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Natural porous materials have evolved over millennia to optimise lightweight

mechanical performance, including properties such as stiffness, strength and energy

absorption at low density. As a result, these natural materials occupy a large range of

material property space, enabling properties to be efficiently matched to performance

requirements. As manufacturing techniques have developed, the property space

occupied by synthetic materials has expanded accordingly, but often without the

combined performance and efficiency of natural materials. Advances in additive

manufacturing (AM) have enabled the synthetic material property space to be

expanded further by enabling porous materials with variations in relative density,

pore shapes and spatial distribution to achieve tailored mechanical properties.

Synthetic structures consist of assemblies of repeated unit cells. Analytical models

based on axial (stretching-dominated) or bend (bending-dominated) modes of

loading for different unit cells can predict the mechanical response of uniform

(regular) lattice structures, but these models break down with increasing relative

density as they are based on slender beam assumptions that become invalid, and

are also not applicable to non-uniform (spatially varying) lattices. A large region of

the accessible material property space is therefore not described by these analytical

models. Additionally, an often under-reported feature of additively manufactured

porous materials is the presence of distortion due to residual stress, which can alter

their boundary conditions and consequently their apparent properties. This project

aimed to further our understanding of how relative density, geometry, and distortion

affect the behaviour of additively manufactured lattice structures by characterising

the geometries, and mechanical behaviour of both uniform and non-uniform bending-

and stretching-dominated lattices over a range of relative densities.
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Lattice specimens were manufactured using stereolithography AM of a commercial

glass-reinforced thermosetting resin with a high base elastic modulus but low strain

to failure. Height distortions were observed in all types of lattices but decreased with

relative density and for non-uniform structures. An adapted version of Winkler’s

elastic foundation model determined that a typical distortion of 100 µm reduced

the initial apparent elastic modulus by approximately 50%, with greater distortions

reducing this further. The as-built density was greater than as-designed for all lattice

geometries, and analytical models from literature were empirically adjusted to

account for the increase in strut diameters observed. Other analytical models from

literature that described the relationships between relative density and mechanical

properties for uniform lattice structures were validated over a wide relative density

range (15 to 70% depending on geometry type), with improvements suggested

using empirical fits. These revealed that the apparent elastic modulus relationship

was similar to natural materials such as wood and bone. For all uniform lattices,

relative density increased the apparent elastic modulus, maximum stress and

energy absorption. Further increases for non-uniform geometries were observed

for the apparent elastic modulus and maximum stress, thought to be due to the

accumulation of excess material at the joints between dissimilar adjacent cells.

The failure strains for all geometries were at least double that of the base material

with trends dependent upon the geometry of the unit cells. They increased with

relative density for uniform stretching-dominated lattices, but decreased for uniform

bending-dominated geometries. Non-uniform structures had similar or reduced

levels of energy absorption and failure strains to uniform structures, with the

lower-density unit cells often resulting in catastrophic failure at lower strain.

Both the uniform and non-uniform lattices produced in this project added to the

material property space in regions that overlap with cancellous bone, an example of

an evolutionary optimised natural porous material. The methodologies developed

in this project provide a good basis for designing and characterising further

non-uniform lattice geometries to continue expanding this space.
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Chapter 1

Introduction

This project aims to further our understanding of how additive manufacturing (AM)

can be used to manufacture porous metamaterials and how these porous materials

can be tailored to elicit specific and predictable mechanical responses. Density versus

mechanical property relationships for uniform lattices built up from simplified unit

cells will help inform the response and design of non-uniform porous structures

(designed for AM) built up from the same simplified unit cells. These porous

structures will expand the design space of polymers by taking inspiration from

natural materials, which currently occupy a wide material design space, efficiently

tailoring properties to demands, difficult to achieve with many synthetic materials.

Synthetic porous materials, such as foams, have been developed to overcome some

of the limitations of synthetic and natural materials. They are used in a wide range

of applications ranging from energy absorbing applications to particulate filters

to light-weighting materials. This range of applications is possible via a variety of

manufacturing methods, for example metallic foams made by injecting gas into the

melt, ceramic porous materials made using sacrificial moulds, or polymeric porous

metamaterials manufactured using AM. AM can create complex structures such as

lattices with relative ease compared to traditional manufacturing methods, leveraging

the shapes of certain geometries to alter apparent responses. For example, simplified

unit cells can be categorised (based on their response to mechanical deformation),

as either bending- or stretching-dominated. Structures with bending-dominated

unit cells are more compliant and suited to energy absorbing applications, whereas

stretching-dominated unit cells are stiffer and more suited to lightweight structural

applications. Unit cell geometries with common points of intersection and features

compatible with AM ensure manufacturability. A direct relationship between the

geometrical properties and resultant mechanical properties can then be determined.

This informs the behaviour of non-uniform lattices, created by combining different
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uniform geometries and increasing the material property space through careful

consideration of lattice design.

1.1 Aims and Objectives

The aim of this project is to further our understanding of the mechanical behaviour

of additively manufactured uniform and non-uniform porous metamaterials

and how these are affected by relative density. This knowledge can be useful

in the development of porous metamaterials for specific applications such as

light-weighting in aerospace or engineered bone tissue scaffolds in biomedical

applications.

The following objectives are set to help fulfil the aim:

• Understand the mechanical behaviour of a stretching-dominated geometry and

how this varies for two different builds and post-processing methods.

• Verify the apparent elastic modulus analytical models for bending- and

stretching-dominated unit cells over a range of relative densities.

• Develop empirical fits for both elastic and failure properties of bending- and

stretching-dominated geometries.

• Determine how non-uniform porosity distribution for bending- and

stretching-dominated lattices impacts distortions and mechanical properties,

compared to uniform lattices.

• Determine how non-uniform porosity distribution for a combined bending- and

stretching-dominated lattice impacts distortions and mechanical properties,

compared to uniform lattices.

1.1.1 Novel Contributions

This project uses cutting-edge techniques to manufacture, test, analyse and

characterise porous metamaterials, expanding the material property space of

synthetic materials to match that of natural porous materials. Key novel contributions

from this project are highlighted below.

• Novel application of point tracking technique for both bending- and

stretching-dominated additively manufactures structures.

• Understanding of the behaviour (both elastic and failure) of a bending- and

stretching-dominated unit cell over a wide range of porosities.
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• Verification of analytical models and development of empirical fits for the

bending- and stretching-dominated unit cells (for both elastic and failure

properties).

• Application of analytical models from uniform porous metamaterials to describe

the relationships of non-uniform porous metamaterials.

1.2 Thesis Structure

Following a review of the relevant literature, three technical chapters are presented,

each with separate methodology and discussion sections. The final chapter focuses on

conclusions and proposes areas for further investigation based on the findings of this

work. A brief summary of each chapter is given below:

Chapter 2, presents relevant background literature, initially discussing both natural

and synthetic porous metamaterials, including how one can predict the properties

of such materials with both generic and geometry specific analytical models. This is

followed by a comparison of different additive manufacturing methods, often used

to manufacture porous metamaterials, discussing how various defects can influence

apparent properties. Finally, compressive mechanical testing methods for porous

metamaterials are explored with expected behaviours discussed.

The first technical chapter, Chapter 3, focuses on characterising distortions observed

for a uniform stretching-dominated porous metamaterial and understanding the

influence on apparent properties. Height distortions were most commonly identified,

and an established analytical model (elastic foundation model), was adapted to

quantify the loss of stiffness due to the distortions. Additionally, greater than

expected intra- and inter-sample variability was observed and explained in terms of

geometrical and base-material property variation.

The second technical chapter, Chapter 4, extends the methodologies from the

first investigation to a wider range of relative densities as well as a uniform

bending-dominated geometry. Distortions were strongly density dependent

for bending-dominated geometries while a weaker trend was observed for

stretching-dominated geometries. Empirically models were developed to describe

density and mechanical property trends such as apparent elastic modulus and

energy absorbed for both geometries. This was to better predict behaviour when

designing tailored structures and for comparison with non-uniform geometries as

in the following chapter. The two geometry types generally behaved as expected

with increased mechanical properties with relative density and greater mechanical
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properties such as apparent elastic modulus observed for stretching-dominated

compared to bending-dominated geometries.

The final technical chapter, Chapter 5, applies the methodologies and results from the

previous chapters to explain the behaviour of three types of non-uniform geometries:

bending- or stretching-dominated graded lattices, bending- or stretching-dominated

stochastic lattices, and a mixed bending- and stretching-dominated stochastic lattice.

The influence of randomness is also investigated for the single geometry stochastic

lattices. Distortions are generally reduced for the non-uniform lattices, also resulting

in increased apparent elastic modulus and maximum stress, but reduced energy

absorption compared to uniform lattices. These results contribute to our know-how

with regards to expanding the material property space and understanding the

behaviour fo brittle non-uniform metamaterials with controllable porosity.

Finally, Chapter 6 summarises key conclusions from this project and suggests areas

for future work focusing on applying other techniques for geometry or mechanical

property characterisation or expanding the range of geometries evaluated.
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Chapter 2

Background

2.1 Introduction

A review of the literature is presented in this chapter, focusing on two areas: porous

metamaterials and additive manufacturing. The first section (Section 2.2) concerns

both synthetic and natural porous metamaterials with cancellous bone presented

as an example of an efficient porous material that has evolved over millennia to

optimise mechanical properties such as stiffness and energy absorption, in relation

to weight. A range of simplified unit cell geometries are discussed together with

generic and geometry-specific analytical models that predict mechanical behaviour

from density. The impact of random density variations in porous metamaterials is

also explored, with a focus on how such materials have advantageous mechanical

properties compared to uniform porous materials and with this randomness observed

in natural porous materials such as cancellous bone. Finally, Section 2.3 then reviews

various polymeric additive manufacturing techniques, highlighting stereolithography

as a suitable manufacturing method for porous materials and the method chosen for

this project. A discussion of commonly observed defects in the additive manufacture

of porous metamaterials is also presented highlighting the need to accurately

characterise as-built geometries.

2.2 Porous Metamaterials

Throughout history, as new materials have been discovered, the material property

space available to manufacture products has increased (Fig. 2.1) [3].

Early natural materials such as wood, ceramics and stone possessed a limited but

optimised range of mechanical properties such as stiffness, strength and ductility.

As more materials were discovered and developed, the material property space
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FIGURE 2.1: Evolution of the material property space adapted from [3]

increased, resulting in more innovations. The Roman roads we know today, for

example, only came about after the development of concrete [4], and the second

industrial revolution would not have been possible without the mass production

of steel [5]. These examples highlight why accessing greater areas of the material

property space is important and has been the focus of much research. In the past, this

has been achieved by altering the chemical make up of the materials, for example,

by making new metallic alloys or by changing the microstructure of the material
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to control the distribution of different phases, particularly in metals. As a result

of extensive research, further improvements in the property space are becoming

increasingly limited for solid materials [3]. The development of porous metamaterials

(where a metamaterial is defined as a synthetic architected material that spatially

varies material distribution to outperform natural materials [6]–[8]) presents an

opportunity to expand the material property space further, providing alternatives to

traditional solid materials [3]. Composites have also been developed to overcome

the limitations of solid materials, however, they target a different area of the material

property space and are not the focus of this project.

A porous material can be defined as a solid which contains cavities. This broad

definition encompasses a large range of both synthetic and natural materials with

a wide range of applications and target properties. Examples of synthetic materials

include acoustic foams [9], which have high energy absorption capabilities to reduce

reflected sound (porosity ranges between 16 - 90 %) and water filter cartridges that

use the pores to remove unwanted particulates [10], [11] (porosity ranges between

35 - 50%). These two applications are vastly different and use distinct base materials

(polymers and ceramics respectively), however, both are classed as porous materials.

Improved specific mechanical properties (property x divided by mass) are one of

the key advantages of porous materials over solid materials. Honeycomb sections

of sandwich structures and the infill of 3D printed parts, for example, both achieve

increased stiffness for a reduced weight. The resultant increase in design space

offered by porous materials is evident in Ashby plots (Fig. 2.1f, foams). The goal of

maximising specific properties is not limited to synthetic materials. Nature has shown

that this can be achieved with wood [12] and cancellous/trabecular bone [13]. Such

biological porous materials have evolved over millennia to be efficient, optimising

physical and mechanical properties such as stiffness and energy absorption, typically

in relation to weight [14]. As a result, they occupy a wide material property space [3]

compared to solid synthetic materials as seen in Fig. 2.1. Cancellous bone is described

here in more detailed as it is a good example of a tailored porous metamaterial, with

the wide range of properties due to both the base material (discussed below) and

geometric variation/randomness discussed in Section 2.2.3.

Cancellous bone is highly porous with porosities ranging between 40 and 95 %

[15]–[17] and is very metabolically active, constantly being remodelled [18], [19]. It

is made up of mineral (mostly as hydroxyapatite) and organic compounds (mostly

various forms of collagen) as well as water (65%, 25% and 10% weighted respectively)

with the exact ratio of the different components varying between individuals [19]–[21].

It has a tissue/material density (ρs, density not including porosity) similar to cortical
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bone (lower porosity than cancellous bone at between 5 and 20 % [15]–[17]) of

between 1.6 and 2.0 gcm-3 [15], [17], [20], [22]. When porosity is included, cancellous

bone has an apparent density (ρ∗, density including porosity) of between 0.05 and

1.3 gcm-3 [15], [17], [20], [22]. Cancellous bone can be described as being made up of

struts/trabeculae that come in two forms: rods and plates (Fig. 2.2) [15], [17], [20].

FIGURE 2.2: Rods and plates seen in cancellous bone, from [23]

The number of rods versus plates depends on location; areas with a higher apparent

density (lower porosity), have more plates and conversely, areas with a lower

apparent density (higher porosity) have more rods [20], [24], [25]. This can be seen

in measurements of average trabecular thickness which depend on location and

typically ranges between 100 and 300 µm [20], [24]. The geometric variation translates

to variations in mechanical properties such as the compressive elastic modulus.

The base material compressive elastic modulus (without porosity) ranges between

10 and 20 GPa depending on location, geometry and test method [17], [26]. When

porosity is considered for cancellous bone (apparent elastic modulus), these values

are significantly reduced to between 10 and 300 MPa [17] with between 70 and

90% of the variability due to apparent density differences. Unlike apparent elastic

modulus, yield strain and ultimate strain are not strongly related to apparent density

and are more isotropic (there is a slightly stronger dependence of yield strain on

apparent density at low densities) [17]. Yield strain is reported to vary between 0.7 -

0.85% in compression and between 0.6 - 0.71% in tension; variability is mostly seen

between locations, with yield strain remaining relatively constant within the same site

(standard deviations are approximately 1/10th of the mean) [17], [20]. Ultimate strain

is reported to vary between 1 and 2.5% [17].
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Additive manufacturing (AM) can be used to create complex geometries like lattices

that attempt to match a range of properties and performance for many applications

including aerospace, automotive and biomedical [27], with analytical models used

to predict their behaviour. The seminal work of Ashby and Gibson details how the

apparent elastic modulus, E∗ (elastic modulus of porous material), of an opened-cell

porous material (material distributed along cell edges instead of along solid faces

connecting cells) can be estimated by classifying the response as either bending- or

stretching-dominated and assuming a generic unit cell geometry, useful when little

is known about the internal geometry as in stochastic foams [28]. A cubic unit cell

geometry can be used (Fig. 2.3) with unit cells connected by strut midpoints. This

geometry allows isotropic material assumptions to be applied and only two of the

following properties are required to describe the material: E∗, G∗, the apparent shear

modulus and ν∗, the apparent Poisson’s ratio.

FIGURE 2.3: Cubic unit cell for open-celled foams [28]. t is the strut thickness and l is
the strut length

The general Ashby-Gibson expression for the apparent response is given in Eq. 2.2.1,

E∗ = Es

(
ρ∗

ρs

)n

· C (Eq. 2.2.1)

where, Es is the base material elastic modulus, (ρ∗/ρs) is the density of the porous

material (ρ∗) relative to the density of the solid base material (ρs), and C is an

empirical constant for stochastic geometries. The power, n, is dependent on the

mechanical response of the porous material and is equal to 2 or 1 for bending- and

stretching-dominated materials, respectively, with the latter being stiffer at the same

relative density [29]–[31]. Stretching-dominated structures are therefore better suited

to light-weighting applications such as those in aerospace whilst bending-dominated

structures are better suited to energy absorbing applications such as soundproofing.

A low (less than 5) nodal connectivity is characteristic of bending-dominated
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FIGURE 2.4: A periodic, square 2D lattice with a dashed box highlighting a joint
where four edges meet (nodal connectivity is 4). Image taken from [3]

structures, where nodal connectivity is defined as the number of cell edges/struts that

meet at a joint (Fig. 2.4). Most foams (a widely used synthetic porous metamaterial)

have a nodal connectivity of three to four and tend to be bending-dominated [32].

The same relationships can be used for cancellous bone with the apparent elastic

modulus related to apparent density by a power law with exponents of between

2 and 3, however, the exponent can be set to 1 if the range of apparent density is

small [17], [20], [33]. Along with analytical models of porous solids, the exponent

of the power laws suggests the dominant deformation mechanisms of cancellous

bone and how it might fail [33]. For apparent elastic modulus, indices of 2 and 3

suggest that cancellous bone behaves like open- and mostly closed-cell structures,

respectively, where bending dominates [28], [33], [34]. An index of 1, however,

suggests open-celled structures where stretching dominates [28], [33], [34].

Maxwell’s stability criterion, (M), can be applied in 2D (Eq. 2.2.2) and 3D (Eq. 2.2.3) to

predict the behaviour of geometries, like those in Fig. 2.5, based on nodal connectivity

[29], [30], where b, is the number of struts and j, is the number of joints.

M = b − 2j + 3 (Eq. 2.2.2)

M = b − 3j + 6 (Eq. 2.2.3)

The number associated with the number of joints (the 2j and 3j terms in Eq. 2.2.2 and

Eq. 2.2.3) is based on the number of dimensions in the system, i.e. 2D or 3D, whilst

the number of struts term, b is the same for both. To determine the other term in the

equations, one must look at the statically and kinematically determinate case in Fig.

2.5 b. Here, b is 5, and j is 4. As it is statically and kinematically determinate, Eq. 2.2.4

is valid, with x needing to be found. Rearranging Eq. 2.2.4, and letting b = 5 and j =

4, x becomes -3. Maxwell’s criterion/number is found when rearranging Eq. 2.2.4 to

equal 0, giving Eq. 2.2.2.
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b = 2j + x (Eq. 2.2.4)

When M < 0 (Fig. 2.5a, M = - 1 from Eq. 2.2.2), it is classed as a mechanism and has at

least one degree of freedom. When loaded in compression, the struts of a mechanism

can rotate about the joints, which if fixed, results in the individual struts bending,

leading to a bending-dominated structure. A fully defined structure (Fig. 2.5b),

when M = 0, has no degrees of freedom and when loaded, and the struts experience

both tension and compression; the struts can only deform by stretching. When the

joints are fixed, as in a lattice structure, there is negligible effect on the struts and the

structure remains stretching-dominated.

FIGURE 2.5: 3 types of 2D frames as defined by Maxwell’s criterion Eq. 2.2.3.
a) M <0, mechanism and bending-dominated, b) M = 0, fully defined and

stretching-dominated, c) M >0, over-defined and stretching-dominated [30]

When another strut is added (Fig. 2.5c, M = 1), the structure becomes over-defined

(M > 0) and may be subject to a state of self-stress. The structure is still

stretching-dominated but Eq. 2.2.2 and Eq. 2.2.3 are not suitable as Maxwell’s

criterion is only concerned with statically and kinematically determinate trusses. An

expanded version of Maxwell’s equations in 3D (developed by Calladine [35]) can be

used instead (Eq. 2.2.5), with s, the number of self-stress states and m, the number of

mechanisms. With Calladine’s equations, if M < 0 the structure is bending-dominated

and if M ≥ 0, the structure is stretching-dominated.

M = b − 3j + 6 = s − m (Eq. 2.2.5)

Eq. 2.2.1 describes the relationship of open-celled porous materials when behaving

linear elastically, but if loaded past the linear elastic region, a porous structure will

generally either fail by strut buckling (Eq. 2.2.6), plastic collapse where plastic hinges

form at the joints (Eq. 2.2.7), or by strut fracture (Eq. 2.2.8).

σ∗
el

Es
= C

(
ρ∗

ρs

)n

(Eq. 2.2.6)
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σ∗
pl

σy,s
= C

(
ρ∗

ρs

)n

(Eq. 2.2.7)

σ∗
cr

σf s
= C

(
ρ∗

ρs

)n

(Eq. 2.2.8)

where, σ∗
el is the apparent buckling elastic collapse stress, σ∗

pl , is the apparent plastic

collapse strength, σ∗
y,s is the base material yield strength, σ∗

cr is the apparent brittle

collapse stress, and σf s is the base material modulus of rupture. The constants (C) and

index/slope (n) vary depending on the property and deformation mode of the porous

metamaterial. Table 2.2.1 summarises the relevant values for each loading scenario.

The constants are calculated from experimental and numerical data where possible

[15], [28], [30], [31].

