1.75 mm. The
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G-code for this model of printers would look exactly like the one showed in the previous
section (figure 3.2), only the numerical value for the parameter E would be interpreted
differently by the machine, according to the definition just given. As an example, let us
consider the diameter of the filament in the spool of material dgpoo1 and the diameter
of the nozzle dyoz0.. During a movement between two points at a distance [ from each
other, it is possible to equate the volume of material before and after extrusion, using L
as the length of filament fed into the printer from the back—which by the definition just

given is the value of the parameter £F—to obtain:

anZZ (] 2 dS 00 2
In <2l> = Lr (1;1) . (3.6)

Considering the new definition just given for the parameter E (L = AEpominal) We can
obtain the value of AF ominal = L

d 2
AEBpominal = L = 1 ( “"Zzle) . (3.7)
dspool

In this expression, we can then substitute the diameter of the nozzle dyozze With a
different value to be used as a parameter to control the amount of extruded material.
The altered AE then becomes

d'nt nded 2
AE =1 <ee) . (3.8)
dspool

Again, the hypothesis that a manipulation of the parameter E actually leads to a varia-
tion in the diameter of the extruded filament must be verified experimentally. This will
also be tested in the subsequent sections for the Ultimaker 3 machine, and the structure

thus fabricated will be characterised.

3.3 Microscopic characterisation of the manufactured fila-

ments

In this section, the proposed approach for printing filaments of different diameters will
be implemented and quantitatively evaluated. We used an Ultimaker 2+ desktop 3D
printer [Ultimaker, 2011] and followed the methodology presented in section 3.1.2. The
results are then presented plotting the diameter d of the filaments measured using the
microscope images, against the value chosen for the parameter diptended, Which is the
intended diameter of the filament. In the following plots within this chapter, a pink
line will represent perfect fidelity between the intended diameter of the filament and

that of the produced filament, i.e. d = dintended, representing the ideal situation of a
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Figure 3.4: The sample used to measure the diameter of the filaments. Twenty of
these samples were printed, each with a different value for the process parameter
dintended- The filaments running in the direction of the long side are the ones
that have been measured.

dnozzle dintended,min | dintended,max dmin dmax
(mm) (mm) (mm) (mm) (mm)
0.25 0.18 0.51 0.23 0.55
0.40 0.30 0.83 0.35 1.05
0.60 0.44 1.22 0.45 1.20
0.80 0.59 1.68 0.60 1.21

Table 3.1: This table shows, for each nozzle size, the range of intended diameter
that has been used and the obtained range of diameter for the extruded filament.

manufactured filament of the exact same diameter d as the value chosen as parameter

dintended .

This preliminary characterisation shows the range of diptended that gives significant achiev-
able variations in the diameter of the filaments for each nozzle of fixed size. The range of
interest of the target value of the diameter of the fabricated filament dintendeq is reported,
for each nozzle, in table 3.1. An overview of the resulting range in achievable diameter
is also presented there, in turn, for each of the four nozzle sizes used: 0.25 mm, 0.4 mm,

0.6 mm, 0.8 mm.

3.3.1 Measured variability in diameter obtained with the 0.25 mm noz-
zle & linearity of the response

Figure 3.5 shows the measurements obtained from samples printed using the 0.25 mm

nozzle, where the resulting diameter of the manufactured filament is plotted against
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Figure 3.5: The measured diameter of extruded filaments as a function of the
process parameter diptended, for the nozzle of diameter 0.25 mm. The measure-
ments obtained from the microscope images are shown as dots and error bars,
where the dot represents the mean value for the five measurements taken on the
sample, and the error bars represent the standard deviation of these. The pink
line shows the ideal scenario where d = diptended, and the solid line is the best
fit for the measurements.

the intended value. Each blue dot represents the mean of the five measurements on
one sample, plotted against dintended—the value used to create the G-code to print that
sample. All the points would fall on the pink line if the measured values of the extruded
filaments matched diptended- The solid blue line is the best linear fit for the measurements,

confirming a linear trend that follows the pink line although slightly shifted up.

Three main observations can be made from figure 3.5: the first is that almost all of the
measurements are above the pink line. Secondly, measured values for the diameter show
some fluctuations around a mean trend. Thirdly, the width of the error bars represent-
ing standard deviation has fairly large values for some cases. Explanations of these are

multiple. Firstly, all affordable machines have precision of moderate level that one has
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to accept. Then the control on the manufacturing processes is only limited, because
samples were made in normal conditions over several days with fluctuating ambient tem-
perature and humidity. Fused Deposition Modelling works by means of a printing-head
that extrudes a filament of melted polymer. A layer, made up of this filament, hardens
and is then ready to function as a base for the next layers. The filament, just after it is
extruded from the nozzle, has a circular cross-section. Once it deposits onto the base, it
will be squashed by the printing nozzle as it is very close to the base. In addition, the
rheology of the solidifying polymer distorts the cross-sectional shape. The ellipticity of
the filament cross-section may be the reason why, when imaged from above, the mea-
surements are consistently larger than the diameter of the intended circular extrusion.
When an elliptical cross-section is measured from the top—which is the case when the
diameter is measured with the microscope—the measurement obtained corresponds to
its major axis diameter, larger than the diameter of a circle of the same area. Section
3.4.1 will provide a method to further investigate this aspect of the fabrication. The shift
in the plot suggests that experimental calibration of the filament diameter as a function
of the process parameter dintended may need to be carried out, in case the assumption
d = dintended Were found not to hold. Nevertheless, the feasibility of the fabrication of
variable diameter filaments is firmly established, as a 0.25 mm nominal diameter nozzle
is capable of producing filaments in the approximate range 0.2 mm and 0.5 mm. Al-
though this is only about 2.5 times variation in the range of the diameter values, the
bending stiffness achieved by the nozzle, which scales as the fourth power of diameter,
is in a range nearly 40 times! The axial stiffness FA of a filament scales as per the
square of the diameter, hence a factor of 2.5 in diameter leads to a range of 6.25 in
altering the axial stiffness. We propose to call this factor—the ratio of the maximum
achievable diameter during fabrication to the minimum—as the adaptability factor a™?*
of the nozzle, which is a measure of the adjustability of a fixed nozzle for variable diam-
eter printing. This is not a universal parameter, but a function of the technology and
processes as well as potentially the material. We can also define similar ranges of the
stiffness of the extruded filament under stretch that can be adapted by the nozzle—the

parameter ag™* = (« 2 describes this flexibility of a fixed diameter nozzle. Likewise,

max)
we can define a factor af®* = (a™®)% to describe the achievable adaptability of the
fixed diameter nozzle for producing variable bending stiffness extrusions. These simple
scaling relationships between o™, og'®*, and o™ assume circular cross section of the

extrusion, any deviations would lead to different relationships.

Fluctuations in the measured diameter due to inconsistencies are unintentional and pro-
nounced for small nozzles, because the fabrication process becomes more sensitive to the
variations in the manufacturing conditions as well as process parameters. Measurement
errors are also accentuated for small diameter. We will see that these oscillations will
become much smaller as the nozzle size increases. Other than our intentional variation
as a result of the modification of dintended, factors that affect the volume of extruded ma-

terial are limited control in feeding the spool material, the speed of the printing process
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and the response of the actuators. For these reasons, this technique gives better results
with larger nozzle size that are less affected by these. As the machines and the materials

improve, more consistent fabrication even for small diameter nozzles is expected.

The height of the error bars is the third important aspect of the statistical discrepancy
to be considered. The reasons are similar to those for the fluctuations in the mean
values—all associated with imprecision in fabrication using affordable machines as well
as measurements. Note that fluctuations from the intended values are not the same as
intended variability by deliberately controlling the process parameters. Relative Stan-
dard Deviation, o, can be taken as a measure of the spread of the five measurements
taken for each sample, relative to their mean value. The formula used is oy = 1000/d,
where o is the standard deviation of the five measurements and d is their mean value.
Very wide error bars suggest a high variability in the resulting filament diameter. This
means that if we fix a value for dintended, the diameter of the extruded filament cannot
be predicted with sufficient precision. The Relative Standard Deviation (o) is lowest
in the region 0.3mm < diptended S 0.5 mm. The diameter of the fabricated filaments in
this region is 0.35mm < d < 0.55mm. The rest of the plot is characterised by wider
error bars with a relative standard deviation in the range of 10 — 17%. For example, for
dintended =~ 0.26 mm the diameter of the filament extends from 0.32 mm to 0.45 mm, when
its expected value is approximately 0.3 mm. This corresponds to a 43% relative error
(width of the error bar relative to the expected value). Because of lack of consistency

while using this nozzle, larger diameter nozzles will be used in later work.

3.3.2 Capability to control extruded diameter using the 0.4 mm nozzle

The measured diameter of the extruded filaments as a function of dintendeq for the 0.4 mm
nozzle are summarised in figure 3.6. The dots represent the mean value of the five
measurements taken from each sample, while the error bars represent their standard
deviation. The solid red line is the best linear fit for the measurements. The right-most
point on the plot has a measured value that is more than 25% off the intended value,
probably due to the squashing of the filament. However, the point follows the linear
trend (red line), confirming the capability of the process to produce large variations in
the diameter. As for the results obtained with the 0.25 mm nozzle, the ellipticity of the
cross-section is also one possible explanation for the fact that almost all measurements
are above the pink line. However, in this case, the measurements have a smaller relative
standard deviation o) < 8% for all values of the parameter diptended- The statistical
variability in the diameter of the extruded filament is significantly less than that achieved
using the nozzle of 0.25 mm bore. Additionally, the fluctuations that were present in that
case are no longer so severe. This calibration allows to obtain a relation between the
parameter diptended and the diameter of the manufactured filaments, with an acceptable

RSD (ove1 < 8%). We also want to point out that the actuators of the machine are

~
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Figure 3.6: The measured diameter of extruded filaments as a function of the
process parameter dintended, fOr the nozzle of diameter 0.4 mm. The measure-
ments obtained from the microscope images are shown as dots and error bars,
where the dot represents the mean value for the five measurements taken on the
sample, and the error bars represent the standard deviation of these. The pink
line shows the ideal scenario where d = diptended, and the solid line is the best
fit for the measurements.

not built with this technique in mind, so they might have been optimised only for the
required nozzle sizes. Advancements on this could lead to even lower RSD values. The
adaptability a™?* of this nozzle within the range studied is approximately 3. This gives
us a huge flexibility in tailoring the axial stiffness by a factor of g™ ~ 9 and az®* ~ 81,
which is huge. We are approximating the values to nearest whole numbers, since it is
an approximate measure of the manufacturing capability, rather than being a precise

physical property.
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Figure 3.7: The measured diameter of extruded filaments as a function of the
process parameter dintended, fOr the nozzle of diameter 0.6 mm. The measure-
ments obtained from the microscope images are shown as dots and error bars,
where the dot represents the mean value for the five measurements taken on the
sample, and the error bars represent the standard deviation of these. The pink
line shows the ideal scenario where d = diptended, and the solid line is the best
fit for the measurements.

3.3.3 Variable diameter extrusion using 0.6 mm nozzle

The measured diameters of the fabricated filaments using the 0.6 mm nozzle are shown in
figure 3.7, as plotted against the indented diameter. The relative standard deviation in
the variability of fabrication o,e in this case is below 6% for the whole range of dintended
considered. This is the most consistent o, obtained with the available nozzle sizes.
Note that the variability describing the unreliability of the process and the machine is
not to be confused with the intended range of diameter variation, as quantified by a™#*.
With this nozzle size, a reliable fabrication is now possible in the range of diameter

045 < d < 1.2, giving us o™ ~ 2.7, ie. o™ = 7.3 and o™ ~ 53. Again, most
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Figure 3.8: The measured diameter of extruded filaments as a function of the
process parameter dintended, fOr the nozzle of diameter 0.8 mm. The measure-
ments obtained from the microscope images are shown as dots and error bars,
where the dot represents the mean value for the five measurements taken on the
sample, and the error bars represent the standard deviation of these. The pink
line shows the ideal scenario where d = diptended, and the solid line is the best
fit for the measurements. The last two points on the right are excluded for the
calculation of the best fit: no change in diameter is seen when increasing the
parameter, a sign that the maximum amount of material that can be extruded
has been reached.

measured values of diameter are slightly above the intended values. However, both the
slope and the position of the trend line are in very good agreement with the slope and
the position of the line of expected values. These results also show even less random
fluctuations than the results obtained with the 0.4 mm nozzle and the best fit is very
close to the expected trend line (pink line). These results are a further proof of concept
of our proposed approach of fabrication: not only varying dintendeq in the G-code results
in a variation in the diameter d of the fabricated filaments, but the behaviour is close to
the ideal case where the parameter chosen dintendeq corresponds to the diameter d of the

filaments produced.
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Figure 3.9: Wave-like filament: the first vertical filament of the left. It was
obtained trying to push a large amount of material through the nozzle. No
change in cross section is achieved, only an increased length, leading to a wavy
filament.

3.3.4 Variable diameter extrusion using 0.8 mm nozzle

Figure 3.8 shows the results for the size of the fabricated filaments, manufactured us-
ing a nozzle of 0.8 mm. The results are very promising, showing reliable fabrication
of adaptable diameter filaments, a best fit almost overlapping the line of intended val-
ues (pink line), and a very small standard deviation. In the central region of the plot,
0.7 < dintended S 1.2, the relative standard deviation is only about 2% for most of the
values, with some values less than 1%). This shows consistency in the measured diam-
eters, demonstrating the reliability of the technique. The absence of a gap between the
trend line and the line of expected values suggests that the distance from the nozzle to
the build-plate was optimal for this nozzle, reducing the ellipticity of the cross-section
due to squashing. However, a new behaviour appears: the last three data points on
the plot (dintended ~ 1.25, dintended =~ 1.4, dintended =~ 1.65) seem to all correspond to a
manufactured filament diameter of 1.2 mm. This plateau likely derives from the fact that

the printer cannot extrude the quantity of material we are prescribing it to extrude—this
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is a technology issue related to the machine, rather than a scientific one. The limit was
discussed in section 2.4.2 as reported by N. Turner et al. [2014], Gold and Turner [2015].
We saw that this is likely due to a limit in the amount of pressure that the motors can
overcome (above which the rollers that push the filament may slip and cause the pressure
to drop, hence altering the extrusion rate), from the buckling of the feedstock filament.
The 1.20 mm diameter seems to correspond to the limit, in volume of material (due to
pressure, as just explained) that the actuators of the 3D printers can extrude. A second
possibility could be that from this diameter of the filament, if we further increase the
extrusion rate, we obtain a variation in the length of the filament rather than in its cross-
section. Figure 3.9 shows a wavy filament (first vertical filament of the left), obtained as
a result of increasing the volume of material extruded. This wavy filament has approx-
imately the same cross section as the one next to it, but its length has increased. It is
possible that this upper limit in the diameter could be tweaked, for example by reducing

the speed of the printing-head.

From the flow continuity relation V = Av, where V is the volume, V is the volume
extruded per unit of time, A is the cross-sectional area and v is the speed of extrusion,
we conclude that, for a fixed V, by decreasing the speed, the area can increase. This could
mean that reducing the speed, the limit in the maximum diameter achievable increases,
assuming a fixed value for the maximum extrusion rate. The speed of the printer, though,
cannot be decreased at will: the filament needs to remain straight without sagging (when
overhanging) or becoming wavy. This can happen if we push a lot of material and move
slowly. The first filament to the left in figure 3.9 is an example of this. We can see
from the middle and rightmost filaments, on the other hand, that the filaments become
straight again increasing the speed of the printer or reducing the amount of extruded

material.

Figure 3.9 also shows how the diameter of the filaments vary due to the interaction with
the layer below. In this figure we have three filaments running vertically that belong
to the top layer and two transverse filaments running horizontally that are part of the
bottom layer. Excluding the left-most, wavy filament, we can see how the middle filament
is thinner towards the top transverse filaments while the right-most vertical filament is
thinner towards the bottom. This is an indication of the direction of print. The middle
filament was extruded while the print head moved from top to bottom, while the right-
most filament was extruded in the opposite direction. This change in diameter happens
because while the top filament is being extruded, when in reaches the filament in the
layer below, it sticks to it, resulting in a force that pulls on the filament being extruded,
making it initially thinner. All of the measurements taken in this work are obtained from
the middle part of the filaments, to ensure that this thinning effect is not affecting the

measurements.
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3.3.5 Consolidated picture of the adaptable stiffness fabrication capa-
bility

The left end of all the plots in the previous section is characterised by a widening of the
error bars, denoting a greater variability in the diameter of the fabricated filament. In
this region, the diameter of the extruded filaments is smaller than the nominal size of the
nozzle used. This means that the nozzle does not act as a guide to shape the extruded
filament, which increases the variability of its diameter. Due to the high variability of the
results compared to the rest of the plots, manufacture should be avoided in this range, if
precision of the produced part is of utmost importance. When the printed filaments have
a diameter in the range [dpozsle, 2dnozae), the fabrication has greater reliability (dpoge
denotes the nominal diameter of the nozzle). This is a length scale that is not achievable
otherwise with an off-the-shelf 3D printer. The only option would be to extrude multiple
filaments adjacent to one another to produce a thicker strand of material. This method
however, would not be able to manufacture filaments in the range that we achieved,
and also, the thickness of the strand would be the same as that of the single filaments,
whereas with our technique, the thickness is also altered. This two-fold increase in
diamter, o™ = 2, would still give a four-time increase in axial stiffenss, ag"®* = 4, and

a 16-time increase in bending stiffness, a3®* = 16.

The data of intended diameter vs measured diameter, for nozzles of all four bores, are
shown for the Ultimaker 2+ machine in figure 3.10. As in the previous plots, each dot and
its error bar represent the mean value and the standard deviation over five measurement,
respectively. Measured values are plotted as a function of diptendeq 0n the horizontal axis.
Markers with four different colours represent data for the four nozzles. From figure 3.10,
we can note how 0.3 < d < 1.2 is the region where error bars are the smallest, o) < 6%,
and the measurements are very close to, sometimes overlapping with, the pink line that
represents perfect fidelity with the kinematics of flow rate continuity. Since the match
between the data and the intended values is excellent, this pink line is taken as the

master-curve for driving the demand to produce variable diameter extrusion.