TABLE 2.2.1: Summary of equations that describe the behaviour of bending- and
stretching-dominated structures [15], [28], [30], [31].

Bending Stretching
Equation C n C n

Eq. 2.2.1 - Linearly elastic 1.00 2.00 1
3 1.00

Eq. 2.2.6 - Strut buckling 0.05 2.00 - 2.00
Eq. 2.2.7 - Plastic collapse 0.30 1.50 1

3 1.00
Eq. 2.2.8 - Brittle fracture 0.65 1.50 - 1.00

As there is limited data for bending-dominated structures that fail by brittle fracture

(Eq. 2.2.8), the constant is estimated by comparing to the equations for plastic collapse

(Eq. 2.2.7). The constants for stretching-dominated structures are less certain as failure

is heavily dependent on defects, and is therefore not provided. In the buckling case

(Eq. 2.2.6) for stretching-dominated structures, the constant is not known but thought

to be material dependent (elastomeric versus rigid polymers) and of a similar order of

magnitude to that for bending-dominated structures [28], [30].

2.2.1 Unit Cell Geometries

Alternatively, the specific geometry of the unit cell can be used to predict the

apparent response, with three main groups of non-parametric simplified unit cell

models: body-centred cubic (BCC), diamond/face-centred cubic (FCC) and rhombic

dodecahedron. Other unit cell types such as those defined by curved surfaces

like gyroids [31], [36] have been explored to create porous metamaterials. In this

investigation, simplified unit cells are examined, as they are comparatively easy to

manufacture, reproduce and vary, and have established analytical expressions for

their behaviour.

Body-Centered Cubic
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BCC unit cell geometries are simple to design and manufacture and consist of

inclined struts between the corners of a cube and its centre (Fig. 2.6a). This geometry

is bending-dominated (M = - 13) and isotropic. Several investigations derived

analytical equations for behaviour of BCC geometries with differences being limited

to the different beam bending theories, Euler-Bernoulli [37], [38] (e.g. Eq. 2.2.9 which

predicts the apparent elastic modulus E∗
z , from dang the diameter of the angled struts

and L, the overall length of the unit cell) versus Timoshenko [38], [39], and relative

density calculations accounting ([38], [39]) and not accounting ([37]) for beam overlap.

Timoshenko beam theory accounts for shear and rotational effects, important factors

when the diameter-to-length ratio of the struts is greater than 0.1 [38], typically when

the relative density (ρ∗/ρs) is greater than 30%. If not included, the accuracy of the

analytical model decreases with increasing relative density and the initial stiffness

of the geometry is under-predicted. Relative density is also over-predicted if beam

overlap is not accounted for.

E∗
z BCC =

√
3π

2
·
(

dang

L

)4

· Es (Eq. 2.2.9)

To increase the stiffness for the same density and add anisotropy (a key feature

in many applications including engineered bone tissue scaffolds), vertical struts

can be added between the corners or in the centre (Fig. 2.6b) to create a BCCz unit

cell. This geometry appears as bending-dominated using Maxwell’s equations (Eq.

2.2.5), as M = -9. However, if loaded parallel to the extra vertical strut, this strut

dominates the response parallel to loading, greatly increasing stiffness and resulting

in stretching-dominated behaviour. As with the BCC geometry, its performance can

also be predicted using analytical models, as in Eq. 2.2.10 which predicts E∗
z , the

apparent elastic modulus in the direction aligned with the vertical strut [40].

E∗
z BCCz =

√
3π

2
·
(

dang

L

)4

· Es +
π

4
·
(

dvert

L

)2

· Es (Eq. 2.2.10)

where, dang is the designed diameter of the angled struts as in the BCC equation

and dvert is the designed diameter of the vertical struts. The response of the BCCz

unit cell provided is a sum of the response of the angled struts, which form a BCC

unit cell and the response of the single vertical strut. At low relative densities, when

the ratio between strut diameter and unit cell length is reduced, higher order terms

such as the response of the BCC component can be ignored, further highlighting the

stretching-dominated response of the unit cell. As with the BCC unit cell, the accuracy

of this analytical model decreases at approximately 30% relative density [28], [41] for

both the BCC component and the deformation of the vertical strut as slender beam

assumptions apply to both parts of the model.
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FIGURE 2.6: a) BCC and b) BCCz unit cell geometries.

Diamond/Face-Centered Cubic

Diamond and FCC unit cell geometries are more complex than the BCC geometries

but still manufacturable using AM techniques. The diamond geometry (Fig. 2.7a)

is bending-dominated (M= -20) and isotropic. A modified FCC geometry (FCCm,

Fig. 2.7b), is also bending-dominated, but with a higher Maxwell’s number, -14.

Within the category of FCC geometries, the octet geometry (Fig. 2.7c) is an anisotropic

stretching-dominated geometry and is kinematically and statically fully defined

with M equal to 0 [30], [42]–[46] and is shown to be beneficial for energy absorbing

applications [47].

FIGURE 2.7: a) Diamond, b) FCCm and c) Octet unit cell geometries.

Rhombic Dodecahedron

Rhombic dodecahedron (RD, Fig. 2.8) unit cell geometries are centrally symmetric,

isotropic and bending-dominated, with M = -6. The RD geometry is more complex

than the BCC unit cells, however, is still manufacturable using AM techniques.
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FIGURE 2.8: Rhombic Dodecahedron (RD) Cell

2.2.2 Joining Unit Cells

Four approaches have been identified for joining simplified unit cells for the additive

manufacture of porous metamaterials. The appropriate joining method will depend

on how widely the target properties, and therefore the geometry of each unit cell,

vary [36].

A uniform design involves selecting one optimal geometry and repeating this

geometry for the overall target shape. Using this format, compatibility between

neighbouring cells is guaranteed and modelling is straightforward (the analytical

models can be used without modification) [36]. However, this does not offer any

variation throughout the full lattice structure.

A layered gradient involves selecting several optimised geometries and staggering

them based on the goal structure. Potential issues include stress concentrations at

points where different unit cells join (this becomes significant when the geometry and

size of struts between neighbouring unit cells differ greatly) rendering certain cell

combinations non-manufacturable [36].

A continuous gradient design is similar to the layered gradient, however, the

change between layers is more gradual. This format reduces the chance of stress

concentrations at neighbouring cells and subsequent non-manufacturable designs

[36].

A stochastic design is built up from randomly varied unit cells, varied for either

relative density, design or both. As with the layered gradient, stress concentrations

and issues with manufacturability are likely between neighbouring unit cells due

to the random build of the porous material. Predicting as-built properties is more

complex as the analytical models of simplified unit cells cannot be used.

Designs based on topology optimisation involve optimising the material layout

based on the predicted properties of the unit cells [36], [48]–[51]. Compared

to the gradient methods, the variation is typically more discrete, with reduced
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stress concentrations. Non-manufacturable designs, however, are still possible.

Additionally, the application of analytical models and prediction of behaviour is

considerably more complex than other methods and depends on the approach taken.

One could either use a single cell design but vary strut diameter, or use a library

of unit cells with a fixed strut diameter. Both offer similar performance increases

compared to a uniform design [48].

2.2.3 Non-Uniform Porous Metamaterials

Stochastic structures offer numerous advantages over more uniform structures

and are often found in natural porous materials which tend to have some level of

stochasticity [1], [2], [52], [53]. To determine the influence of stochasticity and the

level present in natural porous materials, Aranguren et al., [1], defined a disorder

parameter, δ. δ, is defined as the ratio between the minimum centroid to centroid

distance of random 2D Voronoi cells by the centroid to centroid distance of a regular

hexagonal-based 2D lattice, with 1.0 for a fully regular arrangement and 0.1, for a

highly disordered structure (Fig. 2.9a). The level of disorder also influences the cell

size and cell size distribution with a higher level of disorder (lower δ) resulting in

more varied cell sizes and an increase in the number of smaller cells, Fig. 2.9b).

FIGURE 2.9: a) visual representative varying levels of disorder as defined by
Aranguren et al. [1], [2] and b) corresponding measured cell areas of 1000 Voronoi

cells. Figure adapted from Aranguren et al., [1]
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Natural porous materials can often be represented by Voronoi structures. Aranguren

et al. [1], made use of this to generate representative Voronoi-based 2D structures for

a wide range of natural porous materials (examples in Fig. 2.10) and a select number

of synthetic porous materials including polymer foams. This allowed for δ to be

calculated (Fig. 2.10). Interestingly, natural porous metamaterials are all relatively

ordered with a minimum median disorder of 0.55, compared to polymer and metallic

foams which have median disorders of 0.4 and 0.5 respectively. Additionally, porous

materials have distinct comparatively narrow disorder ranges. Whale vertebrae were

found to have the greatest range varying between 0.48 and 0.7, whilst metal foams

have a range between 0.25 and 0.6.

FIGURE 2.10: Examples of using Voronoi structures to represent a natural porous
material with the yellow dots indicating the centroids of Voronoi cells and blue
lines as the Voronoi cell walls. Variation of measured disorder for a range of porous
materials is also shown with N equal to the number of images analysed. Figure

adapted from Aranguren et al., [1].

From Fig. 2.10, one might conclude that natural porous materials have evolved

to optimise disorder (shown by the narrow ranges) in order to optimise certain

mechanical properties. To test this hypothesis, Aranguren et al., manufactured a range

of 2D Voronoi lattices using additive manufacturing techniques with δ ranging from

0.1 to 1.0. They characterised how disorder impacted a range of tensile mechanical
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properties, including apparent elastic modulus and energy absorption as well as

analysing crack growth mechanics (Fig. 2.11). Values were normalised by results from

fully ordered lattices. From Fig. 2.11, they determined that highly ordered Voronoi

lattices, when δ ≥ 0.6, had a comparable normalised apparent elastic modulus,

maximum stress and energy absorption to failure as fully ordered hexagonal

lattices. This was likely due to the increasingly uniform cell size distribution as δ

approaches 1.0 (2.9b). Decreasing δ beyond 0.6 generally resulted in decreasing

mechanical properties due to earlier catastrophic fracture. The one exception to

this was the normalised apparent elastic modulus, which generally remained

constant, independent of disorder. Beyond these mechanical properties, the highly

ordered stochastic structures were shown to have multi-stage failure and, through

crack propagation tests, improved survivability characteristics such as fracture

toughness (calculated via the J integral method) compared to fully ordered structures.

Disorder inhibits catastrophic crack propagation, encouraging crack deflection

(most significant for highly ordered lattices) and increasing fracture toughness. For

fully ordered or highly disordered lattices, fast fracture was observed with straight

undeflected crack paths. Highly ordered lattices (0.6 ≤ δ ≤ 0.8) showed improved

failure characteristics whilst maintaining elastic properties. The level of disorder for

natural porous materials is similar and therefore likely plays a role in the mechanical

advantages that natural porous materials have over synthetic ones. Building upon

this to expand the synthetic disordered lattices characterised to include simplified

unit cells as well as 3D lattices would help in expanding the material property space

accessible.

FIGURE 2.11: Impact of disorder (δ) on normalised a) apparent elastic modulus, b)
maximum stress and c) energy absorption. Figure adapted from Aranguren et al., [1].

2.3 Additive Manufacturing

AM can produce complex geometries with relative ease and works on the principle of

adding material layer-by-layer, rather than removing it as with traditional subtractive
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manufacturing techniques [54]. It is typically used for prototyping as it allows

companies to manufacture on-site and is more economical for small-batch production

runs [55]. Metals, ceramics and polymers are all compatible with AM and use a wide

range of processing techniques, resulting in varying size scales and roughnesses [54].

The focus of this investigation will be limited to polymers; this enables a material

property space similar to biological materials to be accessed. Common polymeric AM

techniques include fused filament fabrication (FFF), selective laser sintering (SLS),

Polyjet and stereolithography (SLA). A comparison between these four methods is

discussed here and summarised in Table 2.3.1.

In FFF, material is extruded through a nozzle and deposited layer-by-layer with the

high viscosity of the melted polymer limiting the smallest nozzle size and therefore

layer height (Z resolution) [56] (Fig. 2.12). The requirement to start/stop extrusion

within each layer greatly limits the smallest in-plane feature size (XY resolution). The

cooling rate of the material determines the printable overhang; sections of a part not

supported by the part and would typically require additional support and therefore

post-processing [57]. A high material modulus for FFF is achieved using composites,

with short glass or carbon fibres embedded into normal filament [58]. This only

increases the stiffness in the XY plane as stiffness in the Z direction is still limited

by layer adhesion; directional properties are further emphasised [59]. Additionally,

composite FFF materials require larger nozzle sizes and therefore decrease resolution

in both the XY and Z directions.

FIGURE 2.12: Labelled diagram of the FFF process, figure taken from [60]

In SLS, a type of laser-powder bed fusion (L-PBF) the powdered material is sintered

using a laser along a predetermined path, similar to the path of FFF [61] (Fig. 2.13).

The laser spot size and power limit the volume of powder that can be sintered and

therefore layer height. The unsintered powder is able to support the part when
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being built up, so no additional supports are required [62]. The range of materials

compatible with SLS is limited, with nylon and nylon-based composites most

commonly used [62].

FIGURE 2.13: Labelled diagram of the SLS process, figure taken [63]

Polyjet works similarly to inkjet printing, whereby droplets of material are deposited

layer-by-layer and then cured using an ultraviolet (UV) light [62] (Fig. 2.14). The size

of the droplets means a full support structure is required; no overhangs are possible

making this less suitable for porous metamaterials [62]. The range of materials

compatible with polyjet is also limited as this method is typically used for aesthetic

and non-functional parts [62].

FIGURE 2.14: Labelled diagram of the Polyjet process, figure taken from [64]

SLA is a type of vat photopolymerisation that builds parts from the bottom up (parts

are inverted during manufacture) with a UV laser curing a photoinitiated resin along

a predetermined path [65] (Fig. 2.15). Once a layer is cured, it is peeled from the

flexible film of the resin tank, the resin is mixed, levelled and the part is lowered

ready to continue part manufacture. Once the part is complete, it is then washed
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(typically with isopropyl alcohol, IPA) to remove excess resin, and undergoes a final

UV curing step. XY and Z resolution depend on the laser spot size and layer height

respectively as well as material. They also have similar support requirements to

FFF although optimal print orientation to reduce surface area often results in a large

number of supports. Commercial SLA machines are compatible with a large range of

materials with elastic moduli ranging from 1 – 11.7 GPa [66], [67] for parts that have

undergone a specific post-processing methodology. On balance, SLA offers many

advantages for producing porous metamaterials.

FIGURE 2.15: Labelled diagram of the SLA process, figure taken from [68]

TABLE 2.3.1: AM process comparison. Note that Z is the build direction, and XY is
the plane of layered material deposition. Green blue and red shading indicates better,

equal, and worse performance compared to SLA.

Resolution Base Material Elastic
Modulus Range (GPa)Process Layer height (Z) In-plane (XY) Cost Support

SLA > 25 µm > 85 µm Med. <20° 1 - 11.7
FFF > 50 µm > 200 - 1000 µm Low <30° 0.5 - 6.7
SLS > 50 µm > 100 µm High None 1.6 - 5.3

Polyjet > 16 µm > 42 µm High Full 0.9 - 3

Variations in post-processing procedures are also known to affect the mechanical

response of AM parts [69], [70] including initial stiffness and energy absorption,

resulting in deviations from analytical models. For SLA, an increase in washing time

with IPA decreases the flexural modulus and tensile strength of dog-bone samples

with a low surface area-to-volume ratio. After washing for 90 minutes or 12 hours

the flexural modulus reportedly decreased by 15% and 50%, respectively, and after

washing for 30 minutes the tensile strength decreased by 13% [69]–[71]. This is

suggested to be due to the IPA permeating the printed part during washing, relaxing

the polymer chains, resulting in part softening as well as unreacted monomer removal

by the IPA leaving voids in the printed part, decreasing mechanical properties.
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Deviations from the as-designed geometry have also been shown to impact the

apparent properties of metallic AM lattices. For example, shape distortions such

as warping are commonly observed in additive manufacturing, affecting loading

[72]–[81]. The analytical models developed, however, assume uniform loading

resulting in differences between as-designed and as-built apparent properties. These

distortions range from approximately 20 to 600 µm for parts manufactured with

L-PBF, and between 15 µm and 2.5 mm for SLA parts varying depending on geometry

type (unsupported versus supported), manufacturing processing conditions and

cross-sectional area and have the potential to impact loading behaviour [73]–[78],

[80], [81]. For example, distortions of up to 300 µm were reported L-PBF parts over

a length of 2 mm (15%) [73], [76], and 500 µm over a length of 80 mm (0.63%) [81]

for SLA parts (Fig. 2.17a). Though the level of distortion for the SLA example given

appears small, especially when compared to the distortion of the L-PBF part, the

SLA parts were thicker and, more importantly, fully supported, whereas in the

L-PBF example, they we not supported, increasing the excepted distortion in the

L-PBF parts. Though the processes of L-PBF differ from SLA, understanding the

influence of these can still highlight potential variables that will increase intra- and

inter-sample variability and influence mechanical properties. With both L-PBF and

SLA, warping (caused by residual stresses), missing struts, surface roughness and

deviations from the designed geometry such as inclusions, porosities, non-circular

strut cross-sections and the waviness of struts (Figs. 2.16 and Fig. 2.17 , examples of

defects in L-PBF lattices and SLA parts respectively) have all been found to affect

mechanical properties such as strength and modulus and [72], [76]–[98].



2.3. Additive Manufacturing 23

FIGURE 2.16: Examples of defects from L-PBF parts: a) warping observed in an
overhang, taken from [76], b) increased waviness and roughness observed in
horizontal struts, taken from [86], c) internal porosities observed using micro CT,
taken from [89], d) variation of normalised apparent elastic modulus as a function of
strut waviness and strut diameter variation, taken from [88], e) variation of surface
roughness on struts as a build direction (0° is horizontal) and strut diameter, taken
from [87] and f) examples of strut waviness and strut diameter variation, taken from

[85].
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FIGURE 2.17: Examples of defects from SLA parts: a) warping observed for fully
supported overhangs, taken from [81], b) influence of build direction on geometrical
accuracy of various shapes including cylinders and spheres, taken from [93], c) types
of pore based defects caused by excess resin observed with micro CT, taken from

[95].

These geometric deviations depend on part orientation relative to the print direction.

For example, for L-PBF lattices, struts aligned with the build direction (vertical struts)

are manufactured to a higher degree of accuracy, reducing waviness, differences to

the designed geometry and surface roughness compared to horizontal struts [72],

[86]–[88], [99]. Arabnejad et al. [100], found that the vertical struts of L-PBF lattices

were undersized by up to 45%, whereas the horizontal struts were oversized by

approximately 130%. Similarly, L-PBF struts were found to have a mean surface

roughness (Ra) of approximately 17 and 74 µm for vertical and horizontal struts,

respectively [101]. Similar conclusions can be drawn for parts manufactured via

SLA. Kalilayeva et al. [93] found that cylindrical features (like struts in lattices)
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were typically undersized by between 7.3 and 4.8%, depending on the angle, with

cylinders parallel to the build direction (vertical), resulting in the least amount of

deviation from designed dimensions (Fig. 2.17b). Similar, although slightly reduced

deviations from the designed geometry were also observed for spherical parts (similar

to the nodes between struts in lattices), with hemispheres manufactured with the

flat face parallel to the build direction resulting in a 2.5% deviation from designed

dimensions [93]. These undersized parts are thought to be due to resin shrinkage, a

known phenomenon in the SLA process, which can also result in warping as a result

of residual stresses [77]–[80].

L-PBF parts experience both high temperature gradients and cooling rates during

manufacture, leading to residual stresses and often part warping and cracking.

During part manufacture, the top layer(s) are subject to higher temperatures than

the solidified layers below. The higher temperature layer(s) are prevented from

expanding by these solidified layers inducing compressive residual stresses [72],

[102]. Additionally, during melt pool cooling, layers are unable to contract due to

the solidified layers below, inducing tensile residual stresses. When residual stresses

exceed the strength of the material, this leads to plastic deformation and warping [76].

Similarly, in vat photopolymerization techniques such as multijet fusion and

stereolithography, the polymerisation of resin results in warping through two key

mechanisms. During polymerisation, the liquid resin is converted into a solid,

resulting in an increase in density and therefore a decrease in volume [103]–[105].

This leads to layer/part shrinkage, inducing residual stresses and ultimately warping

[77]–[81]. Residual stresses are also introduced due to the cyclic nature of the SLA

process, during which a part is repeatedly peeled off a thin flexible film and pushed

back onto it once the resin has been levelled off. This process cyclically stresses the

part, potentially introducing deformations and warping [98]. Non-symmetrical curing

due to laser scan patterns will amplify the warping behaviour [104]. Polymerisation

reactions also produce heat as a by-product (Fig. 2.18), transferred through convection

and conduction. Some of the excess heat is convected to the surrounding air,

warming the chamber/environment. The rest of the excess heat is then typically

conducted to the cured layers below (microns thick), resulting in further layer curing

(penetration curing) and the accumulation of stresses that lead to warping. If the

manufacturing technique requires a heated bed, as with microdroplet-jet printing

shown in Fig. 2.18, heat transfer from the heated bed to the printed part increases the

penetration curing and therefore residual stress formation [106]. Alternatively, if the

post-processing method employs a heat treatment, this will induce further residual

stresses, amplifying any distortions present [79]. The layer height also controls the

level of penetrative curing, with a reduced layer height increasing the amount of
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penetrative curing that a part experiences, increasing residual stresses and therefore

warping [77]. As such, both Vatani et al. [77] and Wiedemann et al. [78] determined

that increasing the layer height decreased distortion, with layer heights of 0.1 and 0.15

mm resulting in maximum distortions of 2.5 and 0.7 mm, respectively, over a length

of 200 mm [77]. However, increasing the layer height to decrease distortion comes

at a cost of decreasing the resolution and therefore dimensional accuracy of parts in

the build direction, which can in turn impact as-built properties. Chockalingam et al.