Since it is possible to achieve a filament with diameter d ~ 0.3mm with the 0.4 mm
nozzle, and due to the lower quality of the result obtained with the 0.25 mm nozzle, the
nozzle of size 0.25 mm becomes of little interest. Additionally, for each nozzle, except
0.25 mm nozzle, in the region around the nominal diameter, measurements are close to
the line of expected values with small variability, as should be expected, presumably
because printers are optimised to work in this region. We have thus demonstrated that
it is possible to control the filament diameter using fixed diameter nozzles by controlling
the process parameter E, directly linked to dintended- The potential for fabrication of

functionally graded structures is immediate and will be explored in the next chapter.
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Figure 3.10: Summary of measurements for all four nozzles. Each colour rep-
resents a different nozzle diameter. Each dot represents the mean value over
the five measurements and the error bar their standard deviation. The pink
line represents the expected values, that is d = dintended- The points that are
considered outliers are marked with a cross.

So far, microscopic measurements on the fabricated filaments formed the basis of our
discussion. The next refinement in the geometric characterisation is that of the cross-
sectional shape. While detailed studies using technologies such as micro-CT are possible,
here we take a simple approach of combining bulk volume estimates by weighing samples
with the microscopic major-axis measurements. This provides us with estimates of oval-
ity on the extrusions—the flattening of circular sections is attributed to the inevitable
mechanical pressure applied by the nozzle, and also to the gravity driven creeping flow

during the solidification process.

3.4 Characterisation of average ellipticity of fabricated fil-

aments

In this section, we characterise the ellipticity of the cross section. As the diameter of

the printed filament is increased, the distance from the nozzle to the buildplate remains
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fixed. This progressively increases the squashing of the filament, which results in a cross-
section that becomes less and less circular. A qualitative representation of this can be
seen in figure 3.11. Here we show the difference between the expected circle (dashed line)
and the elliptical cross-section (solid line) for two cases: a case in which the diameter
of the filament is comparable to that of the nozzle, on the left, and a case in which the
diameter of the filament is larger than that of the nozzle, on the right. This section
quantifies the ellipticity of the cross section combining the measurements obtained using

the microscope and the weight of the samples.

Nozzle

N e

Buildplate

Figure 3.11: Qualitative representation of the cross-section of the manufactured
filament. The dashed circle is the expected circular cross-sectional shape, the
solid ellipse is the shape deduced combining microscope and scale measurements.
If the distance between the nozzle and the build-plate is kept constant (zinc),
printing a larger filament would result in a more severe squashing of the filament,
hence a filament with an elliptical cross-section.

3.4.1 Estimates of ellipticity from weight measurements

The 0.25 mm nozzle, as stated before, covers a range that is almost all covered by the
0.4 mm nozzle, while the 0.8 mm nozzle is considered quite large for most applications.

Therefore, we focus on the nozzles of diameter 0.4 mm and 0.6 mm only.

To obtain the average cross-sectional area of the filament used to print the samples,
we make use of the mass of the samples, using the methodology described in section
3.1.3. Plotting the results for the 0.4 mm we obtain figure 3.12, while the results for the
0.6 mm nozzle are shown in figure 3.13. The summary of measurement for both nozzles

is presented in figure 3.14.

In the plots, the major diameter measured with the microscope is again shown with dots
and error bars like in the previous section, and the diameter obtained by the mass of
the samples (see equation 3.2) is shown with a diamond marker. These values are again
plotted against the parameter diptended- 1he pink line represents again the case where

the chosen parameter dintended €quals the diameter of the manufactured filaments.
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Figure 3.12: Summary of measurements for the 0.4 mm nozzle. Major diameters
from the microscope (dots and error bars), expected trend (pink line), diameter
from mass of sample assuming circular cross-section (diamond markers), minor
diameter assuming elliptical cross-section (plus markers).

While printing, the nozzle is at a fixed distance from the build-plate, or from the previous
layer, which is expected to squash the freshly extruded filament. A practical rule that
is often used is that the distance of the nozzle with respect to the printing bed or to
the previous layer, is 80% of the nominal nozzle diameter—zi,. = 0.8d,. This allows
the filament to be slightly pushed against the previous layer, ensuring adhesion and
compactness of the final result. When we over-extrude, the filament is pushed more
against the previous layer—this leads to the flattening of the cross-section. We now
assess the ellipticity of the cross section as described in section 3.1.3. The calculated
values for the minor axis diameter of the ellipse d,, (see equation 3.3 for its expression) are
represented by a plus marker on the plots. The values used as dy; are the values measured
with the microscope. In section 3.3 these were interpreted as diameter of a circle, while

we now know that there is significant ovality, hence we use these measurements here as
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major-axis diameters.

The diamond markers, representing the diameter assuming circular cross-section, ob-
tained from the mass of the samples, come very close to the pink line of expected trend in
the region of 0.3 < dintended < 0.6 in figure 3.12, and in the region of 0.45 < dintended S 0.9
in figure 3.13. In these regions we could then assume that the assumption of circular
cross-section approximately holds. However, it is possible to further divide these regions
in two. We can distinguish between the right part and the left part of these regions.
On the left-hand side, the distance between the microscope measurements (dots, now
representing the major axis diameter of ellipses) and the plus markers (minor diameter
of ellipses obtained from weight of the samples) is small. The major and the minor diam-
eters of the ellipse are then very close, hence, the cross-section is close to being circular.
On the right end of the plot, the difference increases consistently between minor and
major diameters. Excluding the last couple of points, the amount of extruded material
has a clear trend closely aligned with the pink line, meaning that on average the 3D
printer extrudes the intended amount of material. In the region of diptendeq = 0.6 for
figure 3.12 and in the region of dintended 2 0.9 for figure 3.13, the gap between the two
axes of the ellipse becomes very large, confirming elliptical cross-section. The dimension
of the minor diameter stops increasing in both cases: this could be a further indication
of the fact that the distance from the nozzle to the previous layer needs to be increased

according to the amount of material pushed and not according to the nominal diameter.

To illustrate the importance of accounting for ovality of the cross-sections before evaluat-
ing mechanical properties, we compare an ellipse with axes of length dy; = 2a = 0.55 mm
and d, = 2b = 0.4mm to a circle with the same area, d = v/dndy = 0.469mm. This
apparently small difference results in a relative difference in the second moment of area

of approximately 27%:

Liscie = 31 = 7 - 0.003025 mm’; (3.9)
Tellipse = gab‘q’ = % £0.0022 mm*; (3.10)
Teirele — Lot
I = 10082l —“ellibse _ 9707, (3.11)
Icircle

By contrast, ovality has no effect on the axial stiffness E A of a filament, if the flattening

process is assumed to be approximately area preserving.

The gain in the axial and bending stiffness can now be evaluated accounting for the
ellipticity of the cross section. We can now define ag eliptical as the ratio of the axial
stiffness to the minimum axial stiffness. This is not the same as the maximum range
in the axial stiffness achievable, rather it is the gain for a specific value of the targeted
diameter, as calculated over smallest extrusion. Similarly, we can define ap eniptical as
the ratio of the bending stiffness for a given target diameter to the minimum bending

stiffness. Using figures 3.12 and 3.13, we consider the dots as the major diameter of
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Figure 3.13: Summary of measurements for the 0.6 mm nozzle. Diameters from
microscope images (dots and error bars), expected trend (pink line), diameter
from mass of samples assuming circular cross-section (diamond markers), minor
axis assuming elliptical cross-section (plus markers).

an ellipse and the plus signs as the minor. We can then calculate the area and the
second moment of area at each point. We can then normalise these, dividing each by
their respective minimum value. We thus obtain the figures in 3.15. Here, (a) shows
the values for ag eliptical and aB eliptical calculated using the data in figure 3.12, obtained
from samples made with the 0.4 mm nozzle. Similarly, (b) makes use of data in figure
3.13, obtained from samples manufactured using the 0.6 mm nozzle. In both cases, we
note that axial stiffness up to around 4 times the minimum value can be obtained, i.e.
agfgﬁiptical ~ 4. Likewise, the bending stiffness can reach 14 times its minimum value
(ag‘;’l‘hpmal ~ 14) using the 0.4 mm nozzle, and 12 times with the 0.6 mm nozzle size.
These clearly demonstrate significant adaptability in variable size extrusion from a fixed
bore FDM nozzle.
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Figure 3.14: Comparison of the diameter obtained from the microscope mea-
surements (dots and error bars), and the diameter obtained from the weight of
the sample (diamonds), for both the 0.4 mm and the 0.6 mm nozzle.

Summary of adaptive extrusion capability

The capability of adaptive extrusion is summarised in table 3.2. For each nozzle size,
first column, we report the gain in the manufactured diameter in the second column,
the gain in axial stiffness in the third column, the gain in bending stiffness in the fourth
column. These last two columns are overoptimistic: these would have been the values if
the cross sections were circular. On the other hand, the fifth and sixth columns show the
gain in axial and bending stiffness respectively, estimated from figure 3.15. This takes
into account the ellipticity of the cross section. As the characterisation of the elliptical
cross section has been carried out only for the samples manufactured with nozzles of
size 0.4 mm and 0.6 mm, values in the two last columns are present only for these nozzle
sizes. The second moment of area is sensitive to the thickness of the filament, hence the

larger drop is in the gain in the bending stiffness.
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Figure 3.15: (a) shows the values of ag elliptical and QB elliptical Obtained for the
0.4mm nozzle. (b) shows the values of agefiptical and B elliptical Obtained for
the 0.6 mm nozzle.

This stresses the importance to obtain filaments of circular cross section when interested

in a high gain in bending stiffness. The samples manufactured for this chapter have been

printed with a constant layer height, which might be responsible for the cross section

becoming elliptical. To further improve the manufacturing and to aim at a less prominent

ellipticity, in the next chapters the layer height will be varied based on the diameter of

the fabricated filament, which should reduce the squashing of the filament.

dnozzle acrlnax ~ arsnax = agax = arSrjgl)iiptical ar]él,?l(liptical
| G | e | (e
i dmin drﬂin
0.25 2.4 ~ 5.8 ~ 33.0 - -
0.40 3.0 9.0 81.0 ~ 4.0 ~ 14.0
0.60 2.7 ~ 7.3 ~ 53.0 ~ 4.0 ~ 12.0
0.80 2.0 4.0 16.0 - -

Table 3.2: Summary of the capability of adaptive extrusion that can be achieved
for each nozzle diameter. The second column shows the gain in the diameter of
the fabricated filaments, the third column the gain in the axial stiffness in case
of circular cross section, the fourth column shows the gain in bending stiffness
assuming circular cross section. The last two columns are an estimate from
figure 3.15, and they show the gain in axial and bending stiffness taking into
account the ellipticity of the cross section.
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3.4.2 Adaptable diameter extrusion using Ultimaker 3 extended FDM

printer

The fabrication and measurements presented so far demonstrate the capability of FDM
process to produce adaptable diameter extrusion. This was followed by the character-
isation of the extruded material, when Ultimaker 2 printer was used. In this section,
we implement the strategy of over- and under-extrusion with the Ultimaker 3 Extended
machine. Fabrication using this machine will also be used in the next chapter for the
production of lattices and films. The main thing that we wish to establish is whether
the behaviour can be modelled with the line of expected trend d = dintended- The test
that has been chosen is the one that gives the averaged cross-section, hence diameter,
based on the weight of the samples, following equation 3.2, where the size of the extruded

filament is estimated by treating the filament as cylindrical (i.e. of circular cross section).

We choose 10 values of the intended diameter of the filament. This is implemented
by adjusting the machine parameter FE within the G-code, via equation 3.8. Three
samples for each value of dintendea Were manufactured using the Ultimaker 3 Extended
and weighed. Again, the G-code prescribes the length of extruded material and, together
with the weight of the sample, it is possible to find the average cross-sectional area and
hence the diameter. In figure 3.16, the diameter obtained from the mass, equation 3.2,

is plotted against dintended-

There are some generic similarities with fabrication using Ultimaker 2. The averaged
results lie below the expected trend line (pink line) and the discrepancy between these
becomes greater as the diameter increases, same behaviour that was also found for the
Ultimaker 2+ (figures 3.12 and 3.13). The proximity of the results obtained to the pink
line of expected trend makes possible to consider the pink line as master curve for the
machine to drive the G-code. If strong device-dependent features do need to be incorpo-
rated into the G-code, or if the dimensional accuracy needs to be ensured, then the slight
non-linearity in the measured diameter vs intended diameter relationship can be incor-
porated. Also, the way that the actuators, responsible for moving the filament back and
forth, respond to changed extrusion demand need optimisation for the proposed tech-
nique. We are not concerned with such modifications of existing 3D printing hardware

in this work.

3.5 Fabrication of complex 3D parts with adaptable extru-

sion

As a simple proof of concept, we present a method to take the G-code of a complex
3D part obtained with a Slicer software and introduce variability in the diameter of the

filaments within the part, as per a prescribed function of position. This would allow
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Figure 3.16: Calibration of the Ultimaker 3 Extended 3D printer. The red
squares represent the mean values obtained for the diameter, calculated from the
mass of the three samples manufactured using the same corresponding dintended-
The solid red line represents the best linear fit for the data.

to modify the diameter of the filaments locally within the part. The bespoke MATLAB
scripts used throughout this work generates G-code to manufacture lattice structures,
starting from a few parameters, such as the dimension of the lattice, the spacing of
the filaments and their diameter. Our scripts have been completely independent of any
slicing software. The technique presented in this section, on the other hand, enables
printing arbitrary objects with variable diameter filaments, starting from existing G-
code. This technique, after proper development, could be implemented into any of the
slicing software available, such as Cura, PrusaSlicer, OctoPrint, Repetier, Slic3r, etc.
This, however, is outside the scope of this work. To summarise, a MATLAB script has
been developed that reads the non-functionally-graded version of the G-code of any part
(as generated by a slicing software) and transforms it into a functionally graded version.

This can then be run on a 3D printer to obtain the FG version of the object.
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Figure 3.17: On the left, a standard cube made with Solidworks, sliced using
Cura and printed with nozzle 0.4 mm. On the right, the same cube as on the
left, but its G-code has been manipulated so that the top half is printed with a
thicker filament, 0.6 mm.

Method. The basic approach is to read one line of the input G-code at a time. Then
take the ones starting with G1 (movements with extrusion) to re-calculate their value
for E. The functional gradation is expressed as a function that prescribes the filament
diameter given the position of the print-head: d(z,y,z). This means that when the
software reads one line of G-code, it knows from where to where the print-head will
have to move when executing this command from the X, Y and Z values of the line,
then it can use the function d(X,Y, Z) to calculate the value of the filament diameter
to assign to that movement. Each time a new line is read, the software calculates the
diameter to be assigned to that region, and uses that value to recalculate the value
of AFE for that line. One complication that arose and has since been solved, is that
each movement given by a G command in the G-code takes a fixed amount of material
to be extruded during that movement. This means that in order to manufacture a
filament with varying diameter, this filament could not be manufactured using a single
command. Hence, a maximum length for each movement needed to be implemented,
so that filaments could be extruded using a series of commands, each with a different
extrusion rate based on the position of that segment within the part. In other words,
long movements need to be separated into smaller movements, each with a different value
for the chosen diameter, recalculated from the given function d(X,Y, Z). This solution is
also the one implemented in the next chapters for the production of continuously graded

films. The idea is that these consecutive filaments extruded with different diameters
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would not have any interface between them due to the flowing nature of the extruded
polymer which would smoothen the variation between sections with different diameters.
This will need to be verified experimentally to ensure that this is enough to obtain
filaments with a mechanical response that resembles that of filaments with continuously
varying diameter. This is what is meant with the term continuously varying diameter.
Strictly speaking, we obtain the variation using multiple parts of constant diameter,
hence the variation is not continuous in a strict sense. However, what we aim to obtain
is a variation that makes the filaments behave as if they had a continuous variation in

their diameter. In other words, the filaments are mechanically continuous.

Geometric considerations. The current issue with this method is that the height of
each layer needs to be adjusted to take into account the diameter of the filaments in
the layers directly below each point. Currently only an approach has been outlined and
details of implementation would require further work on computational geometry of space
filling with variable diameter extrusion. This would be potential future development;
only a proof of concept is presented here. This approach may be well suited for the inner
parts of the objects, what is usually referred to as infill, for two main reasons. Changing
the diameter of the filament while printing, makes it difficult to control the surface finish.
One option to overcome this issue would be to only use the variable diameter printing for
the infill of the print, while the outer layers need to be printed with a constant diameter
throughout, to avoid visual differences in the surface finish. The issue with the height of
the layers mentioned above, can easily be overcome by adding extra layers of the correct

thickness where needed to make the layers even.

Results. As a proof of concept a simple geometry and a simple function have been used
to test the script. A cube with a side of 20 mm was sliced in Ultimaker Cura to obtain
the input G-code. A simple function was chosen, so that the bottom half of the cube
be printed with a diameter of 0.4 mm while the top half of the cube with a filament
diameter of 0.6 mm. The result can be seen in Figure 3.17. A tangible difference can
be seen between the two halves of the cube, which proves the concept described in this

chapter.

3.6 Conclusions

Adaptable diameter extrusion using a fixed bore nozzle was experimentally realised.
This was achieved by controlling process parameters within additive manufacturing in-
structions, so that material dispensed is either under-extruded, or over-extruded. The
resulting size of extrusion was characterised experimentally, when extrusion of a filament
of an intended diameter—that is different from the nominal bore of the nozzle—is carried
out. This demonstrates the capability of the proposed process. The size of the extru-

sion is fairly consistent with the intended size in case of over-extrusion. This agreement
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validates not only the feasibility of the proposed fabrication approach qualitatively, but

also that the output of the fabrication process can be controlled quantitatively.