[107] found that increasing layer height decreased the yield tensile strength, ultimate

tensile strength and impact energy of samples manufactured using SLA and was

thought to be due to an increase in the number and size of voids that were evident

with increasing layer height.

‘

FIGURE 2.18: Polymerisation reaction of microdroplet-jet printing, a vat
photopolymerisation technique showing thermal reactions that lead to residual

stresses and warping. Figure taken from [106].

The methods used in L-PBF lend themselves to creating unintentional porosities, even

when processing parameters are optimised, with a porosity of approximately 1%

expected for lattice structures [72]. However, for a gyroid-based lattice, increasing the

unit cell size was found to result in an increase in porosity to approximately 10% [108].

Increasing the cell size increased scanning paths and the time spent at each layer,

allowing more pores to form before the next layer was built up. Further optimising

processing parameters, however, can overcome these size scale effects. Pores form

due to a number of reasons. Impurities or certain constituents within the powder

may have a lower melting point than the main powder, evaporating during part

manufacturing and forming gases. Gases can also be formed through gaps within

the powder bed. These gases then become incorporated and entrapped into the

melt pool and due to the high cooling rates form pores. Pores can also form due to

the improper flow of the melt pool which could be the result of ridges/overhangs

from a previous layer blocking the flow path, incomplete fusion due to insufficient

energy, or the oxidation of layers decreasing wettability resulting in incomplete

fusion. Porosities form stress concentrations when loaded, acting as initiation points

for failure, impacting both static and fatigue properties. Dong et al., [109], reported a
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14% increase in elastic modulus for struts manufactured parallel to the build direction

compared to struts manufactured at 35° from the build platform, attributing the

difference partially due to the decrease in porosity observed, 1.95% to 0.11%. The

inclined struts are supported by more unsintered powder thus reducing cooling

rates. This increases the temperature of each build layer, resulting in melt pool

instability, both of which contribute to the formation of hydrogen and argon pores.

A higher level of porosity is observed in the lower half of the inclined struts (Fig.

2.19), increasing as the inclination decreases, further supporting the reasoning for the

increase in porosity. Pores can form in SLA from gases being trapped within the resin,

albeit to a much lesser extent (negligible), due to the differences in manufacturing

methods and are reported to result in an increase in porosity of approximately 0.02%

for a solid part [95].

FIGURE 2.19: Variation of porosity with inclination and position for the up (zone A)
and down-skin (zone B) portions of struts. Figure taken from [72] and [109].

Some level of surface roughness is expected for any process. In L-PBF, surface

roughness is often due to un-sintered particles from a lack of fusion (Fig. 2.20c),

adhering to solid parts [84]. Print orientation greatly impacts surface roughness, with

inclined struts resulting in greater surface roughness than struts printed parallel

to the build direction, Fig. 2.16f). This is mainly due to stair-stepping (Fig. 2.20a),

caused by a difference between the designed geometry and the geometry possible

based on scan patterns. Stair-stepping leads to an increase in surface roughness for

inclined struts compared to vertical struts, with the effect amplified on the down-skin

of inclined struts (Fig. 2.20d and e). The powder that supports the struts is a poor

conductor of heat, leading to increased cooling times and allowing molten material

to sink due to gravity and capillary force and form a drop, also known as dross,

resulting in increased roughness [110]. The up-skin experiences decreased cooling

times as heat is conducted through the solid and then convected away. Surface

roughness can also increase due to balling (Fig. 2.20b), commonly observed when

the length of the melt pool is less than twice the width, occurring when the molten
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powder solidifies into spheres instead of flat layers. It is caused by the surface

tension of the molten sphere preventing the molten powder from joining with the

solid layer below and resulting in reduced interlayer adhesion [72], [82]. Severe

balling can also affect the distribution of powder on subsequent layers, impacting

the build-up of parts, and potentially further increasing surface roughness. Surface

roughness, regardless of how it formed, results in stress concentrations, impacting

mechanical properties. Dressler et al., [99], determined that there was a 20% drop

in ultimate stress for struts manufactured perpendicular to the build direction

compared to parallel. While as previously discussed, porosity, which is affected

by print orientation, does have an impact, they showed through FE models that

stress experienced by the rougher perpendicular struts was greater than for the

parallel struts. Surface roughness and effects on mechanical properties are also a

consideration for parts produced via stereolithography with stair-stepping, affected

by build angle, being the main contributor as it is not a powdered based process and

any heating effects are minimal in comparison to L-PBF so dross does not form to the

same extent [97], [98], [111]. Yang et al. [97] found that thin flat plates manufactured

parallel to the build direction resulted in a reduced surface roughness (Ra) of 3 µm

compared to thin flat plates manufactured at 10 degrees to the build plate which had

a surface roughness of 17 µm, over five times greater.
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FIGURE 2.20: a) Representation of stair-stepping, seen in all forms of additive
manufacture, figure taken from [110]. b) Example of balling in L-PBF manufacture,
figure taken from [112]. c) Evidence of loose powder on parts, figure taken from
[110]. d) increase surface roughness and dross on the down-skin, e) compared to the

uk-skin, figure taken from [110].

Geometry variations such as strut waviness and variations in strut diameter are

commonly observed in L-PBF lattices (Fig. 2.16c) as they are often manufactured at

the limits of resolution and accuracy. It is often observed in the form of ellipsoidal

struts instead of circular, and the degree of variation dependent on print orientation,

with struts parallel to the build direction normally undersized (reported at 30 and

45%) and those perpendicular to the build direction oversized (reported at 54 and 128

%) [100], [113]. Although the values from the different investigations vary, the same

trends are observed. Struts parallel to the build direction are typically undersized

due to shrinkage, whilst struts perpendicular to the build direction are typically

oversized due to stair-stepping and dross formation from the melt pool being pulled

down by gravity and capillary forces. Similar trends are observed concerning strut

waviness, defined as deviations of the central strut axis. Struts perpendicular to

the build direction are found to have a greater strut waviness than those parallel

to the build direction and this difference also decreases as the perpendicular struts

become more inclined and aligned with the parallel struts. It is these perpendicular
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struts, which experience tensile loads during compression that fail first and initiate

lattice failure, highlighting the impact of geometry variations. Eccentricity (a ratio

between the semi-major and semi-minor axes of the strut cross-section), a function of

strut shape and linked with strut diameter variation, is also influenced by the print

orientation. Casata et al., [87], determined that eccentricity, increases with inclination

angle and designed diameter, with thick struts parallel to the build direction more

circular and thin struts perpendicular to the build direction the most elliptical (Fig.

2.21). Increased strut diameter variation, waviness and decrease in eccentricity have

all been linked to reduced mechanical properties [88]. Liu et al, [88], determined

that for an octet lattice, increasing the strut waviness by 250% (normalised by

representative octet lattice with a relative density of 10.6%), but keeping strut

variation the same, decreased the apparent elastic modulus by approximately 40%

and the compressive strength by approximately 35% (Fig. 2.16e). Additionally,

increasing the strut diameter variation but keeping strut waviness the same now,

decreased the apparent elastic modulus by 25% and the compressive strength by 45%

(Fig. 2.16e). Strut waviness influences the apparent elastic modulus to a greater extent

than the strut diameter variation and the reverse is observed for the compressive

strength (Fig. 2.16e). In SLA, the main deviations/variations from the as-designed

geometry are due to resin shrinkage leading to distortions and deformations as

previously discussed [98], stair-stepping as in the L-PBF case, which is dependent

on the layer height and is the main cause of the surface roughness evident on SLA

parts and excess resin pooling within the part Fig. 2.17c [95], [96]. Liu et al. and

Guessasma et al. manufactured a series of solid blocks with varying levels (0 - 60%

porosity) of randomly distributed spherical voids/macro-sized pores using SLA

and assessed the geometrical accuracy using X-ray micro tomography. For a porous

solid (when porosity is greater than 30% as defined by Ashby and Gibson [28]),

there was good agreement between the as-designed and as-built level of porosity,

with differences of less than 1.5% observed. This was reflected by their compressive

behaviour, which was similar to as-designed. However, for a solid with distributed

pores (when the porosity is less than or equal to 30%), the geometrical accuracy was

reduced with the as-built porosity up to 8% less than as-designed. This decrease in

porosity is mainly due to excess resin remaining in pores due to poor pore network

connectivity, not allowing excess resin to be drained/washed out of the part Fig.

2.17c. This excess resin can then also close off other pores, resulting in incomplete

pores forming, further decreasing the as-built porosity (Fig. 2.17c). Even adjusting for

the as-built porosity, measured mechanical properties such as elastic modulus and

yield strength differed greatly from analytical models and thought to be due to strain

localisation due to the excess resin, followed by cell collapse and densification. The

amount of pooled excess resin can be reduced by ensuring that pores are sufficiently
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interconnected, a difficulty when designing randomly distributed pores as in the

investigations by Liu et al. [95] and Guessesma et al. [96] but more possible if using

strut-based lattices as is the case in this project.

FIGURE 2.21: Variation of eccentricity with inclination angle and strut diameter, from
[87].

Defects in horizontal struts decrease the apparent elastic modulus of lattices to a

greater extent than defects in vertical struts, and an increase in the number of defects,

surface roughness, strut waviness and non-circularity in both directions reduces the

apparent elastic modulus and strength of parts [84], [88], [114], [115]. Goodall et al.

[114] determined that even only removing 1% of struts (representative of an extreme

defect), reduced the yield strength of L-PBF lattices by up to 8 MPa from 34 MPa.

Part orientation in SLA can also impact the as-built mechanical properties of parts,

largely due to the difference in geometric accuracy observed at varying orientations,

as discussed previously. For example, Saini et al. determined that for tensile dog-bone

specimens, the tensile modulus was greater (approximately 1750 MPa from 1500 MPa)

for parts manufactured parallel to the build direction compared to perpendicular to

the build direction. This increase is due to the build layers being perpendicular to the

applied load. This is also why the maximum compressive load of parts manufactured

parallel to the build direction is considerably greater (40 kN compared to 10 kN)

than that for parts manufactured perpendicular to the build direction. Similar

patterns are observed for the flexural strength as demonstrated by Unkovskiy et al.

[94] with flexural strengths of 135.7 and 117.5 MPa for parts manufactured parallel

and perpendicular to the build direction. This difference was thought to be due to

the improved geometrical accuracy observed for the parts manufactured parallel

to the build direction, as with L-PBF parts. Additionally, although it is generally

considered that SLA produces isotropic parts, Quintata et al. [91] determined that

tensile dog-bone specimens manufactured parallel to the build direction had a

statistically greater ultimate tensile strength and elastic modulus than samples
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manufactured perpendicular to the build direction. This was thought to be due to the

directionality of the layer build up relative to the loading direction. It should be noted

that the differences were less than 5% for both the ultimate tensile strength and elastic

modulus. SLA can therefore still be considered to produce isotropic parts.

Defects are shown to considerably affect the apparent properties of lattices and are

heavily dependent on geometry, particularly inclination angle. Understanding and

categorising these defects in AM lattices is important for explaining mechanical

properties variation as well as any trends observed between geometry types.

The testing method can also impact the apparent properties of porous materials

due to machine compliance. As noted in the ASTM standard for the compressive

properties of cellular plastics [116], machine compliance is present in all testing

systems and is evidenced by a difference between the cross-head displacement and

the displacement samples experience, potentially considerably affecting the measured

response [117]–[120]. The effect of machine compliance is amplified for samples that

experience small strains such as for brittle materials or if samples experience large

cross-sectional area changes as they will often result in high loads increasing the

non-sample machine displacement [118].

A common method for accounting for machine compliance (and recommended

by the ASTM standard for compressive cellular plastics [116]), involves running a

test without a sample but under the same conditions samples are subject to. The

measured displacement for each force value should then be subtracted from the test

data. This method is simple to apply and therefore commonly used. Alternatively,

strain gauges or differential variable reluctance transducers can be used to measure

the strain of samples directly [119]; these are often used in the characterisation of bone

samples as they are subject to low strains [17], [119]. Although directly measuring

strain using strain gauges accounts for machine compliance, they can only be used

for a limited range of strain and under normal operating conditions. Finally, optical

strain measurement techniques such as point tracking and digital image correlation

can be used to indirectly measure strain and account for machine compliance [117],

[119]. Both techniques involve applying a pattern to the surface of a sample and

tracking displacement throughout the test with cameras. Additionally, optical

strain measurement techniques are able to account for three more sources of error,

highlighted in Fig. 2.22. Friction between the sample and platens can cause sample

barrelling (Fig. 2.22a) where the contact surfaces do not experience strain while the

rest of the sample does, leading to a non-uniform stress state, an assumption made

throughout the test. Non-uniform loading (Fig. 2.22b), caused by misalignment of

platens or non-parallel contact surfaces, results in inaccurate strain measurements
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and can lead to localised failure (Fig. 2.22c) meaning properties might be determined

outside the elastic region. Marter et al., [117], [121] demonstrated that point tracking

accurately captures the surface strains of a porous material, with results comparable

to digital volume correlation, the ’gold standard’ for strain measurement. With

points relatively easy to apply to surfaces, this is the preferred technique for porous

materials.

FIGURE 2.22: Figure adapted from [117]. a) High friction at contact surfaces causes
barrelling in the sample, b) misalignment between platens and sample causes

non-uniform loading and c) localised crushing/failure of the sample

2.4 Conclusion

Natural porous metamaterials such as cancellous bone have been shown to occupy a

wide material property space due to geometric and mechanical property optimisation

that has occurred over millennia. The large range of mechanical properties observed

for cancellous bone is partially due to variations in architecture. Previous work

determined that the semi-random variation in density observed in cancellous

bone improves failure properties such as energy absorption whilst maintaining

elastic properties such as apparent elastic modulus in comparison to fully regular

porous materials like honeycomb structures. Building upon this, creating a uniform

and non-uniform porous metamaterial from simplified unit cells is beneficial

as these types of geometries are comparatively easy to manufacture whilst also

having analytical models that can predict the as-built behaviour. Such geometries

are commonly manufactured using additive manufacturing techniques. Several

types of polymeric based additive manufacturing techniques are presented, and

stereolithography is highlighted as a suitable technique for producing the porous

metamaterials required in these investigations. As with any manufacturing technique,

additive manufacturing presents its own unique series of commonly observed defects,

with some more prevalent for porous metamaterials as they are generally at the limit
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of manufacturability. Deviations from the designed geometry are frequently observed

including greater than designed strut diameters and warping. Such defects influence

the apparent response of porous materials with warping altering the boundary

conditions leading to non-uniform loading. It is important that defects are identified

and characterised for authentic mechanical behaviour to be captured, allowing

tailored non-uniform porous metamaterials to be designed and manufactured with

predictable responses.

Non-uniform lattices built up from simplified unit cells are advantageous for

lightweight load-bearing applications as in aerospace or biomedical applications

for engineered tissue bone scaffolds, where matching the stiffness and geometry

to the surrounding native bone is crucial for function [122]. The first step towards

expanding the material property space with such structures is characterising their

repeatability and understanding the effect distortions have on the initial compressive

elastic modulus. This is the focus of the following chapter.
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Chapter 3

Additively Manufactured Porous

Metamaterials and the Mechanical

Effects of Distortion

3.1 Abstract

Biological porous materials like cancellous bone have evolved over millennia

to optimise both physical and mechanical properties. Such materials occupy a

large material property space, efficiently balancing properties to achieve certain

performance requirements. This efficiency is difficult to replicate using synthetic

materials. Additively manufactured, (AM) porous metamaterials could address this

shortcoming but shape distortions like warping are common, affecting boundary

and loading conditions, altering the apparent mechanical response. In this study, it

is hypothesized that Winkler’s elastic foundation model can be used to analyse the

effects of warping on the apparent response of porous metamaterials. To test this

hypothesis, stereolithography was used to produce porous metamaterials made up

of repeating body-centred cubic (BCCz, 30 x 30 x 30 mm) lattices with integrated

endplates. Height distortions on endplates resulting from AM were measured, and

lattices were quasi-statically compressed with endplates either adhered or unadhered

to the loading platens in order to observe the effects of uniform and non-uniform

loading on the apparent mechanical response. Optical point tracking was used to note

local strain variation. Endplate distortions were observed ranging from 235 to 450 µm

and resulted in large variations in the local strain in unadhered compressed samples.

The elastic foundation model accurately predicted the reduced initial apparent

stiffness due to distortions and can also be used to determine the pre-loading or

dimensional tolerances required to ensure a given apparent stiffness. These outcomes
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are useful for the development and manufacture of load-bearing porous structures,

such as bone tissue scaffolds for regenerative medicine, for which reduced apparent

stiffness is detrimental to performance and function.

3.2 Introduction

Natural porous metamaterials occupy a large material property space. They balance

both physical and mechanical properties and through evolution, are efficiently

tailored for each application. Additive manufacturing can be used to develop

complex geometries such as lattices that attempt to match this property space and

efficiency for synthetic material for a range of applications including aerospace,

automotive, safety and biomedical. However, defects such as distortions are

commonly observed in additive manufacturing, altering boundary conditions and

therefore the apparent behaviour of synthetic porous metamaterials. Understanding

and characterising these differences is essential to being able to consistently create

tailored synthetic porous metamaterials with predictable properties, especially when

needing to match the mechanical and geometrical properties as with engineering

bone tissue scaffolds [122].

This study aims to assess the effects of distortion and post-processing on the

apparent elastic modulus. Following this section’s relevant background and research

justification, the methodology for sample manufacture, mechanical and geometric

characterisation (including distortions) is detailed in Section 3.3. This study assesses

the impact that distortion has on the boundary conditions of porous metamaterials

using Winkler’s elastic foundation model and how this alters the apparent mechanical

response, focusing on the initial stiffness in Section 3.4.1. To the author’s knowledge,

this use of the elastic foundation model has not been explored. This is followed

by a brief discussion regarding the difference post-processing methods have on

mechanical and geometric properties such as strut diameter and a more in-depth

analysis regarding inherent intra- and inter-sample variability in Section 3.4.2. Key

results are summarised in Section 3.5 with potential use cases for the adapted elastic

foundation model.

3.3 Methodology

3.3.1 Porous Metamaterial Fabrication

Lattices of BCCz (body-centred cubic with an extra z direction strut, Fig 3.1) unit

cells were manufactured using a Formlabs Form3 stereolithography printer with

Rigid10K resin (Formlabs, Massachusetts, United States of America, see Appendix 10
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for material data sheets), a glass-particle reinforced (55-75 % weighting) acrylic based

resin (Es = 10 GPa) [123] and a layer height of 0.05 mm. Parts were manufactured with

a 405 nm wavelength laser with a spot size of 85 µm. Other parameters including scan

time per layer and scan speed could not be altered and were set by the manufacturer.

This geometry is stretching-dominated when the loading direction is aligned with

the extra z strut and is, therefore, stiffer for the same relative density compared to

bending-dominated unit cell geometries, essential for light-weighting applications

as in aerospace and biomedical industries [124]. Additionally, the geometry is

self-supporting ensuring compatibility and printability with SLA. Samples were

post-processed to remove excess resin and induce further curing either via UV

exposure only (60 minutes, referred to as PP1 subsequently, n = 11) or using both

heat and UV exposure (held at 60 °C for 120 minutes and cured with UV light for

60 minutes, referred to as PP2 subsequently, n = 11). Prior to curing, samples were

washed using IPA in an ultrasonic bath to remove excess resin for 20 and 12 minutes

for PP1 and PP2, respectively and then left to air dry for at least 30 minutes. PP2

samples were placed under a vacuum of 5 Pa for 120 minutes following washing

and prior to heating. These conditions were chosen based on an assessment of

several different conditions (the results of which can be found in Appendix 7.1) that

concluded PP1 and PP2 resulted in the minimum and maximum apparent elastic

modulus, respectively.

FIGURE 3.1: BCCz lattice where vertical struts are aligned with the build direction
and endplates protect the top and bottom struts. Dots marked on the front back
for optical strain measurement with a maximum virtual gauge length of 20 mm.

Enlarged view of single BCCz unit cell shown.