Caution should be used in case of under-extrusion, as, in this case, the nozzle is larger
than the filament. This means that the shape of the filament is not guided by the shape
of the nozzle during extrusion. This increases the variability of the results. However,
especially for relatively large nozzles sizes, these variations are smaller compared to
the diameter, hence the technique is effective in manufacturing filaments of a diameter

smaller than the nozzle diameter, although not recommended.

The recommended range of diameters that can be obtained with the technique presented
is [dnogzles 2dnozzle]. This ensures minimum variability in the results. Additionally, this
is a length scale that cannot be achieved otherwise with an off-the-shelf 3D printed. It
could be argued that in some cases by extruding multiple adjacent filaments, an effect
similar to that obtained with our technique can be achieved. However, that would only
produce strands with a width that is a multiple of the filament diameter. It would not
be possible to manufacture filaments with a width in the range [dnozzle; 2dnozzle]. Addi-
tionally, multiple adjacent filaments would only increase the width of extruded material,
while the thickness would remain constant. The technique we developed and presented
overcomes both of these issues: we can achieve filaments in the range [dnozzles 2dnozzle)
and, even accounting for the filaments to be elliptical, an increase in thickness is also

achieved.

Measured data for the diameter of the fabricated filaments align well along a linear trend
based on simple incompressible material flow continuity, for nozzles of different diameter
covering a wide size range. Three parameters «a, ag, ap, describing (i) gain in diameter
over its smallest value, (ii) gain in axial stiffness F A, and (iii) the gain in bending stiff-
ness FEI, respectively, were defined. The maximum values of these are intended to be
approximately o™ ~ 3, ag'™ ~ 9 and o™ =~ 81 if extruded cross-section remained
circular. This is practically compromised because of the flattening of the extruded mate-
rial, which lowers the bending stiffness of the extruded filament significantly. Ellipticity
was estimated by measuring the major diameter microscopically and weighing the sam-
ples. In spite of flattening, which practically reduces capability of under-extruding and
over-extruding, aggﬁipti cal & 4 and ag,?l(liptical ~ 14 was achieved. The general capability
of the proposed approach of adapting the diameter of extrusion was demonstrated on two
different 3D-printing hardware. Finally, a simple proof of concept showing point-to-point

spatial variation in the diameter of FDM extruded filaments was presented.

Having successfully established the capability of the proposed process to enable tailoring
of stiffness of extruded material significantly, the possibility of additively manufacturing
structures that possess continuously varying stiffness opens up. This is taken up in the

next chapter.



Chapter 4

Analysis, manufacture, and
characterisation of structures with

spatially varying stiflness

We introduced a novel approach to extrude material with a diameter different from the
nominal bore size of the nozzle in the previous chapter (chapter 3). The demonstration
of the process capability was for a single filament with constant diameter that is different
from the nominal nozzle bore size. In this chapter, we control the spatial variation of the
diameter by a prescribed function and fabricate a structure with continuously varying
stiffness. Given the functional dependence of the spatially varying diameter, flexural
response of such structures is theoretically obtained. A mathematical model for the
response of films with variable diameter along one direction is derived and presented in
the first part of this chapter, while in the second part, an experimental characterisation of
structures of spatially varying stiffness is carried out. Following the successful fabrication
and validation, in the third part of the chapter, a host of mathematical models have been

developed for functionally graded lattices.

Lattice structures with uniform filament stiffness have been studied in Cuan-Urquizo
[2016]. However, the introduction of functional gradation in our work poses new manu-
facturing and modelling challenges. This chapter develops models for such lattice struc-
tures with spatially varying stiffness. We will focus mainly on bending properties, often
the most important mechanisms of deformation. A mathematical model that can predict
the behaviour is sought because it would be desirable to assess the stress and deflection
response of the final product at the stage of design, before it is manufactured. A simple
theory, allows to have a quick, quantitative understanding of the response. Simple models
that capture the essential behaviour of a structure are useful for practical applications
as they are often amenable to analysis and also often contain sensitivity information

analytically. Models of increasing complexity can be developed when the need for a

81
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Figure 4.1: A close-up view of a lattice structure that we have manufactured.

The four layers of this structure are clearly visible. The large spacing between
filaments allows to better appreciate the internal architecture.

.

better quantitative analysis arises. For the experimental characterisation, we will first
present how the manufacturing technique proposed in the previous chapter can be used
to produce structures with continuously varying stiffness. The structures considered are
the usual regular arrangement of filaments as in Figure 4.1. However, in this chapter
we will attempt to introduce a continuous gradation in the properties of the filaments
along one direction. Then, we test the manufactured films and compare these results to
those obtained from analysis. These laboratory experiments can inform us both on the
effectiveness of the fabrication technique as well as how well the mathematical model

derived can predict the mechanical behaviour of such structures.

4.1 Spatially varying lattice spacing vs spatially varying

strut stiffness

Lattice structures are frequently described by apparent deformation and properties. The
apparent properties of a lattice or micro-structured solid refer to the homogenised proper-
ties that would give the same response of the structure, if the properties of the continuum
had some effective values. For lattices with spatially varying properties, as presently is
the case, such apparent properties would also be spatially varying. Before we develop
continuum models for such spatially graded lattice structures, we discuss the mechanisms

of strut deformation and their relationship with the overall (i.e. apparent) deformation
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of such structures. We also highlight the important distinction between lattices that have
been obtained by variable filament spacing vs those with uniform spacing but variable

stiffness properties along the filaments.

Mechanisms of strut deformation in lattice structures

The overall deformation of lattice structures is associated with various deformation mech-
anisms of the constituent filaments in their internal architecture. The deformation mech-
anism of struts results in a different apparent deformation of the lattice. In figure 4.2(a),
it is illustrated that when the apparent deformation of the lattice is shear, the struts are
in bending. In the same way, figure 4.2(b) show that when the apparent deformation
of the lattice is bending, the filaments actually deform in tension and compression. In
particular, filaments above the neutral axis, shown in blue, are in tension. Filaments
below the neutral axis, shown in red, are in compression. In these figures, the apparent
response of the structure is shown on the left, in grey, and the micromechanics of the
deformation of the filaments is shown on the right. In yellow, the cross-sections of fila-
ments running perpendicular to the plane of the paper appear in their end views. The
arrows represent the relative movement of these struts during elastic deformation. The
bending of lattice structure is, in general, a combination of these two mechanisms of

strut deformation.

Bending of lattice beams involves bulk flexure and apparent shear of the structure. A
model that only accounts for the flexure of the lattice can describe with enough accuracy
the behaviour in case of small spacing between the filaments, or small displacements.
On the other hand, the apparent shear of the lattice is significant when bending in the
filaments becomes non-negligible, as in the case of large spacing. In this chapter we
present the first step in developing a model of this kind, in which we consider a structure
where the mechanical response is dominated by the bending of the lattice, neglecting the
contributions due to shear. Apparent lattice shear, which manifests as filament bending,

can be accounted for.

Lattices with non-uniform strut spacing

A way to grade the properties of lattices that has been used in the past is to progressively
change the lattice spacing. For instance, the spacing could be uniform, as in figure 4.3(a),
or could linearly increases, as in figure 4.3(b). This approach is valid to vary the porosity
of the lattices, however, the bending properties in the direction of variable spacing are not
affected by this change. It so turns out that the filaments running parallel to the y-axis
do not participate in bending that occurs in the z—z plane. It was established [Berariu,
2016] that the filaments running parallel to the z-axis dominate the apparent lattice

bending. Hence, the pattern in figure 4.3(b) is not a valid solution to realise bending
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(@) Bending of filaments
Apparent shear of lattice

Tension (L), compression (R) of the filaments

Bending of lattice

Figure 4.2: (a) - Apparent shear of the lattice (left) due to bending of the
filaments (right); (b) - Bending of the lattice (left) due to tension/compression
of the filaments (right).

stiffness variation in the z-direction, as could be mistakenly assumed. Indeed, it could be
shown that such a variable spacing in the z-direction leads to stiffness variations in the
y-direction—the reason being bending in the y—2z plane is unaffected by struts running
parallel to the z-axis. In this work, we tailor the stiffness of the lattice in the z-direction
by being able to continuously vary the bending stiffness of each filament running parallel
to the z-axis. This would be achieved by realising spatially varying filament diameter,
which we have been able to physically realise using 3D printing, using the approach
of continuously variable extrusion from fixed bore nozzles, as presented in the previous

chapter.

4.2 Mechanics of lattices with spatially varying stiffness

A novel technique to print functionally graded lattices was described in Chapter 3. Such
fabrications are inspired by the potential of using materials with spatially varying proper-
ties. Therefore, there is a scientific need to understand the mechanical properties of such
lattice structures. Here we develop simple models that provide response of such func-
tionally graded structures. A mathematical model for lattice structures under bending

was developed by Cuan-Urquizo [2016], but only for the case of filaments with uniform
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a) constant spacing b) graded spacing
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Figure 4.3: (a) Top view of a sample where the filaments running vertically are
equally spaced. (b) Top view of a sample where the filaments running vertically
are linearly spaced. The response obtained when bending these films along the
long filaments (i.e. in the x — z plane) is the same, as the position of the
vertically-running filaments does not affect the bending stiffness of the long,
horizontal filaments.

bending stiffness, i.e. with constant cross-section. Here, we develop models that expand

the capabilities of the available models to lattices with variable-diameter filaments.

Here we restrict ourselves to an orthogonal criss-cross of two layers of struts first. The
out-of-plane bending response of such a flat two-dimensional lattice is considered first.
Following this, we will proceed to experimentally characterise the manufactured films in

the next section.

4.2.1 Assessment of spatially varying stiffness from post-buckled bent
shape of a structure

Having established the feasibility of fabricating structures with spatially varying stiff-
ness opens up the possibility of experimentally testing the response of structures with
variable-diameter filaments and comparing them against analysis. When the struts in
the length direction of a bi-layer structure (length much greater than the width) have
spatially varying stiffness, the bent shape would be asymmetric even for a loading that is
symmetric with respect to the centre of such a structure. We will address manufacturing
later in this chapter, while we focus here on testing methodology. While 3-point and
4-point bending tests are a popular choice for experiments, due to the softness of the
bi-layer lattice structure, the experimental determination of the asymmetric bent shape
is difficult. Instead, the sought asymmetry could be easily brought out by buckling the
bi-layer structure and observing it in its edge view, where the asymmetric bent profile

can be recorded and characterised.
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Motivated by this, we carried out buckling experiments to observe the asymmetric post-
buckled bent shape. In this section, we develop a theory to determine such asymmetric
buckling mode shapes of a structure with axially varying stiffness. The results of this
theoretical analysis will be compared with experimentally measured asymmetric profiles.
Note that the theoretical analysis is kept simple, i.e. linear buckling modes are obtained
here, which is valid for small post-buckled deflections, whereas experimentally observed
post-buckled shapes have significant transverse deflection. Still, it is reasonable to make
such comparisons without getting into the higher order effects such as non-linear post-
buckling modes. Only mode shapes, and not the buckling forces, are of our interest, as

they confirm the successful fabrication of spatially varying stiffness within the lattice.

The analysis presented here is adapted from Wang et al. [2005], where the solution for the
case of Euler Column with variable cross section under end concentrated load is derived.
Since the struts running perpendicular to the loading direction do not participate in the
deformation, their contribution to the mechanics is ignored, if we assume the bi-layer
to undergo cylindrical bending (unlike that of plate bending where Poisson-coupling
between the two curvatures takes place). Euler column buckling with axially varying
cross-section is described by

d? d?w d?w
— |El(x)—= P— = 4.1
i s ] + 0 (4.1

dz?
where x runs along the axis of the column, w(x) is the post-buckled transverse deflection,
EI(x) is the variable stiffness as a function of axial position—a consequence of the vari-
able cross-section—and P is the compression load. This is a second order linear ordinary
differential equation with non-constant coefficients. Note also that the variable coefficient
term E(x) is inside the outer double differentiation. Double integration of equation 4.1

gives the following non-homogeneous second-order linear differential equation

The solution to this non-homogeneous differential equation can be written as a sum of the
complementary function associated with the homogeneous part, wy(z), and a particular

solution wy(z) = % + %x; the sum of these gives the complete solution

w(z) = wp(z) + % + %m, (4.3)

where wy () is the solution to the corresponding homogeneous equation

d2wh
da?

EI(x) + Pwp, = 0. (4.4)
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If we now write the expression for the bending stiffness EI(x) of a column with circular

cross section, using a radius that varies linearly, r(x) = B + Ax, we obtain

Er

Bl(z) = E7r'(z) = =~

: (B + Az)*, (4.5)

which can be rewritten using the substitutions

EnB
= 4.6
o= (46)
—A
b= — 4.7
B Y ( )
as
El(z) = a (1l —bx)*. (4.8)
This can be used to rewrite the homogeneous equation 4.4 as
dw
4 h
a(l—bx) 12 =0. (4.9)

Note that the stiffness here is that of a single column. For this reason, as we will see for
the laboratory tests, this result will be used with structures that are made up of a single
layer of filaments along the z axis. The modelling of the response of structures with
more layers will be dealt with in the last part of this chapter. The solution to equation
4.4 can be found in Murphy [1960|. Plugging the homogeneous solution into the general

solution 4.3, we have

w(z) = % + % b (2) + CaV (=), (4.10)

where

4.11
4.12
4.13
4.14

z(x) =1— bz,

k
U (z
YV (z

fJ 1/2(\/> 1)7

(
i (
(
Vz Jip(VEzTh, (

)

)
) = )
) = )
and J represents Bessel functions. It is worth noting that this solution is valid under the
assumption that 1 — bx > 0, which needs to be checked. To do so, we need to consider
the expression for r(z) = B + Az. When the radius varies linearly, the case here, along

a length L from a value 7o > 0 at one end to a value of r; > 0 at the other end, the
values of A and B would be:

r —7To

A= (4.15)

B =ry. (4.16)
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Because of the fact that B = rg > 0 and remembering that b = %, the assumption
1 —bx > 0 is equivalent to B + Ax > 0. This is always true as the value B + Ax =
r(x) which cannot be negative. It is now possible to apply, to a structure of length L,
four boundary conditions (pinned ends) in order to find the critical loads. This means
writing a system of four equations in four unknowns, which leads to a set of homogeneous
algebraic equations. For non-trivial solutions, the determinant must be set to zero. The
expression for this, found in Wang et al. [2005], is % [z(L)]¥[2(0)] — ¥'[2(L)]% [2(0)] = 0.
The critical buckling load is thus obtained as

an?(1 — bL)?n?

= (4.17)

Pcm’t,n =

Buckling mode shape corresponding to P11 can be obtained by determining the con-
stants C'1, C2, C3 and C4 in 4.10 up to an undetermined arbitrary scaling. The nature of
the problem, does not allow for all the constants to be found: the calculation of the crit-
ical loads is carried out by setting to zero the determinant of the system of the boundary
conditions. This means that one of the four equations can be left out as it is linearly
dependent on the other three. The system of boundary conditions reduces to a system
of three equations in three unknowns with one constant chosen arbitrarily—in this case,
set to 1. The three boundary conditions that are kept are w(0) = 0, w(L) = 0 and
w”(0) = 0, with the constant Cy set to one. Solving this system, the constants become

C1=0,Cy=0,C3 =tan [(bLLT;')”} and Cy = 1. The buckled shape is then obtained as

V2bL(bx — 1) sec [ ] sin [%

m/L[b] — bL2[0]

This result only depends on the parameter b, a measure of the gradation of the column

. [L-1)x
w(z) = tan [L|b|

] U () +V(2) = ] . (418)

(see equation 4.5). Fixing the length L, it is now possible to plot the buckled shape
assigning a value to the parameter b. As an example, in the case of a diameter that
varies from r; = 0.8 mm to r9 = 0.4 mm along a length L. = 100 mm, we obtain—using
equations 4.7, 4.15, 4.16—that b = —0.01. Figure 4.4 shows that with b approaching
zero (setting b = 0 is not possible due to sec [%] in the expression for w(x)), the shape

becomes more and more symmetrical, a quick and effective way to check the model.

4.3 Measured asymmetric profiles for lattice structures with

axially varying stiffness

A simple bi-layer structure, with variable-diameter struts, is tested to record the post-
buckled bent profile. This is followed up with comparisons with the theoretical predic-

tions presented in the previous section. In the previous chapter, the fabrication technique
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Figure 4.4: A plot of the buckled shapes, equation 4.18, with different values
for b (b = —0.001, b = —0.05, b = —0.1). This shows that, when b approaches
zero, the minimum is closer to the line through the midpoint, dashed line. This
indicated that the asymmetry decreases, as expected.

was proposed to realise variable extrusion using fixed bore FDM nozzles. Here continu-
ously varying struts are fabricated within lattices, the spatial variation in a lattice only in
its length direction. Such bi-layer functionally graded filaments have been manufactured.
Buckling profiles are easy to characterise. By contrast, spatial variation of asymmetric
response in tension/compression is very hard to capture experimentally. Likewise, 3-
point and 4-point bending tests were abandoned due to practical difficulties encountered

in ensuring correct support conditions and also in capturing the bent profile.

4.3.1 Fabrications of bi-layer lattices with uni-axially varying bending
stiffness

The proposed approach of 3D printing variable stiffness extrusions, as presented in the
previous chapter, enabled us to drive the manufacture as per a chosen function for
diameter variation along the print direction with smooth transitions due to the flow
nature of the molten polymer. If we imagine a single filament of length L, we can obtain a
variable diameter by dividing this filament into sub-segments—similar to discretisation in
numerical analysis, and extruding each sub-segment using a different value of the intended
diameter as demanded by a specified function according to which functionally graded
structure needs fabricating. The fabricated extrusion is smoothened further because of
the rheology of the extruded material in its molten state. The resulting filaments are
then a concatenation of short extrusions of fixed but different diameter, smoothened by
the fluid-like properties of the polymer. Due to this we do not have the perfectly linear
variation that we assume (r(x) = B + Az), however, the aim of the work is to establish
whether the variation in the diameter introduced is mechanically continuous. This means
that we aim to find out whether the mechanical response of the lattice under bending

can be predicted by assuming continuous variation in the diameter of the filaments. If
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this is true, then we say that we have achieved continuous variations in the properties

and the diameter.