The BCCz lattices were manufactured with an overall unit cell size (L) of 3 mm, a

designed strut diameter (dang and dvert) of 0.46 mm for all struts and endplates on

the top and bottom faces (endplate dimensions = 31 x 31 x 0.2 mm, width, depth and

thickness) for improved load distribution. Samples were made up of 10 unit cells in

each direction (overall dimensions: 30 x 30 x 30 mm, the same order of magnitude

as used in the testing standard of rigid polymers [125]) to minimise size-scale and
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random defect effects [6], [28], [41]. White et al. suggest that 1000 struts are required

to overcome the influence of random defects, resulting in a ratio between standard

deviation and average apparent elastic modulus of 0.026 [6]. From Eq. 2.2.10, the

apparent elastic modulus and standard deviation for this investigation are therefore

predicted to be 199.7 and 5.2 MPa, respectively. The geometry was chosen to ensure

manufacturability (minimum recommended manufacturable diameter is 0.2 mm)

and result in a designed relative density and apparent elastic modulus similar to

that of low density cancellous bone [126]. Matching the geometric and mechanical

environment of the surrounding tissue is essential for the development of bone tissue

scaffolds to encourage bone growth.

3.3.2 Mechanical Testing and Geometry Characterisation

Samples (n = 9 for PP1 and PP2) were quasi-statically compressed (Instron

5569 equipped with a 50 kN load cell and loaded at 1 mm/minute (to minimise

visco-elastic effects [119], [127] and similar to a testing standard for rigid polymers

[125]) with a 20 N preload and a spherically seated upper platen) and both platen

(using overall system displacement) measurements and optical point tracking

[117] were used to measure overall strain and local strain distributions. For point

tracking, nine dots (maximum gauge length of 20 mm, Fig. 3.1) were marked onto

two opposing faces (front and back) of the sample using a marker pen and stencil to

ensure consistency. Manta cameras [2452x2056], 50 mm or 105 mm lenses (Nikkor)

and Nila lights, along with MatchID software (MatchID, Ghent, Belgium) [128] were

used to capture images of the sample during testing at a rate of at least four frames

per second. At least 10 images were captured prior to loading and analysed using

MatchID (MatchID, Ghent, Belgium) [128] to determine the subset and step sizes

for which noise converged to values of less than 100 µstrain (details are given in

Appendix 7.2).

Force data and nominal cross-sectional area from average width and depth

measurements (three measurements per direction, measured with SPI callipers (Swiss

Precision Instruments, accurate to 0.02 mm)) were used to determine global stress.

Strain for each virtual extensometer was calculated in MatchID (MatchID, Ghent,

Belgium) [128] and plotted against stress with a linear regression analysis performed

from 0 to 0.2% strain to determine apparent elastic modulus. If the specimen

experienced an initial toe-in region (most likely due to incomplete contact between

the specimen and loading platen), the line of best fit from the linear regression would

result in a non-zero intercept which, in a procedure adapted for NPL’s ‘Measurement

Good Practice Guide No. 98: Elastic Modulus Measurement’, was used to shift the

stress-strain data to account for the toe-in [129]. Further linear fits and data shifts
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were performed until the toe-in region was removed before a final linear fit was

performed, the code for which can be found in Appendix 7.5.

For both post-processing methods, the endplates of six samples were adhered to

flat metal plates using a cyanoacrylate based adhesive to ensure uniform contact.

Three other samples acted as a control and were not adhered. Selected endplates

(n = 3) from both post-processing methods were imaged using an Alicona infinite

focus microscope (at 2.5x magnification, Bruker Alicona, Graz, Austria) to evaluate

height distortions. A 3D general image field was captured over the full surface of the

endplates through a vertical distance of at least 1 mm ensuring that all features were

in focus. The 3D image of the surface was then viewed in the pseudo colour view (as

in Fig. 3.4) with the varying colours corresponding to the height of the sample. The

range of the colour bar was set manually, ensuring that the full potential range of the

colour bar was evident on the sample. This was then used to determine the maximum

total height distortion experienced by the sample for use with the analytical model as

described in Section 3.3.3.

The strut diameters of selected samples from both post-processing methods (PP1

and PP2, n = 3 for both) were measured using optical microscopy (Olympus BX41M

LED microscope at five times magnification, Olympus, Toyko, Japan). For each strut

type (angled struts, external vertical struts and internal vertical struts), 10 images

at random locations on at least two faces were captured. The images were analysed

with ImageJ [130] to measure the strut diameter at three locations per image (example

measurement shown in Fig. 3.2), for a total of 30 measurements per strut type per

sample.

FIGURE 3.2: Strut diameter measurement example for vertical and angled struts

The cross-sections of struts from varying locations (at least 32 internal and external

struts) of two samples from each post-processing method were nano-indented with

a Berkovich diamond tip. This was to investigate the intra- and inter-sample base

material modulus variation to determine if there was a trend with strut location and

link it to the apparent elastic modulus variation observed. Samples were embedded

in cold-cure epoxy (Epoxfix) and cut in half with the plane of cut orthogonal to the
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build direction. The top surface of the sample was ground and polished with a rotary

polisher (Spectrographic OmegaPol) and emery paper with increasing grit size (up

to 2000 grit) and finished with a 1 µm diamond suspension polishing fluid. The

nanoindentation was performed on a MicroMaterials Vantage system [131] in depth

control to a maximum of 1µm, with a loading rate of 0.5 mN/s, an unloading rate of 1

mN/s and a 40 second dwell at the maximum load. Another 40 second hold was also

applied after 90% of the unloading to account for thermal drift.

The Oliver and Pharr method [132] was used to calculate reduced elastic modulus, Er

from the unloading curve of the indents from which the base material modulus, Es

was determined using Eq. 3.3.1 [132], [133]

Es =
(ErEi) · (1 − υ2

s )

Ei − Er(1 − υ2
i )

(Eq. 3.3.1)

where Ei is the modulus of the diamond indenter (1141 GPa), υi is the Poisson ratio of

the indenter (0.07) and υs is the Poisson ratio of the base material (taken as 0.35 [7]).

3.3.3 Winkler’s Elastic Foundation Model

In this study, it is proposed that Winkler’s elastic foundation model [134] can be

used to account for the effects of warping commonly observed in AM. The elastic

foundation model predicts the load required to deform an elastic material of a

specified thickness with a rigid indenter for a set deformation depth and indenter

geometry [134]. Since it was developed in 1867, it has been used in a variety of

applications including quantifying the contact of a joint on cartilage, modelling

soil-pipe interactions and understanding the behaviour of railway tracks and

will now be applied to porous metamaterials [135]–[137]. The elastic foundation

model assumes that the deformed elastic material is made up of independent

springs with the Poisson effect ignored. Assumptions that are true for the lattice

as the height/width of the sample is much greater than the thickness of the height

distortion, the layer is sufficiently thin for the elastic foundation model to still apply

[138]. The shape of the height distortion in lattices is equivalent to that of a dome,

similar to the elliptic paraboloid of the indenter assumed in the elastic foundation

model when the paraboloid is axisymmetric (Fig. 3.3a). The height distortion

geometry places the peak of the dome in the bottom right-hand corner of the sample

which, compared to a situation where the dome is in the centre (Fig. 3.3b), increases

the radius of the dome at the base so the change in contact area under compressive

deformation is more gradual (Fig. 3.3c).
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Applying the elastic foundation model to the lattice geometry, with an adjusted dome

shape results in Eq. 3.3.2, the full derivation of which is shown subsequently.

P =
Eπx2

w + dh
·

w2 + d2
h

8dh
(Eq. 3.3.2)

where P is the applied force, E is the apparent elastic modulus of the lattice, x is

the displacement as a result of the force P, w is the width, depth and height of the

cubic lattice and dh is the maximum height distortion of the domed distortion. The

geometry assumed by the elastic foundation model, shown in Fig. 3.3a, can be

adapted to represent the geometry of the lattice with the height distortion, as shown

in Fig. 3.3b.

FIGURE 3.3: a) Elastic foundation model assumed geometry. b) Elastic foundation
geometry adapted for the height distortion in the lattices with the peak of the dome
in the centre. c) Elastic foundation geometry adapted for the height distortions in the
lattices with the peak of the dome at the corner of the sample. P is applied force, x is
the displacement of the indenter as a result of force P, a is the semi-major axis of the
indenter at displacement x, h is the thickness of elastic material, dh is the maximum

height distortion of the dome and w is the width, depth, and height of the cube.

Through integration (see Appendix 7.3 for full integration), and following the

nomenclature in Fig. 3.3a, the elastic foundation model for an axisymmetric elliptic

paraboloid where the major and minor semi-axes (a) are equal, is:

P =
Eπa2x

2h
(Eq. 3.3.3)



42
Chapter 3. Additively Manufactured Porous Metamaterials and the Mechanical

Effects of Distortion

The semi-major axis can be derived from the displacement and the radius of

curvature (Rc) of the indenter as:

a = (2xRc)
1
2 (Eq. 3.3.4)

Replacing a in Eq. 3.3.3 gives

P =
Eπx2Rc

h
(Eq. 3.3.5)

where h is the height of the elastic material in the elastic foundation model, and

therefore the initial height of the springs. In the lattice case (Fig. 3.3b), when w ≫ dh,

the initial height of all the springs is assumed to be the same and is w + dh, so Winkler’s

formula now becomes

P =
Eπx2Rc

w + dh
(Eq. 3.3.6)

To derive the indenter radius of curvature, Rc, the dome can be assumed equivalent to

a cap of a spherical dome, and so

Rc =
(w

2 )
2 + d2

h
2dh

(Eq. 3.3.7)

where w
2 is the radius of the dome at the base and dh is the height of the dome and

therefore equal to the maximum height distortion. Winkler’s formula then becomes:

P =
Eπx2

w + dh
·
(w

2 )
2 + d2

h
2dh

(Eq. 3.3.8)

This is the case when the peak of the dome is in the middle of the endplate (Fig. 3.3b).

If, however, the peak of the distortion is in the corner of the sample (Fig. 3.3c), the

change in contact area would be more gradual as the radius of the dome at the base

would double. Adjusting the integration for the new shape reveals that the force is a

quarter of that for a full dome (see appendix 7.4 for full integration). This geometric

change results in Equation Eq. 3.3.2.
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FIGURE 3.4: Typical height distortion of top endplate, showing an off-centred
dome-like pattern. Maximum height distortion for this example is 450 µm.

3.4 Results and Discussion

3.4.1 Endplate Distortions

Evidence of endplate distortions were seen on all samples (representative plot shown

in Fig. 3.4), with a range of 235 – 450 µm maximum height difference observed,

comparable to that observed in literature for L-PBF geometries which range from

approximately 20 to 600 µm [73]–[76]. The height distortion observed takes the shape

of a dome with the peak in the corner (bottom right in Fig. 3.4), similar to the height

distortion used in the adapted elastic foundation model. The height distortion on the

endplate is likely to result in non-uniform contact and therefore non-uniform load

distribution during compression, evidenced by comparing the stress-strain plots from

local optical strain measurements, Fig. 3.5.



44
Chapter 3. Additively Manufactured Porous Metamaterials and the Mechanical

Effects of Distortion

FIGURE 3.5: a) Representative stress-strain plots for both unadhered (dashed lines)
and adhered (solid lines) PP2 samples up to maximum load and b) up to 0.5% strain.
Representative local strain results are shown in c) and the result of the increased
spread in local strain is reflected by d) the local apparent elastic modulus. Average
and standard deviation (SD) of all adhered (red) and unadhered (blue) samples are

339.4 MPa and 49.3 MPa and 393.6 MPa and 104.7 respectively.

Even with the compliant ‘toe-in’ region removed, the local stress-strain plots from the

unadhered samples vary more between each other than the adhered samples. For a

given stress, the adhered samples experience very similar levels of strain (Fig. 3.5b,

solid lines) implying that they experienced uniform contact and load, a response not

seen for the unadhered sample (dashed lines). In the representative optical strain

results in Fig. 3.5c, the right extensometer experiences the least compressive strain

whilst the left and middle extensometers experience similar high compressive strains

for the same stress, almost twice that of the right extensometer. This suggests that due

to the height distortion, the left and middle of the sample were loaded first. This is

reflected by the local apparent elastic modulus results in Fig. 3.5d. The local elastic

moduli vary across the sample with the middle of the samples typically exhibiting
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a reduced modulus due to high strains, an important observation as a uniform

load distribution is assumed when calculating apparent properties. The adhered

samples, which experience more uniform contact and loading show similar elastic

moduli across the sample. The degree of variation in the adhered sample is minor

in comparison. It could be attributed to several reasons including, variation in strut

diameters, potential changes in the transitional geometry when going from unit cells

to the endplates, variations in adhesive distribution or the presence of defects.

The effect of height distortions on the initial behaviour and its effect on the apparent

compressive response of unadhered samples can be estimated using the adapted

version of the elastic foundation model (Eq. 3.3.2). The cube width and height

without distortion were taken as 30 mm (i.e. as-designed), and E was taken as

353.22 MPa with a standard deviation of 58.7 MPa, the average as-built apparent

elastic modulus for the six PP2 samples (an average is taken across the three virtual

extensometers for the front and back faces, which are then also averaged together

to give an average per sample). Crosshead displacement was used as the elastic

foundation model predicts the global response and Eq. 3.3.2 was fitted to the

experimental force-displacement data using MATLAB’s curve fitting toolbox to

estimate the height distortion. Initially, the analytical model was fitted over the full

data range, however, the model is only valid whilst the displacement is less than or

equal to the maximum height distortion. The maximum displacement over which

the model was fitted was therefore compared to the calculated maximum height

distortion. If this difference was greater than 1 µm, the maximum displacement over

which the model was fitted was set to the calculated maximum height distortion with

the process repeated until the difference was less than 1 µm.

The elastic foundation model agrees with the experimental data showing an initial

compliant region until the maximum height distortion (≈0.35 mm for this particular

sample) and deviates thereafter. In contrast, the adhered sample is relatively linear.

For many applications, the response in this initial region is crucial and deviations

from the designed behaviour can be detrimental to performance, for example in

bone scaffolds for regenerative medicine [100], [139]–[141]. According to Wolff’s

law and the mechanostat model, bone grows in response to loading with strains

approximately between 0.15% and 0.3% strain resulting in bone modelling that

increases bone mass [13], [142]–[144]. Strains less than 0.15% are likely to result

in bone resorption, while high levels of strain above 0.3% can result in fractures.

Ensuring the mechanical response of lattices is within the optimal physiological strain

range, as designed and predicted, is key to tissue repair in synthetic bone scaffolds.

The analytical model can also be used to determine the effect of height distortions on

the apparent elastic modulus within this physiological range.
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FIGURE 3.6: Representative compressive force-displacement of adhered (green) and
unadhered (red) samples with adapted Winkler’s model prediction shown, which is
valid until the displacement equals the maximum height distortion (d, black dashed
line). Also shown (purple) is the range of physiological strains for bone growth on

tissue scaffolds.

Using the adapted elastic foundation model (Eq. 3.3.2), for a height distortion of

450 µm (in line with the representative height map in Fig. 3.4), the apparent elastic

modulus for the example unadhered sample shown in Fig. 3.6 between 0.15% and

0.3% strain is 41 MPa, an order of magnitude lower than the as-built apparent elastic

modulus of 353.22 MPa for adhered samples. Additionally, if the boundary conditions

and loading between the surrounding tissue and scaffold are unknown and do not

match the controlled test conditions, the effects can be estimated using the elastic

foundation model. While the present work analyses a specific case of lattice geometry

and distortion, the following outcomes apply to lattice structures in general:

• The difference between as-designed and as-built geometries is important

because minor height distortions can greatly affect the initial stiffness.

• The elastic foundation model can be used effectively to predict the influence

of height distortions on mechanical response, helping to derive an acceptable

height distortion tolerance.

• For applications where the initial mechanical response is critical to performance,

mitigation procedures such as changing the interval over which modulus

is calculated, adhering specimens to a flat plate or increasing the targeted

as-designed mechanical properties can be applied to correct for the height

distortion.
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• When using optical strain measurement techniques, the loading response of

adhered samples is reflective of more uniform loading due to more controlled

boundary conditions.

3.4.2 Post-Processing Variations

FIGURE 3.7: a) Average apparent elastic modulus (n = 6) with error bars noting one
standard deviation for PP1 and PP2 post-processing procedures. As-designed and
as-built moduli predictions are from the geometry specific analytical model (Eq.
2.2.10) from Zhang et al. [40]. b) Variation in strut diameter as a function of strut type

and post-processing procedure, compared with a designed diameter of 0.46 mm.

As shown in Fig. 3.7a, the apparent elastic modulus of both post-processing methods,

PP1 and PP2, was greater than as-designed, predicted to be 199.7 MPa using Eq.

2.2.10, and assuming an elastic modulus of 10 GPa for the base material as specified

by the manufacturer. The analytical model used to predict apparent elastic modulus

is heavily dependent upon geometry, suggesting that the as-built geometry differs

from as-designed, as confirmed by strut diameter measurements (Fig. 3.7b) from

micrographs. For both post-processing methods, there are two distinct average

strut diameters corresponding to the two types of struts in the unit cell geometry:

vertical and angled. The as-built strut diameter was larger than designed (0.46 mm,

equivalent to a relative density of 12.56% from Eq. 3.4.1), at 0.53 (SD = 0.024) and

0.63 (SD = 0.024) mm for the vertical and angled struts, respectively, resulting in an

average as-built relative density of 23.86% and 24.79% for PP1 and PP2, Eq. 3.4.1.

The slight difference between the calculated as-built relative densities is due slight

differences that are not represented by the averages due to rounding. The increased

strut diameter from as-designed for both the vertical and angled struts is partially

likely due to the designed diameter not being an integer multiple of the laser spot

size, it would need to be either 0.425 mm or 0.51 mm. Additionally, small features,

like the struts are likely to be greater than designed due to the forces experienced

by the part during manufacture. Parts manufactured on inverted SLA printers like
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for the Form 3, experience two types of print force; peel forces from when the cured

part is being removed from the flexible film of the resin tank and compressive forces

when the part is returned to the flexible film after resin mixing [98]. Both the peel

and compressive forces can cause layer shifting and part deformation, decreasing

dimensional accuracy and increasing the minimum printable feature size [98], [145].

Resin viscosity can also impact the dimensional accuracy of parts, if too low, then

smudging or resin shrinkage may occur [146], but, if too high, the resin may not level

properly between layers [147]–[149]. Finally, exposure time and energy and dwell

times between layers can impact dimensional accuracy with over exposure causing

distortions [150]. At the time of sample manufacture, the author was not able to

modify print settings beyond layer height, orientation and support and as such had

to use the manufacturer-optimised settings, optimised for speed and dimensional

accuracy and less likely to cause the deviations from as-designed dimensions

observed here.

ρ∗

ρs
=

(1 + 4
√

3)π
4

·
(

d
L

)2

− 11π

6
·
(

d
L

)3

(Eq. 3.4.1)

The as-built diameter of the angled struts is greater than that of the vertical struts

because of the cross-sectional geometry. The cross-section of the vertical struts

is completely circular – the same shape as the laser. However, the cross-section

of the angled struts is an elongated oval and is made up of more laser path lines,

accumulating dimensional inaccuracies. Additionally, the angled struts experience

stair-stepping (Fig. 3.8), and excess material from the ‘overhang’ can partially merge

with the layer below, increasing the as-built diameter and surface roughness, a

common result of stair-stepping [72], [82], [110], [151].

FIGURE 3.8: Stair-stepping diagram for angled struts

The as-built strut diameter measurements can be used to update the as-designed

apparent elastic modulus (predicted to be 287.9 MPa using Eq. 2.2.10), which aligns

more closely with the average apparent elastic modulus of PP1 but is still less than the

average apparent elastic modulus of PP2 (Fig. 3.7a).

The average apparent elastic modulus of PP2 samples (353.22 MPa) is greater than

PP1 samples (293.46 MPa), however, the differences between the two groups are

within the standard deviation of 43.8 and 58.7 MPa for PP1 and PP2 respectively.

Given these means and standard deviations, a sample size of 13 would be required
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to determine if there was a statistical difference between the two means with

a two-sample t-test with a power of 0.8 and alpha of 0.05 (using MATLAB’s

’samplesizepwr’ function from the Statistics and Machine Learning Toolbox). There

are, therefore, not enough samples in this investigation for any statistical analysis.

This variation is greater than expected based on the conclusions of White et al [6],

who studied L-PBF face-centred cubic and body-centred cubic stainless-steel lattices

and determined the influence of the number of struts on the variability of apparent

elastic modulus and strength with relative density. The coefficient of variation is 0.16

and 0.13 for PP1 and PP2, respectively, an order of magnitude greater than the 0.026

expected. White et al. note that for more brittle materials (as in this case), variability

may increase as the individual struts are less damage and defect tolerant. However,

the apparent elastic modulus should not be affected by failure mechanisms, so the

increase in variability ought to be minimal. Variations in strut diameter, although

modest, contribute to a varied response within and between samples. Using the BCCz

specific geometry analytical model (Eq. 2.2.10) and the variation in strut diameter

(standard deviation of 0.022 and 0.021 for the vertical and angled struts in PP1 and

0.023 and 0.025 for the vertical and angled struts in PP2, Table 3.4.1), the range of

predicted moduli can be determined as ±26 and ±28.4 MPa for the PP1 and PP2

groups respectively (Table 3.4.2), approximately 59 and 48% of the variation seen

in experimental results for PP1 and PP2. Strut waviness, another geometric defect

known to influence the variation of, and the average apparent mechanical properties

of porous AM structures [84], was not observed in the micrographs as seen in Fig. 3.2.