The samples used for these tests have two layers. Filaments in one layer run in the x
direction and are graded in that direction. Filaments of the other layer run perpendicular
to the first. The films have been manufactured using a feed rate F ~ 1100 mm min "
and an extrusion temperature of 210°C. Two different samples were manufactured,
coarse or fine, depending on the spacing between the filaments (see figures 4.5 and 4.6).
The coarse samples are identified by the letter C and are characterised by a spacing
between the filaments s ~ 3.2 mm, see figure 4.5. The fine samples, denoted by letter F,
have smaller spacing between filaments, s ~ 1.6 mm, as can be seen in figure 4.6. For
each of these two types, six samples with three different specified gradations (variation
in diameter from one end to the other) were 3D-printed. Samples denoted by type 0
have no variation, which are then constant stiffness samples; two samples of type 1
have been printed, with 0.35mm < diptended < 0.6 mm, and two samples of type 2,
with 0.42mm < diptendeda < 0.6mm. To further clarify the notation with examples,
sample 1F would identify a sample with small spacing (identified by F), printed with
0.35 mm < diptended < 0.6 mm (identified by 1); sample 0C would identify a sample with

no gradation (dintended = @nozzle = 0.4 mm) printed with large spacing.

4.3.2 Methodology for the laboratory tests

Experimental test were performed on the bi-layer samples described in the previous
section. One layer is made up of graded filaments (z direction), the other orthogonal
layer, is formed of non-graded filaments (y-direction). A total of twelve lattice films were
manufactured using the process developed, and tested past buckling using a Tinius Olsen
H5KS Benchtop Tester in displacement control mode. The sample was placed between
two flat plates which were then brought closer together by 12mm. This allowed the
samples to buckle, and the deformed shape was captured with a camera. The samples
were photographed in their edge view to capture the buckled profile (see Figure 4.7).
Every effort was made to minimise the effects of parallax error. The next steps involve
the use of a software, WebPlotDigitizer [2010], to extract the data points from the images
and plot the experimental profile against those obtained with the analysis presented in

the previous section.

In addition to demonstrating the fabrication capability of continuously varying extrusion
in FDM 3D-printing, a purpose of experimental measurement of the bent profile is also
to validate the analysis for this class of functionally graded structures. The mode shape
associated to the first critical load is used for comparisons. Since the amplitude of mode
shapes is arbitrary, both the experimental and theoretical buckled shapes have been

normalised using their respective maximum deflection for shape comparisons.
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Figure 4.5: The coarse sample used in the buckling tests has two layers, the one
in the x direction is graded. The spacing between filaments is large (compared
to the other sample).

Figure 4.6: The fine sample used in the buckling tests has two layers, the one in
the = direction is graded. The spacing between the filaments is smaller.

4.3.3 Measurement of asymmetric out-of-plane response for variable
stiffness bi-layer lattices

We now describe the laboratory set up for the experiments and show the results obtained,
followed by a comparison with the theory developed in the previous section. Within a
tensile testing machine equipped with two flat plates, samples were put vertically and
compressed until buckling occurs. Once the sample buckles, an image of the profile
was taken. An example is presented in figure 4.7. The images were then processed to
obtain the shape of the profile. To do so, the images such as those shown in figure 4.7,
were uploaded on WebPlotDigitizer [WebPlotDigitizer, 2010]. On this web-based image
processing tool, it is possible, in three simple steps (figures 4.8, 4.9, 4.10), to place points
on the images and get the coordinates with respect to a reference. In step 1, figure 4.8,
the rulers in the images are used to set a known distance between two points so that

a scale and direction for two axes can be defined; in our case, resulting in a scale of
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Figure 4.7: Step 0: test set up. Figure 4.8: Step 1: calibra-
The sample is compressed un- tion of the coordinate system
til it buckles. The picture is selecting four points on the im-
taken from the front to study age and assigning their dis-

the profile. tance (based on the rulers).

Figure 4.10: Step 3: data
acquisition. Once the points
have been selected, their coor-
dinates are exported for post-
processing.

Figure 4.9: Step 2: sampling.
Clicking on the image, points
are created with respect to the
coordinate system of the previ-
ous step.

approximately 114 pixels/cm. In step 2, figure 4.9, the user selects points on the image.
In step 3, figure 4.10, the coordinates of these points are exported to a text file that
can then be post-processed. The exported data can now be used to plot the deformed
shapes. With a simple transformation of coordinates, the shape can be plotted on an z—y

coordinate system that matches that of the theoretical model, for ease of comparison.

Results obtained are shown in figures 4.11 to 4.15. Note the asymmetric curvature for
both theoretical and the measured bent profiles. The computed profile also shows greater
curvature on the left side of the plot, where the stiffness is lower, as expected. Successful
prediction of the bent profile and asymmetry of the shape confirm the modelling and
manufacturing capabilities presented here. We start by comparing films of type 1 labelled
with C, Figure 4.11—where the spacing is s &~ 3.2 mm—to those labelled with F, figure
4.12—where the spacing is s & 1.6 mm. The Mean Square Error (MSE) will be used in
the following as a mean of comparison and is defined as the averaged sum of the squares
of the distances between theoretical and experimental results. The MSE is smaller for the
C-films, where the average is MSE = 0.00129 between the two samples, compared to the
F-films, characterised by an average MSE = 0.00335. The coarse samples giving the best

match may hint at the fact that the interaction between transverse filaments, ignored
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Figure 4.11: Comparison between the mathematical model (solid line) and the
laboratory results for two coarse samples of type 1. The dashed line marks the
midpoint of the sample. The average mean square error of these two films is
MSE = 0.00129.
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Figure 4.12: Comparison between the mathematical model (solid line) and the
laboratory results for two fine samples of type 1. The dashed line marks the
midpoint of the sample. The average mean square error of these two films is
MSE = 0.00335.
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Figure 4.13: Comparison between the mathematical model (solid line) and the
laboratory results for two coarse samples of type 2. The dashed line marks the
midpoint of the sample. The average mean square error of these two films is
MSE = 0.000604.
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Figure 4.14: Comparison between the mathematical model (solid line) and the
laboratory results for a coarse sample (MSE = 0.00262) and a fine sample
(MSE = 0.000978) of type 1, in case of large displacement. The dashed line
marks the midpoint of the sample.
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Figure 4.15: Comparison between the mathematical model (solid line) and the
laboratory results for a coarse sample of type 2, in case of large displacement.
The dashed line marks the midpoint of the sample. The mean square error is
MSE = 0.00113.

in this analysis, may become relevant the smaller the spacing. Next, we compare coarse
films (C-films) of type 1, figure 4.11, and type 2, figure 4.13. We remind that films of
type 1 have a variation in the diameter of their filaments 0.35 mm < djptended < 0.6 mm,
while films of type 2 are characterised by 0.42 mm < diptended < 0.6 mm. The best match,
in this comparison, is for the films of type 2, where the average MSE = 0.000604. This
suggests that the variation in diameter for filaments of type 2 is more consistent with
what is expected, while for samples of type 1 the expected range in diameter may not
be reproduced correctly by the 3D printer. The reason for this may be the inability of
the 3D-printer to cope with the commands when the variation is large or the inaccurate
diameters for under-extruded filaments. We can observe that in figures 4.11 and 4.12, the
mathematical model predicts slightly more asymmetry than the corresponding laboratory
results. This can be an indication of the fact that the variation in the filament diameter

of the printed samples is smaller that expected.

Potential discrepancies between theoretical and laboratory results can be attributed to



Chapter 4 Uni-directionally graded films 95

three main sources. One of them is the measurement error. The second is modelling
error, i.e. there are known unmodelled mechanics such as the presence of shear. Finally,
it is hard to make measurements for infinitesimal transverse displacement, which means
that the measured profile has non-linear effects in it, whereas the theory used is linear.
Considering all these, the match between the theoretical profile and the experimentally

measured ones is excellent.

To highlight the last point, results obtained for large displacement, figures 4.14 and 4.15,
are shown. Excluding films of type 1 with smaller spacing,where the MSE was very
large for small displacement as well, the other films all show a worst match in the case
of large displacement. The linear mathematical model does not use large displacement
analysis. Mode shapes obtained with linear analysis depend only on the variation in the
diameter, which gives more or less asymmetry (figure 4.4), on the other hand, for large
displacements, the amplitude of the displacement should also be a parameter for the
mode shape. The mismatch in this case is different from the mismatch visible in figure
4.11, for example. In that case, we obtain a result that is less asymmetric than expected
due to the variation in diameter not being reproduced correctly; in this case, instead,

the asymmetry is not the main issue, rather, the shape is.

4.4 Analytical response calculations for functionally graded

lattice structures

Having presented feasibility to fabricate functionally graded lattice materials, and vali-
dated a theory for a simple 1D problem of a bi-layer lattice flexure, we are ready to look
at a host of problems in this class of functionally graded lattice materials. The rest of
this chapter is devoted to such analytical studies. All the problems considered here are
within the scope of 1D elasticity. No experimental validation of any of the theoretical
work presented in the remaining part of this chapter will be carried out. In the next
chapter, a bi-directionally graded film will be considered, where fabrication, testing and

computational modelling will be carried out.

The following suite of problems concerning lattice elasticity are considered now: (i)
bending of lattice beams with several layers, each filament being functionally graded; (ii)
lattice beam response with apparent spatially varying bending stiffness; (iii) compression

of woodpile lattice structures.

4.4.1 Apparent flexural properties of lattices made of variable diame-
ter filaments

Filaments stacked in a woodpile arrangement are frequently used in many applications.

Their mechanics is of great interest. In this subsection, we consider the bending response
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of a slender structure with internal architecture as of a woodpile.

Apparent elastic properties are convenient to describe the elastic behaviour of architec-
tured materials. The structured matter is imagined to be loaded remotely. The response
can be viewed as one of the apparent strain in the lattice. This apparent strain may not
be related to all of the material points in the lattice structure, rather it is due to the
displacement field at certain key points in the lattice. The apparent elastic properties
relate the apparent strain quantities with the remote stresses applied. The bending stiff-
ness of a solid slender structure is given by B = EI, where E is the Young’s modulus of
the material and I is the second moment of area of the cross-section around its neutral
axis. Here we determine the apparent bending stiffness of a slender lattice structure
(B) = E(I). We want to find an expression for (I) such that, multiplied by the Young’s
modulus of the base material (material of which the filaments are made), it gives the
apparent bending stiffness of the lattice. This model has been developed here for func-
tionally graded lattices, hence the bending stiffness depends on the position z along the
length, given by (B) () = E(I) (z).

Figure 4.16 shows a unit cell of the lattice. This cell is not strictly repeated as it is,
which is usually the case when the term unit cell is used, rather, the diameter of the
blue filaments changes based on the position of the cell within the film. We refer to the
filaments running in the x-direction, in blue, as participating filaments, for the reasons
described in Section 4.1. The assumption made is that the dimensions of a cell, given
by dx, dy and dz, are constant. The diameter of the filaments running along the length
vary and the diameter of the perpendicular filaments, in grey, is chosen so that the cell
dimensions are kept constant. The radius of the filament that does not participate in
bending at z = xg is chosen as % —r(xp), where r(xg) is the radius of the participating

filament at = x¢. The bending moment, M, is acting on the xz-plane.

Having introduced the single cell and its dimensions, consider the end view of the cross-
section of the lattice, shown in figure 4.17. The blue circles represent the cross-sections
of the filaments participating in bending, while the grey filaments, running transversely,
and they do not contribute to lattice deformation. The number of active filaments in
the y and z directions are IV, and N, respectively. Taking one single stack of filaments,
hence, one of the IV, we obtain figure 4.18. In the following calculations, it is necessary
to divide the cases of odd (figure 4.18(a)) and even (figure 4.18(b)) number of filaments
in the stack, N,. We will refer to these cases with the subscripts ODD and EVEN.

Consider figure 4.18. We separate two cases: when IV, is an odd integer, or when it is
even. In the first case, shown in figure 4.18(a), we can sum the second moment of area
of the red coloured circle with the second moment of area of the blue coloured circles.
The second moment of area of the red circle can be immediately found as it lays on the
neutral axis; the second moment of area of the blue circles, instead, must be found using

the parallel axis theorem. When N, is an even integer, as in figure 4.18(b), no circle
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Figure 4.16: A cell of the lattice. The participating filaments, those running
in the z-direction, show a continuous variation in their diameter; the filaments
running in the y direction, which do not participate in bending, are of a diameter
that ensures constant dimensions of the cell. The quantity dz is the distance,
in the z-direction, between the centres of non-participating filaments; dy is the
distance, in the y direction, between the centres of participating filaments; dz is
the vertical distance between the centres of participating filaments and is also
called layer height.

is on the neutral axis, so to account for the second moment of area contributions from

every circle, parallel axis theorem needs to be used. The expressions for the two cases

become
(Topp (#) = Ny | I(2) +2 > [1(x) + A(w) (id2)°] |, (4.19)
=1
Nz2—2 5
(Dgyven (1) =Ny |2 > |I(z) + A(z) (%H‘dz) ] , (4.20)
1=0

where () is the second moment of area of the cross section of one filament, at position

x, and A(x) is its cross-sectional area. Using the relations

Nz—1
2
. 1
i2 = ﬁNZ(NZ2 —1), (4.21)
i=1
Nz—2
2
-\ 2 1 2
(1+2i)* = ZN.(Ng — 1), (4.22)

=0



98 Chapter 4 Uni-directionally graded films

z |

l—y — N,=5

Y

Figure 4.17: Cross-section of a lattice structure. IV, is the number of blue circles
in the y-direction (5, in this example); N, is the number of blue circles in the z-
direction (3, in this example). Transverse filaments, in grey, are not contributing
to the bending stiffness.

(a) (b)

|

Figure 4.18: (a): end view of a stack of filaments in case of an odd number
of participating layers. (b): end view of a stack of filaments in case of an
even number of participating layers. Transverse filaments are shown in grey,
participating filaments in blue, and the participating filament whose cross section
lies on the neutral axis in red.
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the apparent second moment of area can be written as a single expression for both cases:

(I () = N,N, |I(z) + %d:f (N2 —1) A(z)] . (4.23)

Consider variable cross-section of circular shape, we have expressions for position depen-

dent second moment of area and the cross-sectional area as

I(z) = %«4(33), (4.24)
A(z) = mr¥(z). (4.25)

Thus, relation 4.23 now becomes:
(I) (z) = %NyNZ 314 (2) + dz2(N2 — 1)r?(2)] . (4.26)

This result allows us to treat the lattice architecture as a solid material characterised
by this property. The quantity E (I) (x) is the apparent functionally graded bending
stiffness of the lattice, where E is the Young’s modulus of the base material and (I) (z)

is the apparent second moment of area of the lattice structure.

4.4.2 Approximate flexural response of variable-diameter lattice
beams using Rayleigh—Ritz method

Here we provide an approximate solution based on an energy method known as the
Rayleigh-Ritz method. The approach is to write the displacement field in an assumed
form with some free parameters known as the generalised coordinates of the problem.
Following this, the total potential energy needs to be minimised with respect to these

unknown generalised co-ordinates, in order to satisfy equilibrium.

Equation 4.26 provides the functional form of the apparent bending stiffness of lattice
beams, as derived in the previous subsection. This can be written in the following form

as a function of the axial position z
(B) () = E{I) (x) = Exr'(z) + Ear®(x), (4.27)
where the two constants F7 and Es are given by

E; = nEN,N, /4,
Ey = Adz*(N? —1)/3.
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Figure 4.19: A simply supported beam is loaded with two moments M at the
two ends. The coordinate = goes form 0 at the left support to L at the right
support. We are interested in the transverse displacement w(x).

If we assume that the radius of filaments within the lattice varies linearly with z, i.e.
r(x) = B 4+ Az, we can further rewrite (B) (x) as:

(B) (x) = E1(B + Az)* + Eo(B + Ax)?. (4.28)

In this section we obtain the bending response of lattice beams with filaments of axially
varying cross-sections, with bending stiffness given by equation 4.28. The aim is to find
an approximate solution for the transverse displacement w(x), see figure 4.19, with an
approach on the lines of the Rayleigh—Ritz method. A filament—represented by the
dashed blue line—is supported between two ends and is loaded by two end moments M
acting on the xz-plane. This causes the filament to deform transversely. The final bent
shape is represented by the solid blue line. Note that we expect the blue line not to
be symmetric with respect to its mid—point (its minimum is not at = L/2); this is
due to the functional gradation—a theme running through this thesis with regards to

manufacture, measurements and analysis.