FIGURE 3.9: Inter-strut variation of base material elastic modulus measured using
nano-indentation as a function of a) post-processing procedure (PP1 or PP2), location
on either the inside (In) or outside (Out) of the lattice and sample number (1 or 2),

and also as a function of b) post-processing procedure
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TABLE 3.4.1: Summary of average and standard deviation of vertical and angled
strut diameters for PP1 and PP2 samples

PP1 PP2
Average Strut

Diameter (mm)
Standard

Deviation (mm)
Average Strut

Diameter (mm)
Standard

Deviation (mm)
Vertical 0.530 0.0216 0.529 0.0227
Angled 0.627 0.0210 0.634 0.0249

TABLE 3.4.2: Summary of variations in strut diameters for PP1 and PP2 samples and
how that impacts the variation in elastic modulus calculated using Eq. 2.2.10

PP1 PP2
Strut
Diameter
(mm)

Corresponding
Apparent Elastic
Modulus (MPa)

Strut
Diameter
(mm)

Corresponding
Apparent Elastic
Modulus (MPa)

Upper
Vertical

0.5516
313.8

0.5517
317.7

Bound Angled
0.6480 0.6589

Lower Vertical
0.5084

261.8
0.5063

260.9

Bound Angled
0.6060 0.6091

Analytical model predictions are also based on the base material modulus, and so

variations in this could explain the remaining intra- and inter-sample variability.

The average base material elastic modulus as determined from nano-indentation

(Fig. 3.9) within and between samples for both post-processing methods are similar

(especially considering the large standard deviation present) and do not depend

on location with no difference between struts inside the lattice and outside on the

lattice surface, Fig. 3.9a. The source of the large intra- and inter-sample variations

could be attributed to the composite nature of the resin. The resin has an acrylic

resin base with glass-particle inclusions to increase stiffness. Not much is known

about the particle size and distribution, however, it is likely that their size is similar

to the size-scale of the nano-indenter tip. This would influence elastic modulus

measurements, with a greater elastic modulus measured closer to individual glass

particles and a comparatively reduced elastic modulus when measured over just

the acrylic resin without the influence of the glass particles. Comparing the effects

of post-processing methods, the average base material moduli are 13.22 and 13.95

GPa for PP1 and PP2, respectively, which are greater than the 10 GPa quoted by the

manufacturer and used for predictions with the analytical model in Fig. 3.7a. This
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difference could be due to the difference in testing methods as the modulus provided

by the manufacturer was derived from the tensile testing of dog bone specimens. The

viscoelastic nature of polymers means the base material elastic modulus is typically

overestimated with nanoindentation, and direct comparisons cannot be drawn

between studies [133], [152], [153]. Nevertheless, the coefficients of variation can

indicate the level of variability expected in analytical predictions due to the variation

in the base material and are 0.21 and 0.15 for PP1 and PP2, respectively, similar to the

variability in the apparent elastic modulus. Together with strut diameter variability,

base material modulus variation is another contributing factor that can account for

the metamaterial mechanical property variability.

3.5 Conclusions

Differences in the average apparent mechanical response of lattices manufactured

using the two post-processing methods in this work were observed. Applying heat

during curing increased the average apparent elastic modulus by 60 MPa from

293 MPa. These differences, however, are within the inter-sample variability and

are predominantly due to base material property variations between individual

struts shown with nanoindentation, as well as geometrical variation between strut

diameters.

Local apparent elastic modulus variation (shown by optical strain measurements)

within a sample can be attributed to height distortions observed on the endplates,

which lead to non-uniform contact and loading. Using the elastic foundation model,

the height distortions of unadhered samples are shown to result in a more compliant

initial response and a decrease in apparent stiffness compared to adhered samples,

appearing as a ‘toe-in’ region of the stress-strain curve. This stiffness reduction is

relevant for load-bearing structures such as scaffolds for bone tissue, a biological

porous material that experiences small strains. The elastic foundation model can

be used to predict the influence of lattice distortions on the apparent mechanical

response of various porous geometries, enabling the identification of acceptable

height distortion tolerances and the prediction of the response under non-uniform

loading. Pre-loading requirements to avoid reduced stiffness can be determined

after the height distortion is fully compressed, the response of the unadhered lattice

becomes similar to adhered and the stiffness recovers. If characterisation prior to

testing identifies substantial distortion such that the apparent mechanical response

will be altered, adhering samples prior to testing or application can reduce the effect

of distortions, leading to apparent properties that are more representative of uniform

loading.
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This investigation only looked at the height distortion for a set stretching-dominated

unit cell geometry (BCCz) for one as-built relative density, approximately 24%. When

accessing the material property space of biological materials with lattices, a wide

range of relative densities as well as a bending-dominated geometry are likely to

be required. Additionally, understanding potential causes and trends of the height

distortion present at lattice boundaries can help develop strategies to mitigate this.

Height distortions and trends in mechanical properties such as apparent elastic

modulus with relative density are therefore characterised in the following chapter.
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Chapter 4

Effects of Relative Density on

Distortion and Apparent

Compressive Properties of Uniform

Lattice Metamaterials

4.1 Abstract

Quantifying and understanding the behaviour of uniform porous metamaterials

over a range of relative densities is important for designing non-uniform structures

relevant to many applications including aerospace and biomedical. The previous

investigation demonstrated how distortions affect the apparent response of an

additively manufactured porous metamaterial, and is expanded in this investigation

with the response of both bending- and stretching-dominated geometries over a range

of relative densities analysed. Characterisation of lattice endplates (manufactured

for uniform loading) revealed significant distortions for both geometries across all

densities, with a commonly measured distortion of 100 µm, predicted to reduce

the initial apparent elastic modulus by 50%. The additively manufactured lattices

were also quasi-statically compressed to determine relative density and mechanical

property relationships using power law fits such as those developed by Ashby and

Gibson. Fits for the apparent elastic modulus were developed over two density

ranges, less than and greater than 30% relative density for when the slender beam

assumptions used in the analytical models are no longer valid (>30% relative

density). The powers for the apparent elastic modulus relationship were greater than

expected for the geometry types but similar to that for natural porous materials such

as bone. Uniform lattices were shown to have improved strain to failure compared to



54
Chapter 4. Effects of Relative Density on Distortion and Apparent Compressive

Properties of Uniform Lattice Metamaterials

the base material and behave as expected concerning the maximum stress and energy

absorption with the stretching-dominated lattices greater than bending-dominated for

the same relative density. These trends are useful for understanding and developing

non-uniform porous metamaterials which are thought to have improved failure

properties compared to uniform structures.

4.2 Introduction

Chapter 3 highlighted that the intra- and inter-sample variability of compressive

apparent elastic modulus is primarily the result of base material property variations

between individual struts as well as geometrical variation between strut diameters.

Additionally, the most notable influence on apparent elastic modulus was found

to be from height variations due to sample distortions as demonstrated using

an adapted version of the elastic foundation model. The extent and influence of

the distortion were evaluated for a stretching-dominated geometry at a nominal

density to demonstrate the elastic foundation model, however, bending-dominated

geometries can also offer a wide range of lightweight properties, potentially useful in

aerospace or biomedical applications such as engineered tissue bone scaffolds, and

have not yet been considered.

In this study, the influence of the relative density of stretching- and bending-dominated

uniform lattices, on distortion, apparent elastic modulus, and failure characteristics is

investigated. This will lay the foundation for investigations into non-uniform lattices

in Chapter 5. Following this section’s brief introduction and research justification, the

methodology for sample manufacture, mechanical and geometric characterisation

is detailed in Section 4.3. This study assesses the impact of geometry and relative

density on the distortion of lattices both before and after a secondary curing phase

in Section 4.4.2. This is followed by an in-depth discussion regarding the difference

geometry and relative density can have on mechanical properties such as apparent

elastic modulus and failure strain in Sections 4.4.3 and 4.4.4, using equations to

describe relationships where possible for later use. Key results are summarised in

Section 4.5 mechanical property versus density relationships highlighted for when

designing non-uniform porous metamaterials.

4.3 Methodology

4.3.1 Porous Metamaterial Fabrication

Uniform lattices made up of either BCCz (body-centred cubic with an extra z

direction strut, Fig. 4.1a) or BCC (body-centred cubic, Fig. 4.1b) unit cells (3 mm
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overall unit cell size) were designed in MATLAB [154] to span a range of relative

densities (predicted using Eq. 4.3.1 [40] and Eq. 4.3.2 [37]) summarised in Tables 4.3.1

and 4.3.2 with the corresponding elastic moduli predicted using Eq. 4.3.3, [40] and Eq.

4.3.4, [37]. The BCCz geometry is stretching-dominated when the loading is aligned

with the extra z-strut, whilst the BCC geometry is bending-dominated; between

the two geometries, a wide range of material properties are covered with the BCCz

geometries being stiffer for a BCC geometry with the same relative density.

ρ∗

ρs
BCCz =

(1 + 4
√

3)π
4

·
(

d
L

)2

− 11π

6
·
(

d
L

)3

(Eq. 4.3.1)
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3π
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(Eq. 4.3.2)
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FIGURE 4.1: a) BCCz and b) BCC, lattice geometries with endplates to protect the top
and bottom struts and dots marked on the front back for optical strain measurement
with a maximum virtual gauge length of 20 mm. Enlarged view of single BCCz and
BCC unit cells shown. Vertical struts in the BCCz lattice are aligned with the build

direction.

TABLE 4.3.1: Summary of designed and predicted parameters for BCCz lattice
geometries. The relative density is predicted using Eq. 4.3.1 and apparent elastic

modulus is predicted using the geometric specific analytical model, Eq. 4.3.3

Designed Diameter (mm) Relative Density Predicted Apparent Elastic
Modulus (MPa)

0.30 0.057 81.3
0.46 0.126 199.7
0.55 0.174 249.7
0.70 0.266 508.3
0.85 0.369 805.8
1.00 0.479 1208.6
1.15 0.581 1741.6
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TABLE 4.3.2: Summary of designed and predicted parameters for BCC lattice
geometries. The relative density is predicted using Eq. 4.3.2 and apparent elastic

modulus is predicted using the geometric specific analytical model, Eq. 4.3.4

Designed Diameter (mm) Relative Density Predicted Apparent Elastic
Modulus (MPa)

0.31 0.058 3.1
0.46 0.128 14.9
0.54 0.176 28.1
0.66 0.263 62.2
0.78 0.368 120.3
0.89 0.479 201.9
0.99 0.593 306.0

The BCCz geometry with a designed diameter of 0.46 mm was selected as it

corresponded to the first data point in the previous investigation (Chapter 3) which

looked at a specific stretching-dominated geometry. The designed relative density

and apparent elastic modulus of this geometry are within the typical range for a

cancellous bone/bone scaffold, a biological porous material that exhibits a wide

range of mechanical properties [15]–[17], [20], [22]. For such a scaffold, matching the

mechanical and geometric properties is essential to performance [122]. The other

target strut diameters for the BCCz geometry were chosen to achieve an even porosity

distribution for a range of as-designed strut diameters, limited by manufacturability,

approximately 0.2 - 1.15 mm for an overall unit cell size of 3 mm. Chapter 3 noted that

the designed diameter was not a multiple integer of the laser spot size, potentially

increasing the as-built diameter. However, compared to the effect of overhangs and

the peel and compressive forces, this is likely minimal and therefore the focus of

the designed diameter selection was on an even porosity distribution rather than

matching the laser spot size. The BCC unit cell as-designed strut diameters were

selected to match the as-designed relative density of the BCCz unit cells as closely as

possible, considering the minimum precision of 0.01 mm.

As in the previous investigation (Chapter 3), lattices had 10 unit cells in each direction

to minimise edge and boundary effects [28], [41]. Parts were also manufactured

with endplates on the top and bottom faces to protect struts during post-processing,

further reduce boundary condition effects and provide more uniform loading.

Samples were manufactured using a Form3 stereolithography printer (layer height =

0.05 mm) with Rigid10K resin, a glass-particle reinforced acrylic based resin with a

base material modulus of 10 GPa (Formlabs, Massachusetts, United States of America,

see Appendix 10 for material data sheets) [123]. All specimens were manufactured

across six builds; any conclusions drawn are therefore representative of samples being

manufactured between various builds and different build locations. Samples were
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post-processed according to PP2 in Chapter 3, which involved washing samples in

IPA for 12 minutes in an ultrasonic bath, followed by at least a 30 minute air dry, 120

minutes under a 5 Pa vacuum, 120 minutes in an oven at 60 °C and an additional 60

minute cure under UV light.

4.3.2 Mechanical Testing

The compressive testing procedure was identical to that of Chapter 3, Section

3.3.2. Key parameters are outlined here. A total of 39 samples were quasi-statically

compressed with the endplates of all samples adhered to flat metal plates using a

cyanoacrylate-based adhesive to minimise the effects of height distortions on the

loading behaviour of the lattices. Both platen and optical measurements were used

to measure strain, allowing both failure behaviour and local measurements to be

captured. The latter accounts for machine compliance and more accurately captures

surface strains [117]. For optical measurements, point tracking was employed. Nine

dots (Fig. 4.1) were marked on the front and rear faces of the samples using a marker

pen and stencil to ensure consistency. Manta cameras [2452x2056], 105 mm lenses

(Nikkor) and Nila lights, along with MatchID software (MatchID, Ghent, Belgium)

[128] were used to capture images of the sample during testing at a rate of four frames

per second. At least 10 images were captured prior to loading and analysed using

MatchID (MatchID, Ghent, Belgium) [128] to verify the validity of the subset and step

sizes determined previously in Chapter 3, with details given in Appendix 7.2).

The apparent elastic modulus of the samples was calculated as in Chapter 3, Section

3.3.2, following a procedure adapted from NPL’s ‘Measurement Good Practice

Guide No. 98: Elastic Modulus Measurement’ [129]. The apparent elastic modulus

from each virtual strain gauge per face (n = 3 per face) were averaged to provide an

apparent elastic modulus per face per sample. The apparent elastic modulus for the

two opposing faces were also averaged to result in an apparent elastic modulus per

sample, which were then grouped and averaged to determine the average, standard

deviation, maximum and minimum apparent elastic modulus for similar samples

(same designed relative density and geometry type). One sample was rejected due

to a non-linear initial behaviour, incompatible with analysis methods employed as

discussed in greater depth in Section 4.4.3.

Although samples are taken to failure where possible, point tracking is unable to

provide data beyond the yield point, when the points are either too deformed or have

broken off the sample. For failure characteristics such as total energy absorption,

strain from platen measurements were corrected for machine compliance and used

instead with the following assumptions: the load frame deforms elastically, the
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apparent elastic modulus calculated from point tracking is without any influence of

machine compliance, and the load frame and sample are in series with their combined

behaviour estimated by springs in series, Eq. 4.3.5 where keq is the combined stiffness

of the load frame and sample, kL is the stiffness of the load frame and kPT is the

stiffness of the sample determined from point tracking [155]. By modelling the

behaviour as springs in series, a linear relationship is assumed between platen and

point tracking measurements, an assumption that was validated when comparing

graphs with similar shapes observed (Fig. 4.2).

1
keq

=
1
kL

+
1

kPT
(Eq. 4.3.5)

The springs in series relationship (Eq. 4.3.5) can be used with Hooke’s law, F = kx,

where F is the force applied, k is the spring constant and x is the displacement, and

with the axial stiffness relationship (Eq. 4.3.6), where E is the elastic modulus of the

material, A is the cross-sectional area of the material, perpendicular to the loading

direction and Ls is the original length of the material, parallel to the loading direction

to determine the corrected displacement Eq. 4.3.7.

k =
E · A

Ls
(Eq. 4.3.6)

Rearranging Eq. 4.3.5, Eq. 4.3.5, and Eq. 4.3.6 and cancelling out the cross-sectional

area, gives Eq. 4.3.7 which was divided by sample height to give corrected strain,

where EPT is the apparent elastic modulus as determined by point tracking, Eeq is the

apparent elastic modulus calculated from uncorrected platen data, and dispCPL and

dispPL are the corrected and uncorrected displacements from platen data.

dispCPL = dispPL −
FLs

A
·

EPT − Eeq

EPTEeq
(Eq. 4.3.7)

With force-displacement plots from the test machine corrected for compliance, the

failure strain is calculated as the strain when the sample experiences near 0 force. The

energy absorbed is determined by integrating the stress-strain curve between the 0

and the final strain.

4.3.3 Geometry Characterisation

The height distortions of all samples after washing and after the secondary UV cure

were measured using an Alicona infinite focus microscope (at 2.5x magnification,

Bruker Alicona, Graz, Austria). A 3D general image field was captured over the full
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FIGURE 4.2: Representative stress-strain plot of a) bending-dominated and b)
stretching-dominated lattices showing similar shapes of results from optical
strain measurements (solid), uncorrected platen strain measurements (dotted)

and corrected platen measurements (dashed).

surface of the top endplates through a vertical distance of at least 1 mm ensuring

that all features were in focus. Samples were imaged before removal from the raft

and supporting material, generated during slicing when preparing the part for

manufacture (Fig. 4.3) and manufactured directly on the build plate, minimising

potential height distortions. The height of the supports was set to 5.00 mm with

a touchpoint size (point of contact between the raft support and part) of 0.50 mm.

Only the top endplate could be imaged with the distortion on the bottom endplate

assumed to be similar.

FIGURE 4.3: Labelled diagram of lattice prepared for manufacture during slicing,
highlighting the endplates, support material and raft.



4.3. Methodology 61

Height distortion area-based averages for all samples were calculated using the

Alicona height data, with the maximum and minimum distortion manually set

to ensure the full potential range of the distortions was clearly evident on the

sample. Additionally, points within 0.5 mm of the maximum and minimum X-

and Y- coordinates were identified as noise and spurious data, and were removed.

Distortions were then zeroed and summed to give the total height distortion across

the endplate. The total height distortion was then normalised by the total endplate

area to give the average height distortion. The position on the endplate with reduced

distortion was determined by the author and grouped according to Fig. 4.4. This was

correlated to laser scanning direction during sample manufacture which goes from

back to front and left to right.

FIGURE 4.4: Minimum height distortion positions on endplate overlaid on example
height distortion map with front and left sides of the printer. Scanning direction is

back to front and left to right.

Additionally, height data was input into the adapted elastic foundation model

developed in Chapter 3 to determine how the distortions observed would affect the

initial apparent elastic modulus (up to 0.3% strain).

Prior to mechanical testing, images of all four faces were taken of all samples using

Manta cameras [2452x2056]. The images were analysed with ImageJ (as in Chapter

3, Section 3.3.2) [130] to measure the strut diameter of 10 randomly selected vertical

and angled struts per face for a total of 40 measurements per strut type per sample.

This equates to sampling 0.5% of the angled struts in the BCCz and BCC lattices, and

4% of the vertical struts in the BCCz lattice or 2.5% of the external angled struts in the
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BCCz and BCC lattices, and 10% of the outermost vertical struts in the BCCz lattice.

Overall dimensions (to determine volume) of the samples were taken as an average

of three repeats for each dimension, measured using SPI callipers (Swiss Precision

Instruments, accurate to 0.02 mm)). Mass was measured using an AE 240 Mettler

Toledo (Ohio, United States) balance accurate to 4 decimal places.

4.4 Results and Discussion

4.4.1 Geometry Characterisation

4.4.1.1 Determination of Relative Density

The relative density of the samples was calculated from measured values using two

different methods to account for the endplates; i) using measured strut diameters

with the manufacturer-specified solid density of the resin and analytical models (Eq.

4.3.1, Eq. 4.3.2, Eq. 4.4.1, and Eq. 4.4.2), and ii) using specimen mass and volume

measurements. When using strut diameter measurements, each strut is treated as

a cylinder, with the overlap between the struts at joints often ignored. At low strut

diameter-to-length ratios, generally, when the relative density is less than 30%,

the volume of overlap is minimal compared to the volume of the struts and has a

negligible impact on relative density. The relative density can therefore be calculated

without accounting for the overlapping material as in Eq. 4.3.2 and Eq. 4.4.1 for

the BCC and BCCz geometries respectively. With increasing strut diameters, the

volume of the overlap tends towards the volume of the struts and has an increasingly

noticeable effect on the relative density. The excess material therefore needs to be

accounted for when calculating relative density as in Eq. 4.4.2 and Eq. 4.3.1 for the

BCC and BCCz geometries respectively. The term 55π
36 ·

(
d
L

)3
, in Eq. 4.4.2 which

accounts for the overlapping material is the same term used for the BCCz geometry

(determined by Zhang et al. [40] using geometrical relationships multiplied by a

constant term estimated empirically through comparison with 3D renderings) scaled

by the ratio between the number of overlapping joints for the BCC and BCCz unit cell

geometries. For the BCC analytical models (Eq. 4.3.2 and Eq. 4.4.2), strut diameter,

d, is the average measured strut diameter, and L, the unit cell size is as designed, 3

mm. For the BCCz geometry, L, is the same at 3 mm, however, using the predefined

analytical models, the strut diameter is based on the average strut diameter from

both vertical and angled struts, normalised by the ratio between the total number of

vertical and angled struts; there are 8 angled struts for every vertical strut.
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Unlike when using strut diameter measurements, when using mass and volume

measurements, the endplates need to be taken into account. The designed dimensions

of the endplate were 31 x 31 x 0.2 mm. Assuming that the as-built dimensions match

this, and the density of the cured resin is 1.63 gcm−3, the mass contribution of both

endplates is 0.627 g. When measuring the overall size of the samples, the height is

the only dimension which the endplates influence. The volume contribution of both

the endplates is, therefore, 30 x 30 x 0.2 mm x 2, or 360 mm3. These values can then be

used to provide a more accurate measurement of the relative density of the samples

without the influence of the endplates.