The application of the Rayleigh-Ritz method starts with an ansatz: i.e. a family of
guessed functions for the vertical displacement w(x) that are kinematically admissible.
Then, we use the Principle of Minimum Total Potential Energy to find the configuration
at equilibrium and derive the values of the parameters. It is a requirement for the
method to choose the assumed basis functions so that they satisfy all the geometric
boundary conditions of the problem. The term geometric boundary conditions refers to

those boundary conditions dictated by the geometry of the problem. In this case, the
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geometry dictates that there cannot be transverse displacement at the two ends, hence
w(0) = 0 and w(L) = 0. The asymmetry in the deflection profile is a feature that we
want to capture, hence the family of function we choose must allow this. The easiest
functions to start with are polynomials in . The minimum order to respect the geometric
boundary conditions and the asymmetric behaviour is 3: a linear function cannot respect
the geometric boundary conditions and a parabola would be symmetric. The family of
functions that was chosen is then w(z) = ag + a17 + a22? + azx3. After the application

of the geometric boundary conditions, the cubic becomes
w(z) = z(x — L)(q1 + q22). (4.29)

This has two unknowns ¢; and go that can be treated as the generalised coordinates
of the problem following the proposed Rayleigh-Ritz approximation. The Principle of
Minimum Total Potential Energy, referred to as PMTPE in the following, states
that “out of all the possible displacements, the configuration of equilibrium is one that
minimises the total potential energy of the system”. In mathematical terms, it can be

expressed as

(1, qn) = min Tqr,... qn), (4.30)

where II = U+V is the total potential energy, sum of the potential energy and the poten-
tial energy of external loading; q1,...,qn are the generalised coordinates and ¢, ..., ¢,
are the coordinates of the configuration of equilibrium. PMTPE can be applied to find
qis--.,q,. Using variational calculus, one can show that a minimisation of II (in the
variational sense) with respect to the generalised coordinates is equivalent to satisfying

the following
o1l

— =0 i=1,...,n. 4.31

o (4.31)
This principle can be applied to the structure in Figure 4.19. First, we need to express
the total potential energy II of the system as a function of the generalised coordinates.
This is obtained by summing the potential energy U and the potential energy of external

loads V. The expression of the potential energy for a beam in bending is given by:

L
U— % /0 E (1) (2) [u0"(2)] de, (4.32)

where w”(x) = ‘(1127%’. The potential energy of external loading, V', equals the negative of

the work done by external forces. In our case, we have two moments M applied at the
two ends, so

V =-W = Muw'(0) — Mw'(L). (4.33)
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With the assumed form of the expression for w(x) that we have chosen (equation 4.29),

expressions for U and V' become:

L
U5 [ W@ @) -
1

L
= 2/0 [EI(B + AJ«")4 + E2(B + Ax)Q] [6g2x + 2(q1 — qQL)]2 dz, (4.34)

V = M[u/(0)] - M[w/(L)] = M-quL] — M[3¢2L* +2L(q1 — gL) — qu L) (4.35)

We can now apply the PMTPE to find the values of ¢} and ¢,. The results of partial

differentiation—obtained using Mathematica—are:

q = g: ; (4.36)
Ny = 5M [210B*E) + 560B°E1 AL + 42B° (17TE, A’ L” + 5E,) +
140B (3E1APL? + +2AF,L) + 94E1 A'L* + 1194 E, L% ; (4.37)
Dy = 2100B*Ef +8400B"E{ AL 4+ 280B°Ey (53E1A°L? + 15E,) +
+2520B° By AL (61 A*L? 4+ 5E») + 60B* (165E7 ALY + 273 B A E, L+
+35E3) +40B% (110E7 AP L® + 294E1 A E, L + 105AE3 L) +
+ 608> (22E7A°LS + 81E1AEy L + 49A%ESL?) + 1208 (2E7 AL+
+9E, APE,L° + TAPE3L?) + 20E7 APL® + 108E APE, Lo+
+ 105AYE2L%,; (4.38)
¢ = ng ; (4.39)
Ny = T0AM (2B + AL) (10B*E) + 10BE\AL + 4E1 A’L? + 5Ej) ; (4.40)
w(x) = —g:j ; (4.41)
f

Ny = 5Mxz(L — z) [210B*E; + 280B*E1A(2L — x) + 42B (EyA*L(17L+
—102) + 5E5) + 28BA (3E1A*L*(5L — 37) + 5E»(2L — z)) +
+A®L (2B, A*L*(47L — 28x) + TE»(17L — 102))] . (4.42)

These expressions can then be used to obtain the transverse displacement for a lattice
structure under bending, by simply giving values to the parameters within the expres-
sions. As an example, we consider the end view of the lattice as represented in Figure
4.17 and we set N, = 10 and N, = 3. We also set a length for the lattice L = 125 mm
and the moments applied are M = 0.5 Nm. The representative variation in the diameter
of the filaments running along the z axis that has been selected is a linear variation from
0.3 mm at the left end (z = 0) to 0.8 mm at the right end (z = 125). The bent profile of

such a sample is represented by a black solid line in figure 4.20. Similarly, the red line on
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Figure 4.20: In solid black, the transverse displacement of a lattice structure
with N, = 10, N, = 3 and L = 125mm plotted using the solution obtained
following the Rayleigh—Ritz method. The diameter of the filaments running
parallel to the z-axis varies from 0.3mm to 0.8 mm and the moments applied
are M = 0.5Nm. The red solid line has been obtained setting N, = 4, while
keeping the other parameters the same, and is then stiffer because of the extra
layer along the z-axis.

the same image has been obtained setting N, = 4. The rest of the parameters have the
same values just presented. The effect of spatial variation of stiffness is apparent from
the asymmetry of the deflection profiles. Further, since the stiffness increases from left
to right, the curvature is greater on the left half than that of the right half, consistent

with expectations.

4.4.3 Compressive stiffness of woodpile lattices in the stacking direc-
tion: shear correction for dense lattices

Consider the lattice in figure 4.21. It is compressed transversely by a pressure p and the
transverse filaments, represented by the circles, are at an offset from one layer to another.
Such woodpile lattices are known as staggered. Note also that the alternate layers may
not be symmetrically staggered, i.e. each piece of strut between two supports below is
loaded by a strut above, which is not symmetrically placed. This loaded elastic lattice can
be modelled by considering the single longitudinal filaments subject to periodic loading
and periodic supports. The underlying mechanism by which the response is dictated is
the bending of the filaments, when the lattice is in compression in the stacking direction.

This reduces this 3D compression problem to a 1D bending problem of a single filament.

The models found in literature so far are based on the Euler-Bernoulli beam theory.
In Cuan-Urquizo [2016], a study on the compression of woodpile lattices is present,
however, no contributions due to shear are accounted for. The main assumption is
then that a cross-section that is normal to the neutral axis before deformation remains
normal after the deformation. The ratio between the spacing between the supports

and the characteristic dimension of the cross-section—for example, the diameter for a
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8
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Figure 4.21: Front view of a portion of an infinite lattice under compression.
Each transverse layer is shifted with respect to the previous one.

beam with circular cross-section—is usually the quantity used to determine whether this
assumption holds. When this assumption does not hold, hence when the spacing is
comparable to the diameter of the filament, it is necessary to use the Timoshenko beam
theory to take into account the deformations due to shear. In the following, an example
explaining how to calculate whether shear is negligible will be shown. Before developing
a model for this scenario that involves variable diameter, a possible future work, a model
that includes contributions of shear is developed here, for a lattice with filaments of
constant diameter. The Timoshenko model describes the system using two quantities:
the transverse deflection w(x) as in the Euler-Bernoulli theory, and the rotation of the
cross-section, (). In the following, we adapt the Timoshenko model for the problem
of an infinite, periodic beam. This is an improvement on the available models, as well
as a step forward in the direction of functionally graded lattices. Another assumption
is that the supporting filaments do not deform: the circular cross-sections in figure 4.21
will remain circular after deformation, instead of accounting for the deformation of the

cross section due to compressive stresses.

The problem for half of the filament between two supports becomes that of a Timoshenko
beam—clamped at one end and loaded at the other by a point force. This is true when
the staggering is symmetric, because rotation at the supports is zero due to symmetry.

When that is not the case, supports can no longer be taken as rotation-free points and
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WA
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Figure 4.22: We consider a Timoshenko beam with periodic boundary conditions
to mimic an infinite lattice. A force F' is applied at a distance a from the left
support and at a distance b from the right support. The shaded area is the
portion of the beam that is modelled.

we need to solve the problem in two parts with four matching conditions at the point of

loading.

We start from the the displacement field u,(z,y,2) = —2¢(x), uy = 0, u.(x) = w(x),
where w(x) is the transverse displacement of the beam, ¢ (z) = w'(z) — ®(x) is the
rotation of the cross-section due to bending only, ®(z) is the shear angle of the cross-
section, and z is in the direction of the axis of the beam. Derivation is indicated as

follows: w'(x) = dﬁ;z). Using the expressions 0., = Eeyy, 052 = 2G€ss, €4 = —21'(2)

and €, = [w'(z) — ¢(x)], it is possible to evaluate the total potential energy as sum
of the potential energy of the beam U = %IL €;j0;;dV and the potential energy due to
external loading V' = —W = —Fw(L), if a force were applied at a distance, say L from
the reference end. Applying the PMTPE, §II = 0, yields the field equations

w’(x) —'(x) =0 (4.43)
P'(z) + [w’(m) — zp(x)} =0, (4.44)

where o = ”gIA. These equations, when paired to the correct boundary conditions, can

be used to solve one side of the system in Figure 4.22, that is, from a support to the
point load. Using one set of equations for each side of the beam and taking care of the
continuity of the solution in the point where the load is applied, a solution can be found.
In this context, x is again in the direction of the axis of the beam, with x = 0 at the left

support, £ = a + b at the right support.

The interaction between the filament under bending and the transverse filament on top

(Figure 4.21) is modelled as a point force, as in sketch 4.22. We then write two separate
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systems, one for each portion of the filament—the point force marking the separation—
and use continuity conditions to find the solution for the whole filament (the beam of
the Timoshenko model).

The left portion of the filament—from the leftmost support to the point-force—has length
a and ( is its local coordinate (¢ = 0 at the left support, ( = a at the point where the
force is applied). The quantities referring to this portion of the filament are characterised
by the subscript 1. The right side of the filament runs from the point where the force
is applied, £ = 0, to the rightmost support, & = b, and it has length b. The subscript 2

relates to quantities related to this portion of the filament. The field variables are:

(4.45)
P2(8), wa(§) <E<D,
that satisfy the following two sets of field equations
wi(¢) = ¥1(¢) =0, 1(Q) +a[wi(¢) =1 ()] =0 (4.46)
wy (€) — ¥5(§) =0, 5(&) + o [wy(§) — 1a2(§)] =0
The solutions are expressed in terms of 8 unknown constants ci, ..., cs as follows:
wi(Q) = e+ (e1 + ea) + 2¢7 = ¢
for0<(<a (4.47)
P1(¢) = 3+62C—%C2
wa(§) = cg + (5 +cr)€ + 52 ag5§
acs for 0 < ¢ <b. (4.48)
¥2(8) = er el — ¢

The correct boundary conditions must be applied to find the 8 unknowns. The 8 bound-

ary conditions are:

w1(¢=0)=0 (4.49)
wa(§ =b)=0 (4.50)
P1(¢=0) =12(§ = b) (4.51)
P1,(C=0) =2¢(( =) (4.52)
w1(¢ =a) =wy(§ =0) (4.53)
P1(¢=a) =2({ =0) (4.54)
P1c(¢ =a) =12e(6=0) (4.55)
Elofwi (¢ =a) —¢1(¢ =a)] = Ela|wye(§ =0) — (= 0)] + F. (4.56)

The first two, 4.49 and 4.50, are the kinematic boundary conditions, while the next two
are due to the periodicity: 4.51 imposes the continuity of rotation due to bending and

4.52 imposes the continuity of moment. The next four boundary conditions are due to
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the continuity at the interface, the point where the force is applied: 4.53 is the continuity
of vertical displacement, 4.54 is the continuity of rotation due to bending, 4.55 represents

the continuity of moment and 4.56 represents the continuity of shear.

The application of these boundary conditions leads to the linear system of algebraic

equations
- . 3 (
0 0 0 1 0 0 0 c1 0
0 0 00 b-te & p 1||c 0
0 0 10 Zo p 1 0f]e 0
0 1 00 ba -1 0 0 c4 0
T A _ , (4.57)
a 5 5 @ 0 0 0 1 cs 0
e g 1.0 0 0 -1 0] |e 0
—ao 1 0 O 0 -1 0 0 cr 0
i FEla 0 00 —Flaa O 0 0 ] es F}
. . _ bE _ bF _ b(—a?tab)F — - F
which gives ¢; = a@tnED ©2 = Q(Cﬂw, c3 = Wa g =0, 0 = _W’
a2 2 o :
6 = _%7 7 = %, g = %. Substituting these values into

equations 4.47 and making use of the single variable 0 < x < a + b for both portions of

the filament, we obtain the solution

_ bFz[12 — a*a — 22%a + a(b + 3z)a]

wy ()
12 b)ET
9 2(a +b)Bla for0<z<a (4.58)
() = bF[—a® — 6x° + a(b+ 62)]
ny 12(a +b)EI
ws(2) aF(b— z)(12 + aba + bax — 272%q)
2 =
12 b)EI
2(a+ ) QQ fora<az<a+b. (4.59)
vn(z) = aF(—ab+ b* — 6bx + 62°)
2 12(a + b)ET

It is now possible to plot the deflection profile resulting from the solutions of the two pairs
of equations, the solution being 4.58 and 4.59, after inserting values of the geometric and
materials parameters of the structure. We obtain the profile of the filament, together
with the rotation of the cross-section with respect to the vertical line. Figures 4.23 and
4.24 show the profile of the filament in blue, the rotation of the cross-section in solid
orange, and the rotation due to shear only in dashed orange. Figure 4.23 shows a case in
which the rotation of the cross-sections obtained with a Timoshenko model is comparable
to that obtained with the Euler-Bernoulli beam theory, as shear is negligible. On the
other hand, figure 4.24 shows a case where the rotation of the cross-sections predicted
by Timoshenko has a large contribution of rotation due to shear. Additionally, using
Timoshenko theory, the transverse displacement can have a discontinuity in its first

derivative at the point where the force is applied. The blue dots represent the position
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Figure 4.23: Case of a beam under bending where shear is negligible. The profile
of the beam is in solid blue, the rotation of the cross-sections due to bending is
in solid orange and the rotation due to shear only is in dashed orange. We can
see how the bending due to shear is negligible compared to the rotation of the
cross section.

of filaments that are below the plotted filament and act as supports. The blue triangle

represents the position of a filament in the top layer that acts as point force.

An interesting and useful relation is the ratio of potential energy due to shear to the
total potential energy. This would show how the diameter of the filament and the span
of the overhangs in the structure affect the contributions of shear. This can give an idea
of what parameters play a role in the potential energy due to shear, allowing to infer
whether a model with shear correction is necessary or not. We introduce the expressions
for the potential energy due to shear, Ugy, and the potential energy of a beam under

pure bending, Upp, using the quantities w(z) and ¢ (x):

a+b

Usyy = % /0 KGA [ (z) — ()] da, (4.60)
a+b

Upp = ;/0 e [/ ()] da. (4.61)

Using the solutions 4.58, these two expressions become:

abF?

Ustt = 5Gala T 0) (4.62)
2b2F2

UrB - (4.63)

T 24EI(a+b)
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Figure 4.24: Case of a beam under bending where the shear is not negligible.
The profile of the beam is in solid blue, the rotation of the cross-sections due
to bending is in solid orange and the rotation due to shear only is in dashed
orange. In this case, the rotation due to shear is an important component of the
rotation of the cross section.
To compare these two quantities, we consider the ratio
Usn 12E71
U = 20 . 4.64
SH,rel UPB G Aab ( )
This ratio can be rewritten as
41(7 + 6v)
USH,rel = Aab ) (465)
using the following expressions
E
G=—" 4.66
2(1+v)’ (4.66)
6(14+v
_ 80+ (4.67)
7+ 6v

where x is the shear modulus of a circular beam [Cowper, 1966] and v the Poisson’s

ratio.

Substituting the expressions for the second moment of area I = %7"4 and for the area

A = qr?

, we obtain the final expression for the ratio of energy due to shear to energy

due to pure bending, in terms of the radius of the filament r and the quantities related
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to the span a and b (and the Poisson’s ratio of the material):

7,2

UsH,rel = (7 + 61/)%. (4.68)

Assuming a Poisson’s ratio v = 0.36 (that of PLA material [Jamshidian et al., 2010])

this ratio takes the final form )
r

UsH,rel = 9.16%. (4.69)

Interestingly, this quantity does not depend on the ratio 7 = =

a+b’
but on the quantity Z—Z. This can be explained physically as follows. In the case of

as one might expect,

a beam of length [ = a 4+ b, with a transverse force applied at a distance a from the
left support—see figure 4.22, the contribution due to shear becomes relevant when «
is sufficiently small or when b is sufficiently small, no matter the length of the beam.
This is because in such cases, the force would be applied close to one of the supports.
We remind that this problem is equivalent to two cantilever beams joined at the point
where the force is applied, hence this would result in a short cantilever beam on one
side, where the shear would not be negligible. To provide a numeric example of this,
we consider a case where the span is | = ¢ + b = 10mm. We aim to find the range of
values of a that give Usp el < 0.1, given the value of r. With this example, the idea is
to simulate a situation where we consider the shear to be negligible if Usy < 10%Upg.
Mathematically, this translates to solving the following inequality (remember equation
4.69 and that in this example [ = a + b = 10 mm):

2
r
U, =9.16——— < 0.1. 4.70
SH,rel a(lO — a) < ( )
Rearranging the terms, we obtain
a? —10a + 91.6r% < 0. (4.71)

We can now fix values of r and solve this inequality. To start, we consider » = 0.2 mm.
In this case we obtain the solution 0.38 mm < a < 9.62mm (a symmetric interval with
respect to the midpoint of the beam). With r = 0.5mm we obtain 3.55mm < a <
6.45 mm. This means that the distance at which the force can be applied for the shear
to be negligible increases with the radius (i.e. the symmetric interval centred at the
middle of the beam shrinks). This is intuitively correct, as the ratio /a decreases when a
increases. This can be observed in figure 4.25, where we plot Usp rel (left side of inequality
4.70) as a function of r and a, together with the plane representing Uspyel = 0.1. The
intervals just found for a where Ugp re1 < 0.1 are also shown on this plot (green and blue
lines, the points represent the extremes of the intervals). Two observations can be made:
if we set » = 0.6 mm there is no real solution, meaning that no matter the choice of a,
the energy due to shear is not negligible; if we set @ = [/2 = 5mm, which is the limit

case of the shrinking of the symmetric interval, we can find the values for the radius that
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Figure 4.25: Plot of Usp rel, the ratio of energy due to shear to the energy due
to pure bending (left side of inequality 4.70) as the yellow-blue surface. The red
surface represents the case Usp el = 0.1. The part of the blue surface below the
red plane represents the case where Ugp el < 0.1 (i.e. the energy due to shear
is less than 10% of the energy due to pure bending). The green line in the plot
represents the range of values of a for which Usp el < 0.1, when r = 0.2mm.
The blue line represents the range of values of a for which Usp el < 0.1, when
r = 0.5mm. The black line represents the range of  that gives Ugsg el < 0.1
when a = 5mm (force is applied at the centre of the beam). The dots represent
the extremes of the interval of the same color (where Ugp ye1 = 0.1).

give Usn rel < 0.1, the black line on figure 4.25. Additionally, we note that » = 0.52 mm
(the black dot on the figure) is the minimum value for » that still gives Usp el < 0.1 for
a central load (¢ = 5mm). This means that for any greater radius, the energy due to
shear is never less than 10% of the energy due to pure bending, hence it is not negligible

by our definition.