FIGURE 4.5: Plot showing the two methods of calculating relative density for both
BCC (blue) and BCCz (orange) geometries over a wide relative density range.

The two methods for calculating relative density are compared in Fig. 4.5 with

strut-diameter-based estimates on the X-axis and specimen mass-and-volume-based

measurements on the Y-axis. For both unit cell geometry types (BCC and BCCz), the

influence of not accounting for excess/double material at the joints between struts is

given by the unfilled points. Representative images of the unit cell geometries at the

highest and lowest relative densities are shown with zoomed-in sections showing the

overlap between struts/junctions on the plot.

Fig. 4.5, shows that for all plots there is good agreement between the two methods up

to approximately 30% relative density, the limit generally given for the assumptions

of porous material validity [28]. Up to 30%, the contribution from overlapping

material is minimal and can be ignored. Beyond this, the relative density calculated

without accounting for the overlapping material consistently overpredicts as-built
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relative density. This is evidenced in the detailed views of the junctions at the extreme

relative densities (Fig. 4.5). For designed diameters of 0.3 and 0.31 mm for BCCz and

BCC geometries respectively, the material at the joint is minimal. However, at the

highest relative density, the overlap between struts is considerable, even making it

difficult to pick out the vertical strut in the BCCz geometry detail view (Fig. 4.5). The

analytical models that do not account for material overlap are therefore invalid at low

relative densities. An alternative method for determining relative density is needed to

span the full density range of samples manufactured in this investigation.

For the analytical models that account for the overlapping material (solid points),

there is good agreement with calculating relative density using mass and volume

measurements across the full relative density range (Fig. 4.5). The mass and volume

measurements generally predict a relative density that is on average 2% greater

than from strut diameter measurements for both BCC and BCCz geometries.

This difference is likely due to either the use of as-designed measurements when

accounting for the relative density contribution of the endplates, or variation in

as-built strut diameters. Only a limited number of struts were measured, 40 per strut

type per sample. The previous investigation (Chapter 3), found a standard deviation

for vertical and angled struts of 0.022 and 0.025 mm respectively for an as-built strut

diameter of 0.53 and 0.63 mm, equating to a coefficient of variation of approximately

4%, comparable to that in this investigation, Fig. 4.6.

FIGURE 4.6: Variation of the coefficient of variation of average strut diameter for
BCC (blue) and BCCz (orange) geometries at varying relative densities for both
angled (circle) and vertical (square) struts. The coefficient of variation is the ratio

between the standard deviation and the average strut diameter, as a percentage.
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In either case, the difference between the two methods is minor, and as using mass

and volume measurements is applicable to gradient and stochastic structures

(investigated in Chapter 5) as well as the uniform structures in this investigation, it is

taken forward to calculate as-built relative density.

4.4.1.2 As-designed versus As-built

Comparing the as-designed and as-built relative density in Fig. 4.7, the as-built

relative density is consistently greater than the as-designed relative density. The first

order (y = mx + c) equations fitted to both the BCC and BCCz results indicate that

the relationship between as-designed and as-built relative density is relatively linear;

the ’m’ constant is low in both cases, 1.09 and 1.04 for the BCC and BCCz lattices.

The greater difference comes from the ’c’ constant; the as-built relative density is just

shifted up on the Y-axis, with c as 0.1 and 0.12 for the BCC and BCCz lines of best fit.

These equations, along with the analytical models which predict the relative density

of unit cells whilst accounting for overlapping material, can be used when designing

new lattices. These equations should be used with caution, however, as they only

apply to lattices manufactured as described in this investigation, with a Form3

stereolithography printer and Rigid10K resin. Nevertheless, the present investigation

has demonstrated a framework for assessing other manufacturing methods and

materials that are likely to result in variations in print accuracy and deviations from

the designed geometry.

The differences between as-designed and as-built relative densities are likely due

to those hypothesised in Chapter 3: the manufactured geometries tending towards

the limit of manufacturability; designed diameters not being a multiple integer

of the laser spot size; peel and compressive print forces causing layer smudging,

shifting and part deformation; and the angled struts resulting in an overhang during

manufacture, likely to be the dominant effect. The peel and compressive print

forces occur when the part is removed from the flexible film prior to the resin being

levelled and when the part is brought back down onto the flexible film [98], [145].

Additionally, most (89%) of the struts in the BCCz lattice and all of the struts in

the BCC lattice are angled. Even with a layer height of 0.05 mm, the angled struts

experience stair-stepping (described in Section 3.4.2), and any overhanging excess

material is able to merge with the layer below, increasing the as-built strut diameter.
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FIGURE 4.7: Comparison between as-designed and as-built relative density for
bending- (BCC, blue) and stretching-dominated (BCCz, orange) lattices. As-built
relative density is calculated based on adjusted volume and mass measurements.
The ideal trend (dashed black line) is for as-designed matched as-built. First-order
fits performed to as-designed versus as-built data to correct relative density in future

designs. Shaded regions indicate the range of data (maximum to minimum).

4.4.2 Endplate Distortions

The average endplate height distortion was assessed as the area-based average

height position of all measurement points on the top surface of each specimen

endplate. Evidence of endplate distortions were seen on all samples, both before and

after the secondary cure phase, Fig. 4.8, with the average distortion ranging from

approximately 60 - 150 µm to 70 - 450 µm respectively. This is in line with that seen

in L-PBF geometries which range from approximately 20 to 600 µm for aluminium

alloy, titanium alloy and steel parts [73]–[76] and for SLA parts which range from 15

to 2500 µm [77], [78], [80], [81]. The height distortions are greater after the secondary

cure phase for both the BCC and BCCz lattices across the relative density ranges. The

secondary cure phase involves both heating the samples and curing using a UV light,

encouraging further cross-linking of the polymer chains to fully cure the sample, but

also resulting in residual stresses [156] which are the main cause of warping in SLA

structures [77], [78], [80], [81], [98].

Prior to the secondary cure phase (Fig. 4.8 a), there was little change in the distortion

of both BCC and BCCz lattices with relative density (approximately 90 µm on

average). The average distortion was greater at the lowest relative density of BCC

lattices (≈ 150 µm at a relative density of 0.15); however, the range was considerable,

and further precise conclusions cannot be drawn without additional data points.
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FIGURE 4.8: Average height distortion on top endplate for BCC (blue) and BCCz
(orange) lattices as a function of relative density a) before and b) after secondary cure
phase during post-processing. Shaded regions indicate the range of data (maximum
to minimum). Representative height distortion plots before the secondary cure phase
and the corresponding height distortion plots after the secondary cure phase are
shown. Colour bars scaled to the maximum height distortion observed across all

plots (BCC, after the secondary cure phase).

The same trend was not observed after the secondary cure phase in Fig. 4.8 b. The

highest distortion for both geometries was at the lowest relative density, but these

were also accompanied by a large range. For the BCC geometry, increasing the

relative density resulted in decreased distortion, plateauing when the relative density

exceeded 30% at a height distortion of approximately 60 µm. The relationship for the

BCCz geometry was less clear due to the wide range of results. Taking instead the

general shape rather than average results, as the relative density increased, the height

distortion decreased, and similar to the BCC geometry, it plateaued at a relative

density of approximately 30%. As the relative density increases, the stiffness of the

individual struts and unit cells will increase, as will their resistance to shrinkage from

curing and distortion.

Comparing the two geometry types, BCC and BCCz, after the secondary cure phase

(as there is minimal difference before), at lower relative densities, greater distortion

is observed for the BCC geometry compared to the BCCz geometry. This is true, even

considering the overlap of the ranges. However, as the relative density increases,

the height distortion of the BCCz geometry becomes greater than that for the BCC

geometry. This is most probably due to the upright z-strut. Assuming that the struts

shrink by the same amount from curing, the effect will be more pronounced for the

upright struts than the angled struts, increasing the out-of-plane distortion in the

BCCz lattices.
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As shown in the representative plots in Fig. 4.8, the shape of the height distortions

changes after the sample undergoes the secondary curing phase. For both the

BCC and BCCz geometries, the distortion is more of a dome-like shape, similar to

that observed in the previous investigation (Chapter 3). When the sample is being

built up, the laser scanning pattern goes from back to front and left to right. One

would, therefore, expect the back left of the endplate to consistently experience

reduced height distortions. This is not reflected in Fig. 4.9, with the minimum height

distortion position observed at all four corners for both the BCC and BCCz samples.

For the BCC lattices, the minimum distortion is typically observed at the back left or

front right corners corresponding to the beginning or end of the laser scan path. For

the BCCz geometry, however, the minimum height distortion is generally observed

at the back right corner, which would have been manufactured towards the end of

sample manufacture.

FIGURE 4.9: Position of minimum height distortion on endplate after the secondary
cure phase for BCC (blue) and BCCz (orange) lattices. Position is in accordance with

Fig. 4.4.

The adapted elastic foundation model (Eq. 3.3.2) showed that height distortions can

considerably alter the apparent properties of a porous metamaterial. Taking bone

scaffolds as an example, the apparent elastic modulus of a porous metamaterial can

be determined between the physiologically relevant strains (0.15 to 0.3% for bone

growth), to give a physiological apparent elastic modulus, normalised by the target

apparent elastic modulus for better comparison across a range of relative densities,

Fig. 4.10. As the target apparent elastic modulus increases, the physiological

normalised apparent elastic modulus remains constant. The total distortion,

however, has an increasing effect on the apparent elastic modulus. As the distortion
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increases, the resultant modulus decreases with a decreasing difference between

height distortion steps. Fig. 4.10a, is a visual representation of Eq. 3.3.2, where the

normalised apparent elastic modulus (and therefore normalised force) is independent

of the base material/target elastic modulus (shown by the constant horizontal lines)

but affected by level of distortion. From Fig. 4.10b, with a commonly observed

distortion of 100 µm, the physiological apparent elastic modulus is approximately

52% of the target. At the most extreme case, but still observed at the lowest relative

density, the resultant apparent elastic modulus is approximately 9% of the target.

With distortions observable across the full range evaluated here, this plot highlights

the important effect of height distortions on apparent mechanical properties like

apparent elastic modulus.

FIGURE 4.10: Effect of distortion on the apparent elastic modulus of a porous
metamaterial determined within the physiological strain range that encourages
bone growth for bone scaffolds, 0.15 - 0.3% strain. a) Apparent elastic modulus
is given as a normalised percentage of the target apparent elastic modulus and
calculated based on the adapted elastic foundation model using Eq. 3.3.2. b) shows
effects of distortion for target apparent elastic modulus of 1000 MPa as behaviour is

independent of the target elastic modulus.

4.4.3 Elastic Behaviour

When averaging the apparent elastic modulus (determined up to 0.2% strain)

over a group of samples to determine key parameters such as average apparent

elastic modulus and maximum and minimum values, the pattern of the virtual

extensometers (as determined by the strain from a pair of points that were tracked,

with one point close to the upper endplate and the other point close to the lower

endplate) correlated well with the distortion observed after the secondary cure

phase (Fig. 4.11). For the example shown, the front-left (FL, solid blue) extensometer

had a slightly higher stress for the same strain than the back-left (BL, dashed blue)

extensometer, seen more clearly in Fig 4.11b. Similar, although reduced differences

were observed for the other positions. This suggests that there was minimal difference
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between the front-to-back loading, and therefore minimal distortion in this direction,

as observed in the height distortion map (Fig. 4.11) and was possible because of

the hemispherical seated platen. The height distortion map also reflects the greater

difference between front-to-back loading on the left side.

Next looking left to right, for the same stress, the front-left (FL, solid blue)

extensometer experiences the least strain, followed by the front-middle (ML, solid

orange) and then the front-right (FR, solid yellow), with the ML and FR plots

overlapping each other greatly (Fig. 4.11). This would suggest that the left side of

the sample was loaded first, followed by almost simultaneous loading of the middle

and right side. From the height distortion map (Fig. 4.11a), the greatest distortion

is experienced by the middle of the sample and one would therefore expect the

middle to experience the greatest strain for the same stress as it would be loaded

first. This does not occur due to the adherence of the endplates to platens. Finally, all

virtual extensometers show initial linear regions with the back virtual extensometers

experiencing more noise possibly due to lighting differences.

FIGURE 4.11: Representative stress-strain curve of virtual extensometers with
height distortion map of the sample after the secondary cure phase, a) full curve
and b) zoomed-in section to 0.2% strain, the range over which the apparent elastic
modulus is determined. Solid lines are virtual extensometers from the front face and
dotted lines are virtual extensometers from the back face. The coordinate system
is looking at the sample from the front face i.e. the front left (FL) and back left (BL)

extensometers are on the same side of the sample.

Linear regions were not observed for all the virtual extensometers of one BCC sample

(designed strut diameter of 0.99 mm) was therefore excluded from averaging (Fig.

4.12 and Fig. 4.13). The front extensometers all showed a relatively linear response

with some spread. The back extensometers are more varied, even after accounting for

the ’toe-in’ region with a procedure adapted from NPL’s ‘Measurement Good Practice

Guide No. 98: Elastic Modulus Measurement’ [129] and appear to have a less distinct

starting point. Although the back virtual extensometers across all samples tend to

be more noisy than the front extensometers, possibly due to lighting, other samples
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were not discounted and it is unclear why this particular sample had a non-linear

response. Additionally, the average R2 of this sample was 0.76, with the R2 for the

virtual extensometer shown in Fig. 4.12 equal to 0.41 for an apparent elastic modulus

calculated between 0 and 0.2% strain. Whereas the average R2 for the other samples

was 0.94 and 0.97 for the BCC and BCCz geometries respectively, for the same strain

range.

FIGURE 4.12: Example stress-strain curve of a virtual extensometer for a sample that
was excluded from summarised data with linear fit for apparent elastic modulus

shown (red line).

FIGURE 4.13: Stress-strain curve of virtual extensometers for sample that was
excluded from summarised data, a) full curve and b) zoomed-in section to 0.2%
strain. Solid lines are virtual extensometers from the front face and dotted lines are
virtual extensometers from the back face. The coordinate system is looking at the
sample from the front face i.e. the front left (FL) and back left (BL) extensometers are

on the same side of the sample.
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As in Chapter 3, the as-built apparent elastic modulus was greater than as-designed,

Fig. 4.14, due to the greater than designed relative density. Additionally, the

difference between designed and as-built apparent elastic modulus greater for the

BCC geometries than for the BCCz geometries. Interestingly, the apparent elastic

modulus does not follow the same trend of being uniformly shifted up as for the

relative density. The apparent elastic modulus for both geometries (Eq. 4.4.3 and

Eq. 4.3.3) are not related to the relative density by a constant. For the BCC case, it is

related to the relative density divided by the ratio between the length and diameter of

the struts squared and is even more complex for the BCCz case. It is therefore not as

simple as multiplying the relative density by an empirical constant.

FIGURE 4.14: As-designed versus as-built apparent elastic modulus for both BCC
(blue) and BCCz (orange) lattices over a range of relative densities. As-designed
apparent elastic modulus is calculated using Eq. 4.4.3 and Eq. 4.3.3 for BCC and

BCCz geometries respectively.

E∗
z BCC =

(√
3π
(

dang
L

)2
−
(

55π
36 ·

(
dang

L

)3
))

· Es

1 + 2
(

L
dang

)2 (Eq. 4.4.3)

When as-built relative densities are used (Fig. 4.15), there is good agreement between

the as-built results and the analytical models that predict the apparent elastic moduli

for low relative densities. The model agrees with as-built results up to a relative

density of approximately 27% for BCC geometries and approximately 50% for BCCz

geometries, although the range of apparent elastic modulus makes it harder to

discern. With increasing relative density, slender beam assumptions become less

accurate, resulting in increasing deviations for the apparent elastic modulus from
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analytical models as demonstrated by both the BCC and BCCz lattices. Additionally,

as the relative density increases, so does the excess material at strut joints. The

joints become increasingly rigid, having a stiffening effect on the lattice greater than

that due to the density increase [157]. The extra upright z-strut in the BCCz lattice

is subject to stretching and not bending, with deviations from the slender beam

assumptions having a reduced impact. The apparent elastic modulus of the BCCz

lattice is therefore similar to the analytical model for a larger relative density range.

FIGURE 4.15: As-built relative density versus as-built apparent elastic modulus
for both BCC (blue) and BCCz (orange) lattices over a range of relative densities
with range (shaded regions) and analytical models for BCC (blue dotted) and BCCz
(orange dotted). a) full plot and b) zoomed-in plot over the range of as-built results.

Empirically fitting as-built results to the Ashby and Gibson analytical model for

porous solids Eq. 4.4.4, across two regions, for relative densities less than 30% and

greater than 30% for both the BCC and BCCz geometries shows good agreement

(Fig. 4.16 and Table 4.4.1). The lattices can still be treated as porous solids but need

to have different relationships for low and high relative densities and according to

Ashby and Gibson, a change is expected at a relative density of 30% [28]. A fit was

also performed across the full relative density range for the BCC geometries as the

powers for the two density ranges (Table 4.4.1) where similar.

E∗ = Es

(
ρ∗

ρs

)n

· C (Eq. 4.4.4)

According to Ashby and Gibson [28], the power, n, should be 2 and 1 for bending-

and stretching-dominated open-celled porous solids respectively. Although the

power for all the fits are greater than expected (Table 4.4.1), the powers for the

bending-dominated (BCC) plots are greater than that of the stretching-dominated

(BCCz) plots, as expected.

The greater than expected power for the low relative density stretching-dominated

plot of 1.7 is likely because angled struts are expected to deform in bending
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Geometry Type Relative Density Range Power R2

BCC (expected bending)
≤ 30% 3.41 0.986
> 30% 3.34 0.999

all 3.30 0.999

BCCz (expected stretching)
≤ 30% 1.70 0.993
> 30% 2.64 0.981

TABLE 4.4.1: Summary of powers R2 for bending- and stretching-dominated
uniform lattices fitted to Ashby-Gibson relationship for relative density and apparent

elastic modulus over two relative density ranges.

FIGURE 4.16: As-built relative density versus as-built apparent elastic modulus for
both BCC (blue) and BCCz (orange) lattices over a range of relative densities with
range (shaded regions). Ashby-Gibson equations (Eq. 4.4.4), fitted for C and n for 2
regions, for relative densities less than 30% and greater than 30% for both the BCC

(blue line) and BCCz geometries (orange line).

(corresponding to the higher power law of 2), and only the z-strut is expected to

deform by stretching (corresponding to a power of 1). Beyond a relative density of

30%, the BCCz geometry appears to become even more bending-dominated with a

power of 2.64, similar to that of natural porous materials such as wood and cancellous

bone [158] which both have powers between 2 and 3.

The powers for the bending-dominated plots are 3.41 and 3.34 for less than and

greater than 30% relative density and 3.30 for the full relative density range. This

differs from that predicted for bending-dominated open-celled porous solid with a

power of 2 expected, but aligns more closely with the behaviour of foams produced

by replication, which have a power closer to 3 and natural porous metamaterials

such as wood and bone [158]–[160]. These foams are modelled with most of the

material concentrated at the joints between struts instead of on the struts themselves,
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somewhat similar to the material accumulation at the joints for high-density uniform

lattices.

Although the power law fits appear to fit well with the experimental data, with R2s

greater than 0.98 in all cases, further confirmation of this is possible by plotting the

experimental data in Fig. 4.16 on a logarithmic plot as in Fig. 4.17 and determining

the logarithmic fits, using Eq. 4.4.5, where n should be similar to the power in the

Ashby-Gibson based equations Eq. 4.4.4. Eq. 4.4.5, is a standard linear fit where y is

ln(E∗) and x is ln
(

ρ∗

ρs

)
. A summary of the n terms and corresponding R2 is provided

in Table 4.4.2.

ln(E∗) =

(
n · ln

(
ρ∗

ρs

))
+ c (Eq. 4.4.5)

FIGURE 4.17: Log-log plot of as-built relative density versus as-built apparent elastic
modulus for both BCC (blue) and BCCz (orange) lattices over a range of relative
densities with range (shaded regions). Log-log equation 4.17 fitted for n (similar
to Eq. 4.4.4) and c (intercept) for 2 regions, for relative densities less than 30% and

greater than 30% for both the BCC (blue line) and BCCz geometries (orange line).