4.5 Conclusions

The capability of variable extrusion demonstrated in the previous chapter was taken
forward to fabricate bi-layer lattice structures with variations in the stiffness of the struts

using prescribed spatial functions. Samples of such functionally graded lattice structures
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were tested in the laboratory and the asymmetric deflection profile was recorded. This
profile was seen to be in excellent agreement with theoretically predicted ones, based on

linear buckled shapes of lattice structures with spatially varying stiffness.

We have seen that the variation in the diameter is achieved by a concatenation of short
extrusions where the diameter is changed between extrusions but kept constant for each
extrusion. The flow-like properties of the molten polymer then ensure that these varia-
tions are smooth between extrusions with different diameter. This does not correspond
to a perfectly linear variation in the diameter, however, we use the linear variation in
the diameter as a model. We then verified that the mechanical response of the man-
ufactured part be in agreement with the model. This leads to the conclusion that the
manufactured part is mechanically continuous and the variation in the diameter can be

considered continuous for modelling purposes.

In addition to the analysis for bending response under buckling, in order to provide sup-
port to experimental observations, this chapter also provides a number of mathematical
models for the description of functionally graded lattices and films. A model for the
compression of lattices that includes the deformations due to shear is analysed by the
method of matched solutions for a general staggered lattice with significant shear effects

that are likely to become important for dense lattices.

In the next chapter, the manufacturing technique will be further expanded for the pro-
duction of films that exhibit variable stiffness in two directions. This poses a num-
ber of challenges which will be addressed and discussed. Additionally, bending profiles
post-buckling will be performed and compared with results obtained from finite element

analysis.



Chapter 5

Fabrication & characterisation of

bi-directionally graded lattice films

Structures with spatially varying material properties are of great practical interest. Such
structures with varying stiffness or strength were conceived primarily to optimise mate-
rial usage, because different parts of a structure are differently stressed, which requires
spatial variation in their apparent elastic modulus or failure stress for their optimal per-
formance. Such variation in properties is ideally desirable in all three directions. Having
demonstrated previously in Chapter 4, that FDM filaments with variable cross-sectional
diameter can be achieved by under- or over-extrusion, here we explore the possibility of
generalising this to two dimensions for a film-like structure. Manufacture as well as char-
acterisation of such 2D-spatially-graded lattice films will be presented in this chapter.
Chapter 4 dealt with spatial variation of stiffness in one direction, while the diameter of
filaments in the other orthogonal direction was kept fixed. Here, we modify the man-
ufacturing technique to be able to add a second layer of variable-diameter filaments to
explore the feasibility of the two layers bonded together during the FDM process, thus
providing bidirectionally graded films. An adjustment required for this is to account for
non-flatness of the first layer due to spatially varying diameter, before the second layer

could be placed.

Bi-directionally graded films fabricated in this work were characterised experimentally
for their mechanical response. This is essential to ensure the technique developed can
produce films whose property variation is as intended, before new possibilities of fabrica-
tion and application could be explored. A high number of subsequent functionally graded
layers is not ideal, due to the uneven layer height that they introduce as a consequence of
the variable diameter of the extruded filaments. However, a few well-placed functionally
graded layers within a larger object could be used to provide the additional freedom to
control both the local mechanical behaviour of the structure as well as its overall be-

haviour and response. Using these functionally graded layers as infill, would also avoid a

113
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Figure 5.1: On the left, a standard cube made with Solidworks, sliced using
Cura and 3D printed with using a nozzle of size 0.4 mm. On the right, a cube
obtained with a manipulated version of the G-code. It has been manipulated so
that the top half of the cube is printed with a thicker filament, 0.6 mm.

drop in the surface finish quality. Figure 5.1 shows the result of manipulating the G-code
of an object to introduce functional gradation throughout—as opposed to only its infill
or only in a few layers—as explained in section 3.5. The quality of the surface finish
of the cube on the right drastically dropped. This is the second main reason why these
functionally graded films are best used as infill. Alternatively, porous structures with no

external surface that might be affected could also be manufactured.

Theoretical characterisation of the stiffness of the fabricated films has been carried out
using finite element analysis. The purpose of this is to assess the predictive capability, so
that other similar structures could be designed without the need to test each structure
during a design search exercise. The possibility to manufacture films whose functional
gradation is effective and produces tangible changes in the behaviour of the film has
been shown with the experimental results. If consistency of the results between the
finite element analysis and the experimental results are observed, and the response is
robustly predictable, then it would further allow material microstructure design and

fabrication to suit bespoke needs.
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5.1 Fabrication of bi-directionally graded films

5.1.1 Methodology

Here we describe a method to manufacture lattice films with properties varying spatially
in two directions. Subsequently, the bending response of such a functionally graded
structure will be characterised experimentally. In the previous chapter, rectangular strips
with two layers were fabricated, in which the bottom layer had filaments with fixed
diameter. The next layer above this had variable diameter along its length. Now the
bottom later too has variable diameter. This leaves the top surface over which the
second layer needs depositing slightly inclined to the horizontal. This slope of the lower
layer needs to be accounted for while printing the top layer. We remind again that
we are interested in the mechanical response of the structure, hence we will use the
term continuous variation to indicate that the structure is mechanically continuous (i.e.
the mechanical response can be modelled by modelling its filaments as filaments with a

linearly-variable diameter).

The films fabricated were manufactured using a Prusa i3 MK3 3D printer [Prusa Re-
search, 2020]. The feeder material used is white, standard poly-lactic acid (PLA). The
dimensions of the square films are 100 mm by 100 mm, consisting of two orthogonal
layers. All extruded filaments were manufactured using the discretisation approach to
obtain continuously variable diameter as explained in Section 3.1.1, and programmed
within the range 0.7 mm to 0.4 mm. Two samples with the same intended structure were

fabricated and tested as described in the next section.

These films, however, cannot be printed directly on the print-bed of the 3D printer. The
use of a base layer to be subsequently removed becomes necessary to obtain the desired
filament diameters. This layer is slightly larger than the film fabricated for subsequent
mechanical testing as can be seen in Figure 5.2. The detailed reason for this procedure
is described in Section 5.1.4. Four layers need to be manufactured: the first two layers
serve as a sacrificial base, while the two subsequent layers are separated from the base
and used in subsequent studies. The two layers used to form the base are of square
shape, with each side of 120 mm length, made of filaments with a constant diameter that
corresponds to the nominal diameter of the nozzle, 0.4 mm. These filaments have spacing

of 1.25 mm, the same as that for the film on top.

The third and the fourth layers have filaments running along the x-axis and y-axis of the
printer respectively, and are printed using a variable diameter that goes from 0.7 mm to
0.4mm. To vary the diameter, the technique described in section 3.1.1 is used. Thus, each
of the 100 mm-long filaments is divided into 20 segments—which we refer to with indices
i =1,...,20—each printed with a constant value of the diameter d(i). The left-most of
these 20 segments, segment ¢ = 1, is printed with a diameter of d(1) = 0.7 mm. The right

most segment corresponding to ¢ = 20, has a diameter d(20) = 0.4mm. The diameters
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Extrusion temp. | Layer height | Feed rate | Fan Speed

(°C) (mm) (mm/min) | (% of max)
Layer 1: first layer of base 210 0.20 1000 60
Layer 2: last layer of base 210 0.32 2000 100
Layer 3: first layer of film 200 0.54 2000 100
Layer 4: last layer of film 210 0.32 2000 60

Table 5.1: Manufacturing parameters used to manufacture the film (third and
fourth layers) and the sacrificial base (layers one and two). The difference in
the parameters in each layer is dictated by the need to ensure proper adhesion
between layer 1 and 2, reduced adhesion between layer 2 and 3, and proper
adhesion between layer 3 and 4. This facilitates the detaching of the base from
the film after manufacturing and avoids damaging the film.

of the segments are calculated with a simple linear interpolation: d(i) = 0.7 — 93 (i — 1)
for 1 = 1,...,20. The flowing nature of the melted polymer during its deposition and
solidification results in a variation in the diameter that is considered continuous and
linear. Again, this assumption refers to the mechanical behaviour of such structure. If
the mechanical response of the film matches that of a film with continuous gradation,
then we can say that the film we manufactured is effectively continuous in this sense.
This is an hypothesis that will be confirmed by the matching of the results to the FEA
results. The second layer of the film has the same geometric characteristics as the layer
just described, only rotated 90 degrees anti-clockwise. This means that for this layer,
the filaments run along the y-axis of the printer (see Figure 5.2) and have a diameter of
0.7mm at the front end and 0.4 mm at the back end, with the same variation described
before, d(i) = 0.7 — 93 (i — 1) for i = 1,..., 20.

We now list the most important parameters used to print each layer, remembering that
the first two layers belong to the sacrificial base, while the third and fourth layers belong
to the film to be tested. Due to the presence of a sacrificial base which needed to be
removed before testing, the adhesion between the base and the film needed to be reduced
to facilitate their separation without damaging the film. We have achieved this by quickly
cooling the last layer of the base followed by a pause where the heated print bed would
turn off and cool down (2 minutes). The first layer of the film was then printed with an
increased layer thickness zj,. and reduced temperature, again to reduce adhesion, and
lastly, the last layer of the film was printed with an increased extrusion temperature and
decreased speed for the cooling fan to ensure proper adhesion between the two layers of
the film. The values for the parameters used for each layer can be seen in table 5.1. Note
the low layer height and low extrusion speed for the first layer to ensure the first layer
adheres to the buildplate.
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Figure 5.2: The 2-layer film of interest lies on two larger base layers. This allows
the film to be made of two layers with comparable diameters, as the layer printed
directly on the print-bed is thinner than the rest of the layers.

5.1.2 Characterisation of the overlap between filaments of different

layers

Practical 3D-printing of lattices with separated cylindrical filaments shows a finite patch
over which two cylindrical surfaces contact each other, rather than the mathematically
exact point contact between two rigid cylinders. The reason is that while 3D-printing,
the extruded polymeric material is still in a state of molten material, which adheres to
the layer below by spreading during solidification. This results in an overlap between the
two mathematically precise woodpile layers, to be accounted for by an overlap factor.
This is necessary because it affects the mechanical behaviour of the structure. If the
contact between transverse cylinders is modelled as a point, the cylinders are free to
rotate around that point, which adds a degree of freedom that is not present in the
manufactured part. This would consequently underestimate the rigidity of the structure
and overestimate the deflection. For this reason it is necessary to characterise the overlap
that is observed in the manufactured parts, so that the observed amount of overlap could

be implemented in the model, in an attempt to maximise fidelity.

When a filament is deposited over a previous layer during the printing process, it fuses
with the layer below by an amount that depends on many factors: mainly the extrusion
temperature, speed, layer height and nozzle diameter. Two SEM images, figures 5.3(a)
and 5.3(b), have been used to calculate a sensible value to use for this parameter. As a

measure of this fusion, which we will refer to as overlap, we use the ratio between the
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Figure 5.3: SEM images of the front view of a lattice, in the case of a large overlap
between filaments of subsequent layers, (a), and in the case of small overlap, (b).
Case (a) is achieved by setting the value for the layer height about 20% smaller
than the value for the filament diameter, while case (b) is achieved by setting
the value for the layer height close to the value for the filament diameter.

amount of the filament that is embedded in the other layer and the axis of the ellipse in
the stacking direction. As an example, for figure 5.3(a), the amount of embedded filament
is 66 pm, and the axis of the ellipse in the stacking direction is 504 pm: this results in
an overlap of 13.1%. For figure 5.3(b), the overlap is 7.3%. The main difference here
is in the layer height chosen. The layer height used to manufacture the films we test
in this chapter is close to the layer height used to obtain the sample in Figure 5.3(b),
hence an overlap value of 8% was chosen as an estimate for the manufactured films. In
the following, the diameter of the filaments in the second layer (dy) will be taken as

reference, hence the overlap will be taken as o = 0.08d».
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Figure 5.4: The four corners are referred to with a pair of letters depending
on the thickness of the two layers of the film at that corner. ‘I’ is used for
thick filaments and ‘t’ for thin filaments, hence we have: tt-corner, TT-corner,
tT-corner and Tt-corner. The two diagonals are referred to based on the corners
that they connect, hence we have a tt-TT diagonal and a tT-Tt diagonal.

5.1.3 The geometry of spatial variation in two dimensions

The fabricated films are made up of two orthogonally stacked layers, each layer providing
stiffness variation in one direction. We will refer to the four corners of the films by a pair
of letters, referring to the thickness of the filaments at that corner in each of these layers.
The letters can either be ‘t’, referring to thin filaments with a diameter of 0.4 mm, or
“T7, referring to thick filaments with a diameter of 0.7 mm. This means that each square
sample has a TT-corner, where both layers have thick filaments; a tt-corner, where the
layers are both thin, and two corners where one layer is thin and the other is thick,
referring them as tT- and Tt-corners. These two corners have equivalence in the sense
of having intermediate stiffness, whereas the TT-corner is the stiffest end while the tt-
corner is the softest in bending. The two diagonals of the film can then be referred to
based on the corners that they connect. The tt-TT diagonal, shown as the yellow-to-red
diagonal in figure 5.4, connecting the corner with both thin layers (tt) to the corner with
both thick layers (TT); there is also the tT-Tt diagonal, in solid orange, that connects
the two corners with one thin and one thick layer bonded together. Figure 5.5 has the
top view of the four corners of the film. This image shows the first printed layer in grey
and the second layer in blue. Detail A shows the tt-corner, detail B the tT-corner, detail
C the Tt-corner and detail D the TT-corner. The diameters reported are the diameters

of the filaments at that end of the film, in each direction.
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Figure 5.5: Top view of the four corners of the film, at a scale of 10:1 with
respect to the film represented in the centre of the image. One layer, along v,
is shown in grey, while the second layer, along z, in blue. Detail A shows the
top view of the corner where both layers are made of thin filaments, 0.4 mm in
diameter, referred to as tt. Detail B and C show the corners at which one of
the layers is 0.4 mm and the other is 0.7 mm, referred to as tT and Tt. Detail D
shows the top view of the corner where both layers are made of thick filaments,
0.7mm in diameter, referred to as TT.

Porosity p, and its two-dimensional variation over the z-y plane, can be calculated from
the geometry. The unit cells within a cuboid volume of the structure under consideration
are shown in the top row of Figure 5.6. The word unit cell should not be ideally used
because there is no strict translational periodicity, since the strut diameter keeps changing
from one cell to another. The apparent porosity of the structure can be calculated from
material and void within these cuboids. For simplification, the diameter of filaments is
taken as constant within such a volume, but varying with z and y over the structure.
The size of such a unit cell is given by the spacing of the filaments s = 1.25mm, so
the variation in diameter over this distance would only be 0.003 75 mm, which can be
ignored. The porosity is calculated from these unit cells dividing the volume of void
space within a cell by the volume of the whole cell. The parameters involved to calculate
the volume of the cell are the diameter of the filaments in one layer, dy; the diameter of
the filaments in the other layer, do; the spacing of the filaments in both layers, s, and the
overlap between the layers, o = 0.08dz (see section 5.1.2). To calculate the volume of the
filaments Vy;;, we made use of Solidworks to take the overlap into account, however, this
showed that the volume of the overlap is negligible in this case, hence Vy; = %s(d% +d3).
The volume of the cell, on the other hand, is V.. = (di + d2 — 0)s?, where the overlap



Chapter 5 Bi-directionally graded films 121

is not negligible. The formula used to calculate this porosity is then

Veenn — Vil . di + d3
Veenl dsdy+dy—o

(5.1)

The values of the geometric parameters and the corresponding values of porosity at the
different corners of the films are shown in Figure 5.6. The porosity varies from 0.54 at
the TT-corner, where the filaments of both layers are 0.7 mm in diameter, to 0.74 at the
tt-corner, where the filaments of both layers are 0.4 mm. This changes throughout the
sample as the diameters of the filaments change. Figure 5.7 shows how the porosity varies
spatially throughout the sample. In this figure, at coordinates (0,0) we have the TT-
corner and at coordinates (100, 100) we have the tt-corner, the contour lines are spaced
at intervals of equal values of porosity, each line corresponding to a labelled value of
porosity. Thus by choosing the spacing and the diameter of the filaments appropriately,
one can not only spatially vary the mechanical properties of the film, but also somewhat
independently vary its porosity. In the example described above, the porosity changes
as a consequence of the variation in the diameter of the filaments, however, this is only
because the spacing s between the filaments is kept constant at 1.25 mm. By accounting
for the variation in the diameter, the spacing can be varied in such a way that the gap
between filaments is constant. We use the word spacing to refer to the distance between
the axis of the filaments, hence it does not take into account the changing diameter. If
we want to keep constant the separation, or gap, between the filaments, the diameter
needs to be accounted for. The porosity can then be kept constant while varying the
diameter, if necessary, simply by varying the spacing between filaments accordingly. On
the other hand, the bending stiffness can be kept constant while changing the porosity,
as seen in Section 4.1 and in particular Figure 4.3. This was achieved modifying the
spacing of filaments while keeping their diameters constant, similar to the work done
by Sobral et al. [2011]. By combining spacing variations with diameter variations, the

control over the micro structure increases drastically.