A clear linear relationship is evident on the log-log plot in Fig. 4.17, evidenced by

the high R2 for all linear fits (Table 4.4.2). The n terms are similar to those for the

Ashby-Gibson based fits (summary in Table 4.4.1), confirming their suitability.
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Geometry Type Relative Density Range n R2

BCC (expected bending)
≤ 30% 2.78 0.969
> 30% 3.23 0.999

all 3.08 0.995

BCCz (expected stretching)
≤ 30% 1.77 0.995
> 30% 2.25 0.968

TABLE 4.4.2: Summary of powers R2 for bending- and stretching-dominated
uniform lattices fitted to logarithmic Ashby-Gibson relationship for relative density

and apparent elastic modulus over two relative density ranges.

4.4.4 Failure Behaviour

The bending- and stretching-dominated lattices exhibited distinct failure patterns.

The bending-dominated lattices fail suddenly; all of the struts and therefore load

paths are angled, resulting in a shear force effects causing failure due to shear bands

[161] (Fig. 4.18a), with failure initiating at the joints between struts as these are

known points of stress concentrations. However, for the stretching-dominated lattices,

failure is more progressive, initiating and progressing along the bottom layer (Fig.

4.18b), before shear bands are observed along the angled struts (Fig. 4.18c). For the

stretching-dominated lattices, failure initiates at the joints between struts as well as

within vertical struts due to buckling. As the top and bottom faces are adhered to

the platens, the boundary conditions can be treated as contacts with infinite friction.

However, the top compression platen was hemispherically seated and had more

rotational degrees of freedom than the bottom plate which was fully fixed. Stress is

therefore likely to concentrate at the fixed bottom layer causing it to fail there first.

FIGURE 4.18: Representative image for the failure of a) bending-dominated lattices
with the shear band highlighted in blue and representative image for the failure of
stretching-dominated lattices with b) the initial point of failure and c) the shear band

highlighted in orange.

For all the lattices investigated, there was an increase in the failure strain compared

to that of the base material of 1.7% (Fig. 4.19). This is expected, for lattice structures,

the loading is more heterogeneous, with manufacturing defects resulting in more

localised failure instead of global failure. This increases the deformation and therefore
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strain to failure compared to a solid uniform material. Additionally, the failure strain

of all samples, was greater than that of cancellous bone which varies between 1 to 2.5

% [17].

The relationship between failure strain and relative density appears opposite for

bending- and stretching-dominated geometries. For BCC geometries, increasing

relative density decreases failure strain until a relative density of approximately 30%

where it plateaus at approximately 3% strain. For the BCCz geometries, there is a

general trend of increasing failure strain with relative density. This trend, however, is

less distinct as the BCCz geometries show large ranges. Failure strain was determined

using platen measurements corrected for machine compliance as determined from

optical strain measurements. Upon examining the individual stress strain curves and

images to failure, no clear reason for this was observed with samples behaving as

expected.

FIGURE 4.19: As-built relative density versus strain at sample failure for both BCC
(blue) and BCCz (orange) uniform lattices over a range of relative densities. BCCz
samples at the highest designed relative density did not fail completely during the
test so are not shown here. Range (maximum to minimum) of results are shown with

shaded regions.

The maximum stress is greater for stretching-dominated samples than for

bending-dominated samples at the same relative density (Fig. 4.20). The extra

z-strut in the loading direction of the stretching-dominated geometries increases

the resistance to loading, increasing the maximum stress reached. Interestingly, the

stretching-dominated geometries appear to have a greater variation in results than

the bending-dominated geometries, as evidenced by the coefficient of variation for

maximum stress (Fig. 4.21). Stretching-dominated lattices are known to be more
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Geometry Type Power R2

BCC (expected bending) 2.88 0.9995
BCCz (expected stretching) 2.323 0.992

TABLE 4.4.3: Summary of powers R2 for bending- and stretching-dominated
uniform lattices fitted to Ashby-Gibson relationship for relative density and

maximum stress over two relative density ranges.

sensitive to defects and failure than bending-dominated lattices [162], of which both

these structures are already sensitive to due to the brittle nature of the base material,

thereby increasing the failure to strain variation for the stretching-dominated lattices.

Fitting the average maximum stress data to relative density, as with Ashby-Gibson

equations, reveals good fits (high R2) and powers similar to that of cancellous bone,

which has powers of 2 [17], Table 4.4.3.

FIGURE 4.20: As-built relative density versus maximum stress for both BCC (blue)
and BCCz (orange) uniform lattices over a range of relative densities. Range
(maximum to minimum) results are shown with shaded regions. Trends with

relative density for average results are shown by the solid lines.
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FIGURE 4.21: As-built relative density versus coefficient of variation for the
maximum stress for both BCC (blue) and BCCz (orange) uniform lattices over a

range of relative densities.

The energy absorbed to failure is greater for stretching-dominated samples than

for bending-dominated samples at the same relative density (Fig. 4.22). The

stretching-dominated lattices withstand a greater maximum stress, and for relative

densities greater than 30% have a greater failure strain, resulting in increased energy

absorption. The stretching-dominated lattices also have increased variation, reflected

in the coefficient of variation plot (Fig. 4.23) as with the maximum stress. As before,

the stretching-dominated lattices are likely more sensitive to defects resulting in more

varied failure behaviour.
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FIGURE 4.22: As-built relative density versus energy absorbed to sample failure
for both BCC (blue) and BCCz (orange) uniform lattices over a range of relative
densities. BCCz samples at the highest designed relative density did not fail
completely during the test so are not shown here. Range (maximum to minimum)
results are shown with shaded regions. Trends with relative density for average

results are shown by the solid lines.

FIGURE 4.23: As-built relative density versus coefficient of variation for energy
absorbed to sample failure for both BCC (blue) and BCCz (orange) uniform lattices
over a range of relative densities. BCCz samples at the highest designed relative

density did not fail completely during the test so are not shown here.
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4.5 Conclusions

Distortions are seen for all samples, increasing after the secondary cure phase

and taking on a more dome-like shape with the centre of the dome resting in the

middle or at a corner of endplates. This is likely due to an increase in residual

stresses from curing as a result of polymer chains cross-linking resulting in part

shrinkage [156]. Additionally, the bending-dominated geometries initially have high

levels of distortion, decreasing as the relative density decreases and levelling off

at a relative density of approximately 30%. The relationship is less distinct for the

stretching-dominated geometries due to the considerable variation but generally

follows a similar although more gradual trend. Using the adapted elastic foundation

model (Chapter 3), the observed distortion ranging from 70 - 600 µm is predicted

to reduce the initial apparent elastic response of lattices (up to 0.3% strain), with a

distortion of 100 µm resulting in approximately a 50% decrease in initial apparent

elastic modulus, over a range of strain which encourages bone growth in engineered

tissue scaffolds (0.15 to 0.3 % strain).

The as-built relative density is consistently greater than as-designed by 10 and 12% for

bending- and stretching-dominated geometries respectively. This difference between

as-built measurements and as-designed predictions persisted despite accounting for

errors in predictions due to double-counting of overlapping material at cell junctions.

The difference is consistent with as-built cell strut diameters larger than as-designed.

Using as-built relative densities, the geometry specific analytical models for the

bending-dominated geometries accurately predicts the apparent elastic response for

low relative densities. Deviations from the analytical model increase with increasing

relative density due to greater deviations from slender-beam assumptions and the

increased impact of the rigid strut joint [41], [157]. For the stretching-dominated

geometries, these analytical models are accurate up to higher relative densities of

≈ 50%, due to the extra z-strut that deforms by stretching and thus are not affected by

the slender-beam assumption. Ashby-Gibson based power law fits were developed

for both geometry types over two relative density ranges, less than and greater than

30%. These showed higher than expected powers based on loading type, greater than

3 for the bending-dominated geometries and 1.7 and 2.6 for the stretching-dominated

geometries, but similar powers to natural porous materials such as bone and wood.

Concerning failure properties, the strain to failure was at least double for all

samples than for the base material. For bending-dominated geometries, strain

to failure decreases with relative density and the opposite is observed for the

stretching-dominated geometries. Additionally, as expected, the maximum stress, and

therefore energy absorbed for the stretching-dominated geometries is greater than for
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the bending-dominated geometries with the same relative density. Greater variation

in properties is observed for the stretching-dominated geometries as they are more

sensitive to defects that affect failure properties. However, there is considerable

variation for both the bending- and stretching-dominated geometries, across all the

mechanical properties evaluated. This is likely primarily due to the base material

modulus variation between struts as discussed in the previous investigation (Chapter

3) as well as geometric variations between samples.

The relationships investigated here are for uniform porous metamaterials which

have limited real-world applications compared to non-uniform lattices often used

for light-weighting applications. They are predicted to perform similarly to uniform

lattices where elastic properties are concerned but outperform in regards to failure

characteristics. The relationships developed here can be used to explain the trends

and relationships for non-uniform porous metamaterials as in the next investigation

(Chapter 5), required for the design of lattices for a tailored response.
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Chapter 5

Distortion and Apparent

Compressive Properties of Graded

and Stochastic Lattice Metamaterials

5.1 Abstract

Non-uniform structures with varying densities are useful for many applications

including light-weighting and are often found in natural porous materials for

example in bone and wood. It is hypothesised that the semi-random density

variations (described by a disorder parameter) in natural porous materials contribute

to the enhanced mechanical properties compared to uniform synthetic materials

and was verified in a previous investigation using 2D lattice structures [1], [2]. This

investigation applies a similar methodology creating lattices from a brittle base

material using simplified unit cells with two levels of random density distribution

to determine if the same benefits apply. Compared to uniform lattices, for the same

relative density, disorder increases resistance to loading, increasing compressive

apparent elastic modulus and maximum stress, with the effect more pronounced for

highly ordered stretching-dominated lattices. However, as the brittle base material

results in defect sensitive lattices, the disorder has a minimal impact on strain

to failure and energy absorption, with results comparable to uniform structures.

Additionally, the influence of non-uniform density distributions on height distortions,

known to affect apparent properties is determined, with similar levels of distortion

observed compared to uniform lattices. Increasing disorder decreases observed

distortions for both geometry types likely due to an improved residual stress

distribution, a desirable outcome. The methodology presented in Chapter 5 and

initial trends are a starting point for understanding the behaviour of non-uniform
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porous metamaterials which have the potential to expand the material property space

accessible by synthetic materials.

5.2 Introduction

In Chapter 4, trends and relationships were established for uniform bending- and

stretching-dominated porous metamaterials with respect to relative density. Key

factors for mechanical performance were measured, including distortion, apparent

elastic modulus and failure characteristics such as strain to failure. This chapter

seeks to further these relationships, investigating the effect of random density

variations within a lattice on the same properties. Such tailored, non-uniform porous

metamaterials offer advantages in terms of lightweight load-bearing and energy

absorption in applications like aerospace, or nutrient absorption and waste exchange

in engineered bone tissue scaffolds for biomedical applications, where matching

the stiffness and geometry to that of cancellous bone is key to achieving the desired

results [122].

Following a brief introduction and research justification in Section 5.2, the

methodology for sample manufacture, mechanical and geometric characterisation

is detailed in Section 5.3. In Section 5.4, the impact of the disorder (a measure of

randomness) on the height distortion of lattices is compared to the behaviour of

uniform bending- and stretching-dominated porous metamaterials. This is followed

by an in-depth discussion of the differences that disorder and geometry type can have

on mechanical properties such as apparent elastic modulus and failure strain, with

comparison to the uniform lattice results from the previous Chapter 4. Key results are

summarised in Section 5.5 with a potential use case presented for this research.

5.3 Methodology

5.3.1 Porous Metamaterial Fabrication

Seven types of lattices were manufactured to investigate the influence of varying

relative densities and unit cell geometry types on overall specimen height distortions

and mechanical properties. Two types of graded lattices (Section 5.3.1.1) and five

types of stochastic lattices (Section 5.3.1.2) were studied. A summary of the design

parameters for all lattices is given in Table 5.3.1. Within the stretching-dominated

lattices, both graded and stochastic lattices (with two levels of disorder, defined

in Section 5.3.1.2), were designed to achieve the same average relative density

(approximately 0.4), combining unit cells with differing relative density ranges.

The same process was applied to bending-dominated lattices to achieve an
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Unit Cell
Type

Gradient
Type

Disorder
Value

Unit Cell Relative
Density Range

Average
Designed
Relative
Density

Bending
(BCC)

Graded N/A 0.16 - 0.50 0.33

Stretching
(BCCz)

Graded N/A 0.18 - 0.62 0.40

Bending
(BCC)

Stochastic 0.8 0.16 - 0.50 0.33

Stretching
(BCCz)

Stochastic 0.8 0.18 - 0.62 0.40

Bending
(BCC)

Stochastic 0.4 0.16 - 0.54 0.33

Stretching
(BCCz)

Stochastic 0.4 0.18 - 0.62 0.41

Bending
(BCC) and
Stretching

(BCCz)

Stochastic 0.8 0.16 - 0.36 (BCC) and
0.43 - 0.62 (BCCz)

0.37

TABLE 5.3.1: Summary of Design Parameters for Graded and Stochastic Lattices.
Relative density was based on the as-built relative density of uniform lattices,

observed in Chapter 4.

average relative density of 0.33. One stochastic lattice combined both bending- and

stretching-dominated unit cells for an intermediate relative density of 0.37. Three

repeats of each lattice were manufactured in line with the previous investigation

(Chapter 4). Additionally, the studies in this thesis were exploratory and prioritised

evaluating a larger number of geometry variations, providing a greater insight into

potential trends. As such, the number of repeats were limited.

Density variations were achieved by combining unit cells with differing relative

densities based on the relative density of uniform lattices with the same as-designed

strut diameter. To account for the difference between the as-designed and the as-built

relative density observed in Chapter 4, the relative density of each unit cell was

determined from Eq. 5.3.1 and Eq. 5.3.2, for the stretching- and bending-dominated

geometries respectively, correcting for greater than expected strut diameters. This is a

best approximation as there will be minor differences due to excess material between

neighbouring unit cells with differing relative densities.

ρ∗

ρs
BCCz = 1.04 ·

(
(1 + 4

√
3)π

4
·
(

d
L

)2

− 11π

6
·
(

d
L

)3
)
+ 0.12 (Eq. 5.3.1)
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+ 0.1 (Eq. 5.3.2)

As in Chapters 3 and 4, lattices were manufactured with top and bottom endplates

to protect the struts during post-processing and encourage more uniform loading.

Samples were manufactured using a Form3 stereolithography printer with Rigid10K

resin (layer height of 0.05 mm), a glass-particle reinforced acrylic based resin

with a base material elastic modulus of 10 GPa (Formlabs, Massachusetts, United

States of America, see Appendix 10 for material data sheets) [123]. Samples were

post-processed according to PP2 in Chapter 3, which involved washing samples in

IPA for 12 minutes in an ultrasonic bath, followed by at least a 30 minute air dry, 120

minutes under a 5 Pa vacuum, 120 minutes in an oven at 60 °C and an additional 60

minute cure under UV light.

5.3.1.1 Graded Lattices

Three repeats each of one bending- (BCC) and one stretching-dominated (BCCz)

graded lattice were designed in MATLAB [154] with the relative density varying

continuously within each layer (in the XY plane). For both geometry types, the

relative density starts high (H in Fig 5.1) on the outer-most unit cell. The relative

density decreases towards the centre of the layer to the minimum relative density

(L in Fig 5.1), before increasing back to the higher relative density on the opposite

outer-most unit cell. Ranges for the relative density can be found in Table 5.3.1,

with the relative density of each unit cell matching an as-built value for the

uniform lattices. The as-designed relative density sequence of the bending- and

stretching-dominated unit cells were 0.50, 0.42, 0.34, 0.26, 0.16, 0.16, 0.26, 0.34,

0.42, 0.50 and 0.62, 0.51, 0.40, 0.30, 0.18, 0.18, 0.30, 0.40, 0.51, 0.62 respectively.

The direction of the gradient was in either the X- or the Y- direction within each

layer (example shown in Fig. 5.2), and alternated in the subsequent layer. The

average relative density within each layer was constant and therefore equal to the

overall relative density of the specimen (0.33 and 0.40 for the graded bending- and

stretching-dominated lattices respectively). It also matched the average relative

density of the stochastic lattices. There was no relative density variation in the build

(Z-) direction as the lowest relative density layer in the build direction would have

likely dominated both elastic and failure behaviour. The relative density was varied

in both the X- and Y- directions to ensure failure was symmetric and no one direction

(X- or Y-), had a dominating effect, as might be the case if the relative density was

only varied in one direction. Additionally, the relative density was varied in the X-

and Y- directions between alternating layers to introduce a more gradual and less
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distinct relative density change across two layers compared to varying the relative

density in both the X- and Y- directions within one layer, shown by mapping the

average relative density of the unit cells across two layers (Fig. 5.3). A more gradual

variation in relative density reduces the number of potential failure initiation points,

meaning failure is dictated by gradient and not defects.

FIGURE 5.1: Graded a) & c) bending-dominated, BCC and b) & d)
stretching-dominated, BCCz lattices where vertical struts are aligned with the build
direction. H and L indicate the highest and lowest relative density from the relative
density range with arrows indicating the variation along the page (X- direction). Blue
and orange circles indicate the direction of relative density gradient into the page (Y-
direction). Endplates protect the top and bottom struts. Dots marked on the front
and back for optical strain measurement with a maximum virtual gauge length of 20

mm. c) and d) are examples of samples prior to testing.
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FIGURE 5.2: Relative density variation in a) X- and b) Y- direction within a layer for a
bending-dominated sample. H and L indicate the highest and lowest relative density
from the relative density range, with arrows indicating the direction of variation. The
same pattern of variation is also implemented in the stretching-dominated samples.

FIGURE 5.3: Example variation of average strut diameter across two layers for a
lattice with a) the relative density varying in the X- and Y- direction in alternating
layers and b) the relative density varying in both the X- and Y- directions within each

layer.

5.3.1.2 Stochastic Lattices

The relative density of the stochastic lattices was randomly varied, with the degree of

variation determined by a Voronoi-based disorder parameter, δ, based upon the work

of Aranguren van Egmond et al., [1], [2]. They designed stochastic lattices made up of

Voronoi unit cells with varying cell size (and therefore varying relative density), but

uniform cell wall thickness, and defined δ as the ratio between the smallest minimum

distance between the seed points of two neighbouring Voronoi cells normalised by the

seed-to-seed distance of neighbouring regular hexagonal cells.

In a procedure adapted from this work by Aranguren van Egmond [2], a simple

sequential inhibition (SSI) algorithm 9.1 was used to determine the cell size variability
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of 100 randomly seeded Voronoi cells (100 chosen to match the 100 unit cells in a

layer). δ was set to 0.8 or 0.4 depending on the stochastic lattice to be created (as

specified in Table 5.3.1). The algorithm would pseudo-randomly create new seed

points, discarding them if they did not fulfil the disorder criteria, and repeating

until the desired number of cells were created. The areas of all Voronoi cells were

then calculated and scaled such that the minimum and maximum Voronoi cell

areas corresponded to the designed relative density ranges of the stochastic lattice

designs in the present work (Table 5.3.1). The Voronoi cell areas were converted to

relative density (Voronoi based ρ∗

ρs
) by scaling to the relative density range using Eq.

5.3.3, where AV is the area of the Voronoi cell, AV min is the minimum Voronoi cell

area across all the cells, AV max is the maximum Voronoi cell area across all the cells,
ρ∗

ρs max
is the maximum relative density from the relative density range and ρ∗

ρs min
is

the minimum relative density from the relative density range. BCC or BCCz strut

diameters corresponding to these relative densities were determined from strut

diameter versus relative density plots using Eq. 5.3.2 and Eq. 5.3.1 respectively.

These strut diameters were converted into the closest corresponding manufacturable

strut diameter, accounting for the difference between as-built and as-designed

geometries, as determined previously in Chapter 4, Section 4.4.1. This process of

Voronoi cell generation and converted lattice design was repeated until the average

relative density of the 100 unit cells was within 1% of the target (chosen to match a

corresponding graded lattice). For a single layer, the arrangement/location of the unit

cells was randomised using MATLAB’s ”randi” function, as the locations of the seed

points of the Voronoi cells could not be systematically linked to the regular position

of the unit cells. The random arrangement of unit cells was repeated for additional

layers of the lattice, maintaining both average relative density (similar to graded

lattices) and δ throughout by using the same assortment of unit cells. The density was

therefore also randomly varied in the Z-direction, with a similar random variation

achieved by the Voronoi algorithm used to produce the first layer.

Voronoi based
ρ∗

ρs
=

(AV − AV min) ·

 ρ∗

ρs max
− ρ∗

ρs min
AV max − AV min

+
ρ∗

ρs min
(Eq. 5.3.3)

A δ of 0.8 was chosen for stochastic lattice designs as, according to Aranguren van

Egmond et al., [1], [2], these structures can have improved failure characteristics

compared to fully ordered (uniform) structures in terms of strain to final failure

and energy absorption. A δ of 0.4 was also chosen in order to assess expected trends

with changes in disorder. Aranguren van Egmond et al., [1] reported that increasing
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disorder (i.e. decreasing δ) tends to increase strain to failure but to the detriment of

maximum stress and energy absorption, for the same relative density. The resulting

stochastic lattices are shown in Fig. 5.4.