A note of caution on how to vary the spacing to obtain the desired porosity. Let’s
consider two films similar to the one in figure 5.4 with the same porosity, one with
constant-diameter filaments and one with variable-diameter filaments, to simulate a case
where the manufactured film has the desired porosity but not the desired properties.
If we manufacture the constant-diameter film first and we want to manufacture the
variable-diameter one so that the porosity is the same in the two films, it is not sufficient
to vary the spacing in the variable-diameter one to keep the gap the same as in the
constant-diameter case. This is because the variation in the diameter affects the layer
height. The calculation needs to be done using the expression for the porosity 5.1. We
can calculate the value of the porosity in the film with constant-diameter filaments using
the expression 5.1 and setting dy = dy = d, as the diameter of the filaments is constant,

using s = Sconst as the constant value for the spacing between filaments and setting
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corner TT Tt tt

sketch
d; 0.7 mm 0.7 mm 0.4 mm
d, 0.7 mm 0.4 mm 0.4 mm
o

(=0.08d5) 0.056 mm 0.032 mm 0.032 mm
S 1.25 mm 1.25 mm 1.25 mm
p 54.19% 61.76% 73.82%

Figure 5.6: Unit cells of the film graded in two dimensions. The assumption
is that, within a cell, the diameter of the filaments can be considered constant.
dy is the diameter of the filaments in the first layer, do is the diameter of the
filaments in the second layer. The overlap between the two layers, o, is 8% of
ds, and the spacing between filaments is indicated with s. The porosity p is the
ratio of the void volume to the volume of the cell, as per equation 5.1.

o = 0.08d. We can then equate this value of porosity to the porosity of the film with
variable-diameter, calculated using again expression 5.1 and setting o = 0.08dz, to obtain

the necessary spacing in the variable-diameter film:

2 +d3 1.92
= S .
const 1 1 1.92dy 2d

s(dy,ds2) (5.2)
This expression allows to calculate the spacing between the filaments at each point in
the film as a function of the diameter of the filaments in the two layers d; and ds, for
fixed values of the diameter of the regular lattice, d, and its spacing Sconst- 1The value
of di and ds, in turn, can be chosen by the user to satisfy the requirements in terms of
mechanical properties. In doing so, it is essential to keep in mind the capabilities of the
manufacturing process used to ultimately manufacture the film in order to avoid obtain-
ing values for the spacing that are too low or too high for a successful manufacturing of
the part. Additionally, the variable spacing leads to the filaments not being parallel. If
the variation in the spacing is too big, as the number of filaments increases, the external

dimensions of the part could be affected.

The last observation is that the bending stiffness has a symmetry with respect to the

vertical plane passing through the tt-TT diagonal. The main geometric parameter that
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Figure 5.7: Design pore size variation within the film. At coordinate (0,0) is
the TT corner, while at coordinate (100,100) is the tt corner. The porosity
varies from 0.54 to 0.74. The black lines connect unit cells with the same local
porosity, whose value is shown.

affects the bending stiffness is the diameter of the filaments. Each point on the sample
can be defined by the diameter d, of the top filament and the diameter dj, of the bottom
filament. At a symmetrically placed point, we have the same values but in a different
order: d, is now the diameter of the bottom filament and d; the diameter of the top
filament. This symmetry in the geometry and properties results in a symmetry in the

bending stiffness with respect to the tt-TT diagonal.

5.1.4 Challenges associated with fabrication

As described in the methodology section, a base-structure is needed that is peeled off
from the bi-directionally graded film, as shown in figure 5.2. A challenge that needed
to be overcome is the effect that the layer printed directly on the print-bed had on the
mechanical properties of the test-film. The issue comes from this first layer having a

different thickness than the others. This is because the thickness for the first layer needs
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Figure 5.8: Cylindrical deformation due to one of the two layers being stiffer
that the other. The first layer that is printed on the print-bed is made of
thinner filaments, which are the ones to deform, leaving the filaments in the
other direction to remain almost undeformed.

to be small enough to ensure, during printing, adhesion to the print-bed. Due to this, the
first layer is made of filaments with a cross section that is much closer to a flat stadium
shape than a circle or ellipse, resulting in a layer that is much thinner than the other
layers. The films manufactured for this work have a thickness of only two layers, hence
its effect was very pronounced since one layer was much thinner than the other. When
the first films were tested in bending, the second layer, much thicker than the first layer,
was also much stiffer, resulting in a cylindrical deformation of the film, as can be seen in
Figure 5.8. In other words, the first layer would bend, while the filaments in the second
layer would remain largely undeformed. Assuming the cross section to be an ellipse for
ease of comparison, and calling 2a the major axis, or width of the filament, and 2b the
minor axis, or thickness of the filament, the second moment of area would be I = %ab?’.
The value of b (thickness), observed to be about half for the first layer, led to its bending

stiffness being about 8 times smaller than that of the second layer.

The issue was resolved by adding two sacrificial layers, over which the test-film was
printed. The film is then carefully removed from its base after manufacturing and is ready
to be tested. To be able to detach the film from the base, a number of printing parameters
had to be modified when printing the first layer of the film, to ensure low adhesion of the
film to the sacrificial base structure, as explained in Section 5.1.1. This has been achieved
by increasing the layer height, decreasing the extruding temperature and adding a pause
between the printing of the base and that of the film, during which the heated print-bed
was turned off for it to reach room temperature. These modifications were put in place

so that the adhesion between the base and the film was much lower than between the
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layers of the film. This prevents damaging the film during the detachment of the base.
The addition of a sacrificial base allowed to test a film that represents two functionally
graded layers well, that could be used as an infill to a 3D-printed structure, without the
interference of a first layer. When used as infill, the functionally graded layer will always
rest on previous layers and not directly on the build plate. Additionally, we observed
that by tuning the manufacturing parameters, it is possible to introduce sacrificial layers
that can be later detached: this can be useful to manufacture functionally graded porous
structures, even from the first layer. Another viable option could be to manufacture the
base using a soluble material such as a polyvinyl alcohol (PVA) filament, which would
be dissolved rather than detached, further reducing the risk of damaging the porous

structure.

The choice of the printer was dictated largely by the position of the feeder in this machine.
In the previous chapters, good results were obtained with Ultimaker 3D printers, however,
with the switch to 2D in this chapter, a machine that could more accurately respond to
variations in the amount of material extruded was desirable. As explained previously,
the novel technique we proposed makes use of an in-house bespoke G-code to modify
the amount of material that is pushed through the nozzle. This is achieved by varying
the speed at which the feeder rotates. Therefore, the position of the feeder is important
to achieve accurate response to the demands dictated by the G-code. In the Prusa 3D
printer, the feeder is exactly on top of the printhead, while in the Ultimaker printers it
is at the back of the printer, much further away from the print head. Hence, our own
G-code which controls the amount of material pushed, achieves this with less latency the
closer the feeder is to the print head. Prusa i3 MK3 3D printer affords this desirable

feature.

5.2 Imaging of two-dimensionally-bent functionally-graded

lattice films using Digital Image Correlation (DIC)

The films manufactured using the technique described in Section 5.1 are now tested to
characterise their spatially varying stiffness. Loading a transversely loaded square shaped
film is difficult for uncertainties concerning loading and boundary conditions. A relatively
easier approach to characterise the spatial variation of stiffness is to measure the post-
buckled shape of the film after compressing it. A film with spatially varying stiffness,
as described previously, has a relatively soft corner opposite a stiff corner on a square
sample, the other two corners have intermediate stiffness. The bent out-of-plane shape
was imaged using digital image correlation (DIC). These tests validate the capability
of the manufacturing technique proposed here to produce films with two-dimensional
stiffness variation. Buckling is easy to setup, in addition to allowing the edge view
of the sample to the imaging cameras, which otherwise would be obstructed by the

loading apparatus. Following the discussion on symmetry, as presented in Section 5.1.3,
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a buckling test performed along both diagonals of the film would lead to two different
deflected bent profiles. The tT-Tt diagonal, would exhibit a symmetric response; while
a test along the other diagonal, tt-TT, would result in an asymmetric bent shape. The
comparison of these two gives a measure of the asymmetric stiffness of the sample. This
section explains the laboratory tests performed on the films and validates the effectiveness
of the novel fabrication technique. Section 5.3 provides computational evidence of the
two-dimensional spatial variation of stiffness achieved by the proposed technique and a

quantitative comparison with the observed asymmetric deflection profile.

5.2.1 Fundamentals of Digital Image Correlation (DIC)

DIC is an optical technique used to measure the displacement field within structural
specimens during mechanical testing in laboratory [Sutton et al., 2009]. It uses a sequence
of images captured by a stereo camera system, tracking points on the specimen’s surface
to find the full-field deformation. Before the mechanical tests are performed, an image of
the undeformed state is captured. During the mechanical tests, the DIC system captures
a series of images, which is then processed by the DaVis software to find the deformation
field of the sample.

The points on the surface of the specimen are tracked by the DIC system. They can
either be part of the surface texture of the sample, or alternatively, a random speckled
pattern can be sprayed on the specimen before testing. A good speckled pattern is
essential to obtain good results with DIC [Pan, 2018]. In the following, the films that
will be tested have been sprayed with black paint, to provide a speckle pattern on the
surface of the films. A region of interest (ROI) needs to be selected on the images that are
captured, namely the surface of the specimen of which the displacement field is required.
Additionally, a few seeding points need to be selected to ensure that the software tracks
the correct points. This is done by selecting a few speckles on the undeformed image and
telling the software where these points are located on one of the images of the deformed
state. The region of interest is then divided into squares (facets). The displacement at
the centre of these squares is then computed and used to obtain the field of deformation
within the region of interest. The dimension of these squares can be thought of as a
mesh, which determines the number of points that are tracked. It is recommended that
the size of these squares be roughly 3-5 times the size of the speckles on the surface. The
way the displacements in these facets can be correlated can be found in Hild and Roux

2006].

The best results are obtained when the surface to be tracked is perpendicular to the
direction of pointing of the cameras [Diaz et al., 2020|. If the surface deforms so that
it becomes close to parallel to the direction of view of the cameras, no tracking will be
obtained. If the view of the cameras is blocked, for example by a loading probe or weight,

or by parts of the specimen, the DIC system cannot compute the deformation field. An
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edge view of post-buckled profile does not pose these practical problems. The way the
facets are generated by the DIC driving software means that they cannot be present all
the way to the edges of the sample. There would be a region around the edges, smaller
than the dimension of the facets, that will not be tracked. This method works well for
the general deformation field but cannot generally be used when boundary deformations
are needed. DIC is well suited for our work however, as it provides quantification of the

asymmetry in the flexural stiffness which can be inferred from the post-buckled shape.

5.2.2 Materials and methods

Guided by the need to bring out asymmetry of the deformed shapes of lattice films
with prescribed spatially varying stiffness in two-dimensions, and manageable methods
to map deflections over a two-dimensional domain, buckled shapes were characterised
experimentally. The chosen spatial variation of the stiffness over area is such (see Section
5.1.3) that symmetry with respect to the tt-TT diagonal exists. However, along the tT-
Tt diagonal the film is asymmetric. Films with fixed extruded filament diameter, on
the other hand, would exhibit symmetry along both diagonals. Therefore, a square
film with 2D stiffness gradation compressed along the tt-TT diagonal should show an
asymmetric post-buckling bent shape. This would happen if the functional gradation in
the mechanical properties of the film is significant. A compression test along the tT-Tt

diagonal should result in a symmetric response.

Instron 4204 Electromechanical Test machine was used to perform the tests in displace-
ment control mode. The films were imaged using Digital Image Correlation (DIC) tech-
nology, in particular, two LaVision E-lite 5MPx cameras (image resolution: 2455 x 2057
pixels) with Nikon 50mm lenses with LaVision DaViS processing software. Before the
tests could be carried out, the system needed to be calibrated. Images of a calibrating
plate of known dimensions and characteristics where taken and processed, so that the
relative position of the cameras would be properly computed by the software. The setup
of the experiment is shown in figure 5.9. The film was mounted on the machine using
two identical custom fixtures, as that in figure 5.10. We used a flat plate with a cavity,
combined with masking tape, to prevent the film from sliding during testing and to limit
its rotation. The slit in the masking tape accommodates one of the corners of the sample
during testing. The resulting alignment of the sample in the machine allows for the load
to be applied along the diagonal that runs between the two corners of the film in the two
slits. The testing machine applies displacement at a rate of 0.5 mm/s at the top corner,
while the bottom corner remains fixed. The displacement of the film is recorded using
the DIC equipment, while the Instron machine carries out the compression test in the
post-buckled state. One image every second is recorded while the tensile testing machine
applies displacement. FEach image recorded differs from the previous by an incremental

vertical displacement of 0.5 mm.
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Two lattice films with the same geometry were manufactured under identical conditions.
Each structure was tested along the two diagonals, during which 15 images were recorded
with incremental displacement. This results in a vertical displacement that can be at
most 7.5 mm, which is 5.3% of the length of the diagonal. The testing machine and the
DIC equipment needed to be started separately, hence the imaging was always started
first to make sure the undeformed shape was recorded. This results in some of the
tests having a few initial images where there is no appreciable displacement. Also,
consequently, this results in a maximum displacement that is less than 7.5 mm. However,
the magnitude of displacement is irrelevant because we are interested in demonstrating
primarily that spatially varying stiffness can be achieved from the proposed additive
manufacturing method by over- and under-extrusion. Further, we will show later that
the buckled shape is approximately preserved regardless of the amount of deformation.
Only recordings with an appreciable displacement will be considered in the following,
hence some tests will have less than 15 stages of deformation shown. This is because,
when normalising, noise in the data is amplified and this does not result in a smooth
curve. The noise comes from the fact that filaments of different layers are on slightly
different planes away from the camera, hence at different z values with respect to the
DIC optical probe. When the z-displacement is comparable to the thickness of the film,
readings on different layers affect the accuracy of the results adversely. Therefore, noisy
measurements for the stages of deformation that did not result in a smooth curve when
normalised were excluded. The LaVision DaViS processing software was then used to
extract displacement values along the diagonal as well as the surface plot of the bent
film, at each recorded stage. To do this, a subset size of 51 pixels was selected, with a
step size of 25 pixels. The displacement values extracted using the DaViS software are
then imported into Matlab, where the relevant two-dimensional displacement field was

post-processed.

A suite of Matlab scripts and functions were developed to post-process the data extracted
from the DaVis software. Firstly, the stages of deformation that show an appreciable
displacement are selected and plotted. As the tt-T'T diagonal would show asymmetry, a
measure of asymmetry of a curve about its mid-point needs to be introduced. A simple
measure of asymmetry used here is to treat the deflection values as probability density
functions to calculate their skewness. In statistics, skewness is used to determine the
asymmetry of a distribution with respect to its mean value. Secondly, the measured
post-buckled shapes of the structure will be compared with Finite Element Analysis in
section 5.3. For the purpose of characterising the asymmetry in deflected shape affected
by spatial variation of stiffness, the amplitude of deformation is arbitrary. Therefore,
measured shapes have been normalised in amplitude: the point where the maximum
displacement occurs has been normalised to a displacement of value 1 and the rest of
the points have been scaled proportionally. This allows a comparison of the deformed

two-dimensional shape for different stages of post-buckling. Any systematic trends in the
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Figure 5.10: The customised fix-

Figure 5.9: Set-up of the buck- ture uses a round flat plate with

ling experiment. The film is aridge, over which masking tape

mounted on the fixtures with the was added to prevent the rota-

diagonal along the loading axis. tion of the sample during test-
ing.

change in the shape can then be attributed to non-linearity. On the other hand, a near-
invariant scaled shape would confirm that the effect of non-linearities on the deformed
shape is negligible. The diagonal in the direction of compression becomes progressively
shorter during a test. This needs to be accounted for while comparing deflection shapes
of the subsequent stages and also those obtained with the finite element analysis (section
5.3). Therefore, a normalisation along the diagonal has also been carried out. All of the
shapes have been transformed so that the leftmost point is —1 and so that the rightmost
point is 1. Following these normalisations, all the deformed states are transformed so
that the two corners of the tested diagonal correspond to position —1 and 1, and so that

the maximum value of deformation is 1.

5.2.3 Results

The commercial software (DaVis) that captures and processes data from the DIC machine
divides the sample into square-shaped regions that are tracked during the deformation
by the DIC software, as can be seen at the edges of the film in figure 5.11. A surface plot
of a film tested along the tt-TT diagonal is shown in figure 5.12(a) and the edge view of
the same can be seen in figure 5.12(b). This image shows asymmetry of the profile with
respect to the middle point z = 0, with largest curvature at the softest corner. Quantifi-
cation of asymmetry is carried out only along the diagonal along which the compressive
displacement was applied. More complex characterisation of the bent surface is unnec-
essary, as we are primarily interested in demonstrating the capability of the fabrication
approach proposed here and to quantitatively compare the laboratory observations with
computational predictions. FE analysis is carried out in the next section to address the

latter question. The displacement along the diagonal that runs between the two corners
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Figure 5.11: Overlayed deformation of film with an asymmetric response. Image
obtained from the software DaVis.
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Figure 5.12: (a) Surface plot of the deformation in Figure 5.11. (b) Side view
of the deformed film. The asymmetry of the deformed shape is visible, with
respect to position x = 0.
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in the fixtures is extracted from the DaVis software and imported into the Matlab envi-
ronment. As explained in section 5.2, out of the 15 stages of deformation recorded, only
those with an appreciable amount of displacement have been considered, as this ensures
suppression of noise associated with very low transverse deflection values. Therefore, less
than 15 stages will be considered as to exclude data from very noisy measurements of
very small post-buckling deflections. Comparisons with FEA simulations are presented

in section 5.3.

Figure 5.13 shows the deformation obtained when testing the film along the tT-Tt diago-
nal. The response, when the sample is compressed along this diagonal, is expected to be
symmetric, since the stiffness distribution has a mirror symmetry about the plane per-
pendicular to this diagonal. In Figure 5.13, 9 stages of post-buckled shape are presented.
The transverse displacement is not normalised, while the position along the diagonal is
normalised between —1 and 1 in order to ensure that all graphs fit in the same range
on the horizontal axis. Visually, all of the shapes are symmetric within the band of
experimental measurements and manufacturing tolerances. To quantify this visual ap-
pearance further, next we consider these shapes as probability density functions and we
compute their skewness, in order to evaluate symmetry about the mid-point. The aver-
age value obtained is 0.06. This value is close to the expected value of 0, which would
indicate a perfectly symmetrical result. Departure from the theoretical zero value can be
attributed to a number of reasons associated with laboratory experimentation, such as
the fixtures (refer back to figure 5.10) that hold the film in place during testing. The slit
in the masking tape that prevents the film from rotating and sliding out of place, could
provide imperfect clamping. Therefore, fixture would not act as a perfect pin joint and
would possess resistance during bending. This resistance is hard to control and could be
unequal at the two fixtures, resulting in a slight asymmetry in the response. Figure 5.14
shows the stages of deformation of the previous figure after normalising the transverse
displacement. There is an almost perfect overlap between the shapes that correspond
to different stages of post-buckling, which indicates that the shape of the buckled film

remains nearly unchanged and the non-linearity is insignificant.

Figure 5.15 shows the 10 stages of deformation for the bi-layer film tested along the
tt-TT diagonal. The position along the diagonal has been normalised in the range from
—1 to 1 on the z-axis, while the transverse displacement is kept as recorded by the
DIC system. The response is visually asymmetric with largest curvature at the softest
corner, confirming a successful fabrication of variable stiffness structure. Treating these
profiles again as probability density functions, the average skewness is 0.27. To put this
value into perspective, consider a triangular distribution in the range from —1 to 1 on
the z-axis with the peak at —1 and decreasing linearly to a zero value at 4+1 on the
z-axis. This can be considered to be the limiting case of a bent film with peak at —149,
with § approaching zero. In this extreme case of asymmetry, the skewness can be found
analytically. In the limit § — 0, this equals 25ﬁ = 0.57. The skewness obtained for the
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Figure 5.13: The non-normalised stages considered for Sample 2, along the di-
agonal with symmetric behaviour.

buckled mode along the tt-TT diagonal is then 47.4% of that for the extreme case, while
the skewness for the buckled mode shape along the tT-Tt diagonal is 10.5%. Figure 5.16
shows the results with transverse displacement normalised to be between 0 and 1. The
near invariance of the shape of the deflection profile regardless of the magnitude is clear
in this case too. This enables us to make meaningful comparisons with linear buckling

mode shapes obtained from FEA calculations.

The above measurements clearly demonstrate the manufacturing capability of the pro-
posed approach to fabricate structures with spatially varying stiffness. The approach of
over-extrusion and under-extrusion, introduced in chapter 3 and further developed for 2D
stiffness variation in this chapter, effectively provides us a method to vary the filament
diameter during the 3D-printing process to obtain filaments that behave the same as
filaments with a continuously variable diameter. Having shown that the deformed shape
does not depend on the amplitude of deformation, we now proceed to the FE analysis
performed with software Abaqus [Abaqus/CAE, 2014|. Buckling modes are independent
of the amplitude and only the deformed shape, or buckled mode, is significant. We will
then compare the normalised deformed shapes obtained experimentally in this section to
the normalised results obtained from simulations in the next section. This will complete

the picture, showing that the developed technique is reliable and predictable.
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Figure 5.16: The normalised stages considered for Sample 2, along the diagonal
with asymmetric behaviour.

5.3 Computational response calculation of bi-directionally

graded lattice structures

The bending response of structures with stiffness varying in two directions is now assessed
using Finite Element Analysis (FEA). A comparison between experimental results and

those from FE simulations is presented now.

5.3.1 Finite element modelling of the film with spatially varying stiff-

ness in two dimensions

A CAD model of the film was created using the commercial software Solidworks. The
geometry and the material properties were the same as the two-layer film experimentally
studied in the previous section. The dimensions of the film are 100 mm by 100 mm, the
number of filaments along each of the two directions is 80, and the diameter of these
filaments varies from 0.7 mm to 0.4 mm along the two directions. The overlap between
the filaments of the two layers was chosen according to the characterisation in Section
5.1.2, where an estimate for the overlap was given: 8% of the diameter of the filaments in
the second layer. The geometry was then exported from Solidworks into the ABAQUS

finite element code in the .igs format.

A small difference between the physical 3D-printed samples and the FE model is at the
edges of the film. The filaments running along the four edges, in the 3D model, have

been cut in half. This can be seen in the details in Figure 5.17. This allows to obtain
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Vv

Figure 5.17: The image shows the full lattice and its axis for reference. The x —y
plane represents the plane of the film, while the z direction, parallel to segments
a and b, is the direction out of plane. Along segment a, displacement along x
is blocked, while at point A displacement is blocked along x and z. The point
force is applied at point A, in the y direction. Along segment b, displacement
along x is blocked, while at point B displacement is blocked along all directions,
xz, y and z.

segments a and b and points A and B where the necessary boundary conditions can be

applied, as presented later.

5.3.2 Computational assessment of spatially varying stiffness using fi-
nite element analysis

Once the 3D geometry has been imported into the commercial finite element software
Abaqus, three main subsequent steps in the analysis could proceed. The first step is
to create another coordinate system. This new coordinate system would have one of
the axis along one diagonal of the film and another axis parallel to the other diagonal.
The boundary conditions and the load could be applied correctly in this new coordinate

system.

The second step is to create a mesh for the model, which can be seen in Figure 5.18.
The low diameter of the filaments involved and the relatively large scale of the film,
compared to the diameters, result in a relatively large number of elements required in
the mesh. The resulting mesh has slightly less than four million elements. The element
type chosen is called C3D10: a tetrahedron, part of the 3D stress family in the standard
library, with quadratic geometric order. The approximate global size has been set to 0.5

and the maximum deviation factor under the curvature control setting has been set to
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Figure 5.18: The image shows the mesh used for the simulation, as well as an
example of the results obtained from Abaqus.

0.1. The deformation step has been set to Buckle, under the Linear Perturbation type.
The material properties have been set to £ = 2.29 GPa and v = 0.36, respectively for
the Young’s modulus [Cuan-Urquizo et al., 2015] and the Poisson’s ratio [Jamshidian
et al., 2010] of PLA filament. These values however, could depend on the properties of
the PLA used, for example the molecular weight. For this reason, for critical work it
is advisable to test the material that is going to be used for manufacturing and obtain

more specific values.

The third step is to apply the correct boundary conditions and loading, which is a force
along a diagonal. Point A in Detail 1 of Figure 5.17 is the point at which this force is
applied, along direction y. This point also needs to be free to move only in the direction
of applied load, hence its movement along x and z is constrained. The points belonging
to segment a need to be fixed in the z direction to prevent sideways movement and
rotation of the film—mimicking the tape used in the fixture of the experimental set-up,
as shown in Figure 5.10. The boundary conditions at the other end of the diagonal,
shown in Detail 2 of Figure 5.17 are as follows: point B is fixed in space to prevent rigid
body translations, segment b is fixed in the x direction to prevent sideways movement
and rotation. This allows point A to get closer to point B along the y direction, while

the film buckles without unwanted rotations or translations.
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5.3.3 Computational results for spatially varying structure & compar-

isons with experimental measurements

Two films were computationally analysed. For each, two simulations were run, one
along each diagonal. Displacement components in all directions of the whole bi-layered
structure were obtained, see Figure 5.18. However, only the displacement along the tested
diagonal has been extracted, normalised both in length and in amplitude and used in
the following. These results are now compared with those from experiments presented

in the previous section.

Figure 5.19 shows the transverse displacement extracted on the tT-Tt diagonal, as a
function of position, from the FE analysis using black dots, and black solid line for
experimentally measured post-buckled displacement. This profile corresponds to the
maximum deformation in Figure 5.13, and this includes inevitable yet small non-linear
response post-buckling. Along the tT-Tt-diagonal, bending stiffness does not vary. Hence
the expected response is symmetric. The profile observed here is symmetrical, with a
skewness of 0.02 for the computational result. The small discrepancy between the FEA
results and the results of the experiments—in which the skewness was 0.06—can be
attributed to several factors such as imperfection in mounting, errors in measurement,
potential errors in mesh-asymmetry, etc. The fixture with masking tape did not act as
a perfect pin joint, rather, it introduced a clamping effect that can be seen at position
x = —1 in figure 5.19. Here, the left part of the film does not seem to have the same
freedom of movement as the end at x = 1, resulting in two different curvatures at the

two ends.

Figure 5.20 shows the transverse deflection profile of the tt-T'T diagonal that is expected
to show asymmetry about the mid-point. The image shows the last stage of deformation
of the laboratory experiments in solid black, while the FEA results are shown as black
dots. These results have all been normalised both in length as well as in amplitude.
This result shows a very good overlap of the experimental and FEA buckled shapes: the
skewness of the profile obtained with FE analysis is 0.26, the one of the experimental
results was 0.27. In this case, we can note that the effect of clamping introduced by the

tape is negligible, as opposed to the previous case.

Results obtained here are in line with the expectations as the FEA results overlap closely
with those obtained experimentally. This implies that the functional gradation that has
been introduced in the film using the developed technique is consistent. The expected
diameters of the filaments and the expected variation in the bending properties is close
to what is obtained with the 3D printed film. The novel manufacturing technique is
then able to produce films graded in two dimension, and the results can be predicted
with finite element methods. This is the last step that was necessary to ensure that the
developed technique could be applied to real structures to obtain predictable spatially-

varying properties, the aim of this chapter.
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Figure 5.19: The last stage of deformation along the diagonal with non-graded
properties, tT-Tt, is shown in solid black. The FE analysis results are reported
with black dots. Both are normalised in length and in amplitude for ease of
comparison.
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Figure 5.20: The last stage of deformation along the diagonal with graded prop-
erties, tt-TT, is shown in solid black. The FE analysis results are reported
with black dots. Both are normalised in length and in amplitude for ease of
comparison.
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5.4 Conclusions

Bi-layer lattice films with bi-directionally varying stiffness were successfully fabricated.
Planar lattice samples of square shape were fabricated with diameter of struts varying
according to a specified function. Following the fabrication of several structural sam-
ples, laboratory testing was carried out to observe structural response when properties
vary spatially. These samples had the stiffest corner and the softest corner located at
opposite edges. Spatial variation in bending stiffness was brought out by testing such
bi-directionally graded planar lattice structures by compressing along the diagonal with
strongest property variation. The post-buckled profile provides a convenient way of char-
acterising the spatial variation in the stiffness of the structure. The asymmetric bent
profile of the diagonal, measured using digital image correlation technique (DIC) con-
firms the spatially varying stiffness of the struts. Further, the largest curvature was

observed in region of smallest stiffness, which is consistent with our expectations.

Finally, FE analysis was carried out to extract the buckling mode shapes of such bi-
directionally graded lattice bi-layer structures. Results from the linear FE analysis are
in very good agreement with those from the laboratory results. Minor discrepancies
between the computationally obtained bent profile and observed shape is attributed to
measurement errors, modelling errors and modelling exclusions such as geometric non-

linearities.

Successful fabrication, experimental measurement, computation and their agreement
show that the fabrication technique developed in this work is not only capable of manu-
facturing films with graded stiffness, but also that the variation in the property of these
films is predictable. The technique can be further applied to real structures to obtain
properties that vary in space in a prescribed way, at will. It is also possible to combine
the technique developed in this work with a technique similar to that used by Sobral
et al. [2011]: use the spacing between filaments to vary the porosity. If the spacing is
varied in such a way that accounts for the variation in the diameter that is introduced
with our technique, then the porosity and the mechanical properties can be varied some-
what independently by means of variation in spacing and diameter. The limitations to
this independence mostly arise from limits in the manufacturing capabilities (presence

of large overhangs, for example) or shape retention.






Chapter 6

Conclusions and future work

6.1 Conclusions

This work presents a novel technique for the production of structures with functionally
graded stiffness. Using affordable 3D printers based on fused deposition modelling, we
were able to produce variable extrusion using a fixed bore nozzle. This was achieved by
controlling a process parameter, which results in over-extrusion or under-extrusion over
the nominal bore size. The achieved variations in the extrusion effected by controlling
the process parameters were characterised for size and ellipticity. Parameters to describe
the range of adaptability of a fixed diameter nozzle for continuously varying extrusion
were defined—they are simple measures of the gain in size, axial stiffness and flexural
stiffness of the filaments thus produced. In effect, the proposed approach provides a

variable diameter nozzle without any hardware modifications.

The appropriate relation between the process parameter and the diameter of the ex-
truded filament was then used to obtain filaments with a diameter that is continuously
changing within a lattice structure. This allowed us to obtain extrusions that can be
considered having a diameter that changes continuously throughout a rectangular sam-
ple. As remarked many times, we have verified that the variations in the diameter that
have been introduced are mechanically equivalent to a linear continuous variation in the
diameter of the filaments. This is because the films we have manufactured and tested are
in agreement with a mathematical model where the variation in the filament diameter
is assumed to be linear. Films have been successfully manufactured using the technique
developed, first with a variable diameter along one direction. The bent shape shows
asymmetry due to stiffness varying along its length. The asymmetric shape matches
extremely well that predicted using a theoretical model, resulting in the buckling mode
shapes. Buckled shapes provide an easy approach to make measurements and record the

asymmetric profile. Although linear theory is used, the effects of non-linearity are not so
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pronounced and a good agreement between theoretically obtained bent profile and that

measured, is obtained.

Following confirmation of the achieved variation in stiffness and its theoretical valida-
tion, more realistic lattices with property variations from point-to-point over a plane
were realised by controlling the process parameters during FDM 3D printing. Stiffness
variation over a plane was prescribed such as two opposite corners have the softest and
the stiffest points whereas there is a prescribed variation throughout the two-dimensional
domain as per a prescribed function. Again the stiffness variation in bending of a bi-
layer square shaped structure is characterised experimentally by the use of Digital Image
Correlation (DIC). The bent profile of the diagonal that has intended stiffness variation
matches closely with the FE computations that incorporate spatially varying properties

as intended during the 3D printing process control.

Finally, encouraged by the experimental realisation of functionally graded structures and
their successful validation against theoretical models, several extensions of the analysis
concerning mechanics of lattice structures was presented. This included extensions for
the response of multiple-layered lattice beams with spatially varying filament size. Also,
analysis for the compressive stiffness of woodpile lattices was presented. This is exten-
sion of previously known work where filament bending was described by Euler-Bernoulli
models, which ignores shear in the struts. The inclusion of shear becomes very significant
when the lattice is dense, i.e. when the spacing between struts is comparable to the strut

diameter.

The research covered here was inspired by a number of practical applications. Most
notably this includes bio-structures such as biomedical scaffolds. However, the fabrication
capability demonstrated by this work has the potential of tailoring properties of micro-
structured matter in other contexts such as lightweight constructions, core of sandwich
panels, thermal and acoustic insulation materials, elastic and acoustic meta-materials,
to name a few. In particular, if we compare the technique developed here with some
of the techniques presented in the literature review, we can better appreciate the main

benefits that our technique brings.

The first difference is that the technique developed does not need hardware modifications
and can then be applied to any 3D printer that can be driven using G-code files, as
opposed to, for example, the patent by Jin [2016]. A possible alternative technique to
obtain a spatial variation in the properties would be to extrude multiple filaments with no
gap in between, to obtain a strand of polymer that is thicker than the nominal size of the
nozzle. This method however would only be able to produce strands with a width that is
a multiple of the nozzle diameter, while the thickness of the layer would remain the same.
Our technique operates on a different length scale: we are able to produce filaments with
a diameter that varies between the nozzle diameter and double the nozzle diameter.

Additionally, our change also affects the layer thickness rather than only affecting the
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width. Lastly, it is possible to follow the methodology of some of the works available in
literature to vary the porosity of the structure [Di Luca et al., 2016, Sobral et al., 2011],
and couple this with our technique to obtain a change in the mechanical properties. To
some extent, these techniques can be considered independent. Not in the sense that one
does not affect the other, but it is possible to modify each technique to take into account
the changes introduced by the other and obtain structures where it is possible to modify
the porosity without affecting the mechanical properties and viceversa. Some limitations
to this independence are due to the change in the external dimensions that would arise
for large changes in the spacing between filaments, or the layer height. However, these
limitation are less stringent when these techniques are used for infill (where the external

appearance is taken care of by additional layers) or for porous structures.

6.2 Future work

Several possibilities for future work have arisen from the present work. They are itemised

below.

e The technique of variable extrusion developed in this work can be implemented
directly into slicing software to make it available for use to all users of 3D printers.
This has a number of issues to overcome, such as the uneven layer height due to
the variable diameter, however, a few layers can easily be introduced as infill where

required.

e A standalone application can be developed to modify the G-code of parts to obtain
a functionally graded version of the same part, similar to what has been described

in Section 3.5.

e A software could optimise the internal architecture to include variable-diameter

filaments, based on a loading scenario applied to the part.

e Users of FDM 3D printers can apply these technique directly adapting it to their

application and needs.

e A technique could be developed to overcome the issue related to the variable layer
height. Correct positioning of extra filaments or partial layers could bring the layer

height back to constant after the FG layers have been inserted where required.

e The comparison between mathematical models and experimental results could ben-
efit from a study on the mechanical properties of the base material. For instance,
users of 3D printers could test their own material to find the Young’s modulus and

the Poisson’s ratio.
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Mathematical models can be developed for 2D and 3D lattice structures with
variable-diameter filaments. Based on the needs of the application, simple math-
ematical models based on the apparent stiffness described in Section 4.4.1 can be

developed.

The functionally graded version of the woodpile lattice under compression studied

in chapter 4 could be developed.

Operating conditions combining parameters such as nozzle speed, extrusion speed,
temperature, etc., could be optimised so as to increase the adaptability of the

nozzle output, thus increasing the range of the variable nozzle further.

A detailed imaging study such as that provided by micro-CT could be used to

characterise the variable extrusion process more thoroughly.

Fracture properties could be analysed and tested.
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