Stochastic lattices were designed with bending-dominated BCC unit cells,

stretching-dominated BCCz unit cells, and also a combination of the two as

shown in Fig. 5.5. The combination of bending- and stretching-dominated unit

cells can achieve a wider variation of local properties, and thus a wider range of

mechanical disorder, in contrast to the geometric disorder captured by δ and design

process used above. Stochastic lattices combining BCC and BCCz were designed

with a δ of 0.8. Unit cells above a relative density of 0.34 were designated as BCCz,

and lower density cells were BCC. This cut-off was chosen because, below a relative

density of 0.34, the mechanical properties of BCC and BCCz lattices are relatively

small (Fig. 4.15). The location of both the BCC and BCCz unit cells within a layer was

randomised as before, using MATLAB’s ”randi” function.

FIGURE 5.4: Example of variation of stochastic a) bending-dominated, BCC and b)
stretching-dominated, BCCz lattice with δ = 0.4. The colour bar indicates the relative
density of the individual unit cells, with the maximum of the range as red and the

minimum as blue.
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FIGURE 5.5: Mixed stochastic lattice built up from both bending- (BCC) and
stretching-dominated (BCCz) unit cells with varying relative densities. High relative
density cells (> 0.34) are BCCz and lower relative density cells (=< 0.34) are set to

BCC. δ = 0.8.

5.3.2 Mechanical Testing

The procedure for carrying out quasi-static compression follows that in the previous

investigation (Chapter 4). Samples (n = 21), were quasi-statically compressed with

the endplates of all samples adhered to flat metal plates using a cyanoacrylate based

adhesive to minimise the effects of height distortions on the loading behaviour of

the lattices, as concluded in Chapter 3. Both platen and optical measurements were

used to measure strain. Optical measurements account for machine compliance and

more accurately capture surface strains for porous materials matching the behaviour

as calculated from digital volume correlation [117]. The testing and processing

parameters are specified in Chapter 3, Section 4.3.2 and in Appendix 7.2.

The apparent elastic modulus of samples was determined as described in Chapter

4, Section 3.3.2, in a procedure adapted from NPL’s ‘Measurement Good Practise

Guide No. 98: Elastic Modulus Measurement’ [129]. Failure characteristics such as

final strain to failure and energy absorbed were determined as in Chapter 4, Section

4.3.2, after the procedure to account for the machine compliance with platen data was

applied (Chapter 4, Section 4.3.2).

To compare the apparent elastic modulus, maximum stress and energy absorption

of the graded and stochastic lattices more easily to uniform lattices, results were

normalised using trends from average uniform results of the same geometry type,

i.e. bending- or stretching-dominated. The results of the mixed stochastic lattice were

normalised to that of the stretching-dominated uniform results.
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5.3.3 Geometrical Characterisation

Average width, depth and height measurements (three measurements per direction,

measured with SPI callipers, Swiss Precision Instruments, accurate to 0.02 mm)

along with mass (measured to four decimal places, AE 240 Mettler Toledo (Ohio,

United States) were used to determine the as-built relative density of the graded and

stochastic lattices. In Chapter 4, this method was shown to accurately capture the

relative density of the lattice once the endplates were accounted for. After both the

IPA wash and secondary UV cure, height distortion measurements were captured and

measured following the procedure in Chapter 4, Section 4.3.3.

5.4 Results and Discussion

5.4.1 Geometry Characterisation

By applying Eq. 5.3.1 and Eq. 5.3.2 (Chapter 4), the as-designed and as-built relative

densities of the gradient and stochastic lattices agreed closely. Minimal differences

were observed between lattice types, both for bending- versus stretching-dominated

and for graded versus stochastic lattices. However, the as-built relative density for

all graded and stochastic lattices was still slightly greater than designed. This was

likely due to adjacent unit cells with large differences in relative density having a

build-up of excess material at the joints between the neighbouring unit cells (Fig. 5.7).

The lowest level of disorder for stochastic lattices (diamond points, δ = 0.8) had the

greatest difference.
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FIGURE 5.6: Comparison between as-designed and as-built relative density for
graded (circle) and stochastic (square and diamond) bending- (BCC, blue) and
stretching-dominated (BCCz, orange) lattices. The mixed stochastic lattice is given
by the red star. Shaded regions indicate the range of data (maximum to minimum).
First-order trend lines of the BCC (blue) and BCCz (orange) lattices derived in the

previous investigation (Chapter 4) are shown for comparison.
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FIGURE 5.7: Excess material between neighbouring cells in stochastic BCC (b) and
BCCz (d) lattices. Uniform lattices (a and c) at the same approximate as-built relative

density are shown for comparison. Stochastic lattice with δ = 0.8 shown.
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5.4.2 Endplate Distortions

Evidence of endplate distortions were seen in all samples both before (Fig.

5.8a) and after (Fig. 5.8b) the secondary cure phase with the average distortion

ranging from approximately 50 - 85 µm to 75 - 100 µm respectively. Before the

secondary cure phase (Fig. 5.8a), there was no noticeable difference between the

non-uniform stretching-dominated lattices (BCCz), with similar average distortions

of approximately 85 µm. This was also observed after the secondary cure phase (Fig.

5.8b) with range overlaps between all lattice types. The same trends were not seen for

the non-uniform bending-dominated lattices (BCC). Before the secondary cure phase

(Fig. 5.8a), the stochastic bending-dominated lattices (square and diamond), had

similar average distortions, approximately 25 µm greater than for the graded lattice

(circle). After the secondary cure phase (Fig. 5.8b), however, the average distortions

for both stochastic and graded lattices are more similar.

FIGURE 5.8: Average height distortion on the top endplate for graded (circle) and
stochastic (square and diamond) BCC (blue) and BCCz (orange) lattices a) before
and b) after the secondary cure phase. Data for a mixed stochastic lattice is also
shown (red star). The shaded area indicates the range of average height distortion.
Representative height distortion plots before the secondary cure phase and the
corresponding height distortion plots after the secondary cure phase are shown.
Colour bars scaled to the maximum height distortion observed across all plots

(BCCz, after the secondary cure phase).

After the secondary cure phase, the shape of the height distortion tends to become

more dome-like with the centre of the dome either in the middle or more towards one

corner (Fig. 5.8b).

The average distortions for bending-dominated graded and stochastic lattices (blue)

before (Fig. 5.9a) and after (Fig. 5.9b) the secondary cure phase are comparable
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FIGURE 5.9: Average height distortion on the top endplate for graded (circle) and
stochastic (square and diamond) BCC (blue) and BCCz (orange) lattices a) before
and b) after the secondary cure phase. Data for a mixed stochastic lattice is also
shown (red star) compared to results from uniform lattices in Chapter 4. The shaded
area indicates the range of average height distortion, for both the uniform and

non-uniform lattices.

to uniform lattices with similar as-built relative densities and within the ranges

observed. For the non-uniform stretching-dominated lattices (orange, Fig. 5.9),

however, before the secondary cure phase (Fig. 5.9a), the average distortion was

generally greater than for the uniform stretching-dominated lattices by between

15 to 25 µm with minimal overlap between the ranges. After the secondary cure

phase (Fig. 5.9b), the distortion of the non-uniform stretching-dominated lattices was

generally less than for the uniform stretching-dominated lattices by between 35 to 40

µm. Although a statistical test cannot be performed with 3 repeats, this is within the

variation observed for the uniform lattices. It is therefore hypothesised that relative

density has a greater influence on distortion than uniformity/non-uniformity for both

bending- and stretching-dominated lattices, especially after the secondary cure phase.

A wider range of non-uniform lattices would be required to verify this.

After the secondary cure phase, for both the bending- and stretching-dominated

highly disordered stochastic lattices (Fig. 5.9b square points, δ = 0.4), the height

distortion was reduced when compared to the more ordered stochastic lattices (Fig.

5.9b diamond points, δ = 0.8). The more disordered lattices (lower δ) have a greater

variation in relative density, and therefore a greater chance of unit cells with similar

relative densities and stiffnesses being in opposing locations and cancelling out

their respective contributions towards distortion. This improves the distribution of

residual stresses from the secondary cure phase, resulting in a lower distortion. Both

graded bending- and graded stretching-dominated lattices result in further reduced

distortions compared to the stochastic lattices after the secondary cure phase (Fig.

5.9b). This too was likely due to better residual stress distribution from the gradient

pattern. Within a layer, the position of the unit cells with the same relative density are
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mirrored about the X- or Y-axis depending on the direction of the gradient. Similar

to the highly ordered stochastic lattices, the distortion contributions are therefore

likely to counteract each other, reducing overall distortion. From the previous

investigation (Chapter 4), increasing relative density, decreased distortion, and with

half the external unit cells made up of the highest relative density unit cells (due to

the direction of the gradient alternating between layers), they limit the distortion

possible, further reducing average distortion.

The more ordered mixed stochastic lattice (red star, δ = 0.8), has a similar level of

distortion to the more ordered stochastic bending- and stretching-dominated lattices.

After the secondary cure phase, the distortion was approximately between that of

both bending- and stretching-dominated uniform lattices.

For relative densities greater than 30%, height distortions for non-uniform lattices

appear to be geometry type independent and disorder dependent. More graded

and stochastic lattices at varying levels of disorder and relative densities would be

required to determine if this holds true at further extremes.

5.4.3 Elastic Behaviour

FIGURE 5.10: As-built relative density versus as-built apparent elastic modulus for
graded (circle) and stochastic (square and diamond) BCC (blue) and BCCz (orange)
lattices, compared to results from uniform lattices from previous investigation
(Chapter 4) including range. Data for a mixed stochastic lattice is also shown (red
star). Shaded areas/bars indicate the range of apparent elastic modulus, for both the
uniform and non-uniform lattices. The mixed stochastic lattice (red star) had a very

small range of 885 to 871 MPa, so the range bar is not observable on the plot.
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The apparent elastic modulus of the non-uniform stretching-dominated geometries

was greater than that for the non-uniform bending-dominated geometries (Fig. 5.10),

as expected, partially due to the increased relative density [28].

The apparent elastic modulus of the mixed stochastic lattice (Fig. 5.10, red star) was

approximately halfway between that of the bending- and stretching-dominated

stochastic lattices with the same disorder parameter of 0.8. To explain this

behaviour, one should first look at the stiffness contribution from the bending- and

stretching-dominated components of the mixed lattice using the relative contributions

to the make up of the lattice and assuming similar behaviours to uniform lattices.

The average designed relative density of the BCC unit cells (which make up 60% of

the mixed lattice) in the mixed lattice was 0.28, which using Eq. 5.4.1, for a uniform

bending-dominated lattice with the same average relative density, results in an

apparent elastic modulus of 115 MPa. The average designed relative density for

the BCCz unit cells (which make up 40 % of the mixed lattice) in the mixed lattice

was 0.83, and using Eq. 5.4.4, for a uniform stretching-dominated lattice with the

same average relative density results in an apparent elastic modulus of 5200 MPa.

Therefore, the mixed lattice was predicted to have an apparent elastic modulus of

2150 MPa, much greater than the as-built apparent elastic modulus of approximately

880 MPa. The elastic response was therefore not dominated by the combined average

response of both the bending- and stretching-dominated unit cells. However, the

apparent elastic modulus is similar to a uniform stretching-dominated lattice with the

same average as-built relative density of 0.41, similar to the minimum as-designed

relative density of the stretching-dominated unit cells within the mixed lattice. To

determine whether it is, in fact, the average relative density that dominates the elastic

behaviour of the mixed lattice, or the weaker stretching-dominated unit cells, a wider

range of mixed stochastic lattices would be required with similar average relative

densities but differing stretching-dominated density ranges.

(
ρ∗

ρs
≤ 0.3

)
E∗

z BCC = 0.88 · Es

(
ρ∗

ρs

)3.41

(Eq. 5.4.1)

(
ρ∗

ρs
> 0.3

)
E∗

z BCC = 0.7 · Es

(
ρ∗
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(
ρ∗
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(Eq. 5.4.4)
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FIGURE 5.11: As-built relative density versus normalised as-built apparent elastic
modulus for graded (circle) and stochastic (square, δ = 0.4 and diamond, δ = 0.8)
BCC (blue) and BCCz (orange) lattices, compared to results from uniform lattices
from previous investigation (Chapter 4). Plots for both the uniform and non-uniform
lattices were normalised by trend lines developed for the uniform lattices in the
previous investigation (Chapter 4), with Eq. 5.4.1, Eq. 5.4.2, Eq. 5.4.3 and Eq. 5.4.4, to
account for any changes due to relative density. Data for a mixed stochastic lattice
is also shown (red star), normalised by the trend for uniform stretching-dominated
(BCCz) lattices. Shaded areas/bars indicate the range of normalised apparent elastic
modulus, for both the uniform and non-uniform lattices. The mixed stochastic lattice
(red star) had a very small range of 1.10 to 1.08, so the range bar is not observable on

the plot.

Normalising the apparent elastic modulus values of the graded and stochastic lattices,

shows that the graded and stochastic bending-dominated lattices (BCC, blue) all

behave similarly and result in an apparent elastic modulus approximately 1.2 times

that of the uniform lattices, once relative density was considered (Fig. 5.11). There

was no observable difference between the two stochastic lattices with differing

disorder parameters (0.4 and 0.8), similar to the conclusions of Aranguren et al. [1].

Aranguren et al., [1], [2] determined that the normalised apparent elastic modulus

was generally independent of disorder and similar to that of fully ordered uniform

lattices. The one exception to this was δ = 0.3 (highly disordered), which resulted

in a drop of the normalised apparent elastic modulus, which they attributed to

tessellation-specific low-density regions. The increased apparent elastic modulus

for the non-uniform bending-dominated lattices observed here was likely due to an

accumulation of excess material at the joints, observed in Fig. 5.7a, from adjacent unit

cells with differing strut diameters. In Chapter 4, it was observed that failure initiates

at these joints due to stress concentrations in uniform lattices. With greater material

build-up, the joints of the non-uniform lattices are able to withstand increased load,
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increasing the apparent elastic modulus. Improved as-built geometry characterisation

using computed tomography or scanning electron microscopy could verify the extent

of material accumulation at such joints and potential contributions to the increased

stiffness as carried out by Helgeland et al. and Gümrük et al. [163], [164].

Similar to the non-uniform bending-dominated lattices, the normalised apparent

elastic modulus for the graded (circle) and highly ordered (diamond, δ = 0.8)

stretching-dominated lattices are greater than for the uniform lattices (Fig. 5.11).

Failure of the uniform stretching-dominated lattices appears to initiate at the joints

between struts and within the vertical struts due to buckling. Excess material at

the joints for the non-uniform lattices (observed in Fig. 5.7), likely also increases

resistance to loading, increasing the apparent elastic modulus compared to uniform

lattices. However, this was not observed for the highly disordered (square point, δ

= 0.4) stretching-dominated lattice, with a similar apparent elastic modulus to the

uniform stretching-dominated lattices once relative density was considered. The

highly disordered lattices (δ = 0.4) had a higher proportion of lower density unit cells

than highly ordered lattices (δ = 0.8) with over 50% of the unit cells in the highly

disordered lattice having a designed relative density of less than 38%, whereas only

35% of the unit cells in the highly ordered lattice had similarly designed relative

densities. The highly disordered lattices, therefore, experience lower loads before

yield compared to the highly ordered lattices, decreasing apparent elastic modulus.

The considerable range of apparent elastic modulus seen for both bending- and

stretching-dominated non-uniform lattices in some cases, means the differences

observed are inconclusive without further repeats (Fig. 5.11). Taking the most

extreme variation, observed in the highly disordered stochastic bending-dominated

group (blue square, δ = 0.4), two of the repeats had an apparent elastic modulus of

approximately 250 and 290 MPa, whilst one had an apparent elastic modulus of 150

MPa. Prior to loading, this repeat had a single missing strut in the top right corner

of the rear face. Failure initiated along the top row of unit cells on the front face,

likely due to this defect. The other two samples had no observable defects and failure

initiated more randomly and was more catastrophic. Note, the repeat with the lower

apparent elastic modulus was from another build platform, possibly resulting in

manufacturing differences.

As observed previously, once the relative density was considered, the mixed

stochastic lattice had an apparent elastic modulus similar to the stretching-dominated

uniform lattices (Fig. 5.11). The higher density stretching-dominated lattices are

likely to take up some of the load from the lower density bending-dominated

lattices, resulting in an increased apparent elastic modulus compared to the uniform
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bending-dominated geometries. However, the presence of these bending-dominated

geometries lowers the apparent elastic modulus compared to the more ordered

stochastic stretching-dominated geometries.

5.4.4 Failure Behaviour

The failure patterns of the non-uniform lattices were more complex than those

for the uniform lattices, however, similar patterns were again observed. The

bending-dominated lattices failed suddenly with shear bands evident, Fig. 5.12a).

As for the uniform lattices, the angled struts result in angled load transmission,

creating a shear force effect, resulting in the failure due to shear bands [161] which

form along the joints between struts, known points of stress concentrations. For the

stretching-dominated lattices, failure of bottom layer struts (Fig. 5.12b) and due the

bottom platen having fewer degrees of freedom than the top platen resulting in stress

concentrating along the lower layers) initiated full catastrophic sample failure with

shear bands also evident (Fig. 5.12c)) and also due to the angled load transmission as

a result of the angled struts. For both the bending- and stretching-dominated lattices,

failure tended to initiate at stress concentrations at the junction between thicker and

thinner struts, between dissimilar unit cells.

The failure pattern for the mixed stochastic lattices was similar to the stochastic

stretching-dominated lattices; randomly distributed individual struts failed first (Fig.

5.12d), normally at junctions. This was followed by the bottom layer experiencing

progressive failure (Fig. 5.12e) before the whole sample failed catastrophically with

evidence of shear bands (Fig. 5.12f).
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FIGURE 5.12: Representative image for the failure of a) bending-dominated lattices
with the shear band highlighted in blue, representative image for the failure of
stretching-dominated lattices with b) the initial point of failure and c) the shear
band highlighted in orange, representative image for the failure of stochastic mixed
(bending- and stretching-dominated) lattices with the d) initial random points of

failure, e) bottom layer failure and f) the shear band highlighted in red.
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FIGURE 5.13: As-built relative density versus strain at sample failure for graded
(circle) and stochastic (square and diamond) BCC (blue) and BCCz (orange) lattices,
compared to results from uniform lattices from previous investigation (Chapter 4).
Data for a mixed stochastic lattice is also shown (red star). The shaded areas/bars

indicate the range of failure strain, for both the uniform and non-uniform lattices.

The non-uniform lattices had similar failure strains to the uniform lattices,

with greater strains to failure for the stretching-dominated lattices than the

bending-dominated lattices. In terms of geometry, the more ordered non-uniform

bending-dominated lattices (graded, circle and stochastic with δ = 0.8, diamond), had

a greater failure strain than the more disordered stochastic lattices (square, δ = 0.4)

with failure strains of approximately 4 and 3% respectively. This trend of decreasing

disorder (increasing δ), increasing strain to failure is in contrast with the findings of

Aranguren et al. [1], [2] (Fig. 5.14). They determined that for the disorder parameters

assessed in this investigation (δ = 0.4 and 0.8), disorder had a negligible impact on the

failure strain (Fig. 5.14) [2]. It should be noted that only 3 repeats were performed in

this investigation, whereas Aranguren et al. performed 12 or 24 repeats depending on

the geometry with considerable standard deviations observed. With further repeats,

the 1% difference in failure strain for this investigation might therefore also be within

observed variations between samples.
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FIGURE 5.14: Variation of failure strain with δ for the stochastic lattices in this
investigation (blue and orange) and the 2D Voronoi based lattices investigated by
Aranguren et al. (green), Results are taken from [2] with error bars determined from

12 repeats for levels of δ and 24 repeats when δ = 0.8 and 1.0.

FIGURE 5.15: Stress-strain curves produced from corrected platen data for uniform
a) bending- and c) stretching-dominated lattices non-uniform b) bending- and d)
stretching-dominated lattices. A mixed stochastic lattice is shown on both plots for

the non-uniform lattices (b and d).
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For this investigation, the highly ordered bending-dominated lattices experienced

multi-stage failure (Fig. 5.15b), suggesting that local cell collapse caused by brittle

failure (and evidence by a drop in stress) is followed by a plateau region due to

brittle crushing, followed again by the brittle failure and cell collapse of other unit

cells. The investigation by Aranguren et al. [1] determined that disorder resulted

in multi-stage failure due to more tortuous crack paths, and crack growth being

inhibited and deflected. Looking at the failure pattern in the highly ordered stochastic

bending-dominated lattices, they experienced failure at random struts, at the

junctions between two dissimilar unit cells. Therefore, it is likely that the disorder

introduced into the structure is influencing where failure occurs and which cells

fail first, resulting in repeated local but not global failure. For the highly disordered

bending-dominated lattices, however, only a single-stage failure occurs with a rapid

drop in stress and reduced failure strains. The same trend, however, was not observed

for the stretching-dominated lattices where the mean failure strain of the more

disordered lattice was greater than the more ordered lattice (Fig. 5.13). The range of

the highly disordered group of samples was considerable, so any differences noted

were not conclusive. For this group of samples, the failure strains are approximately

4, 6 and 15% strain. Plotting the full stress-strain curves (Fig. 5.16) and comparing

image data taken during compression reveals that the second repeat failed at around

6% strain.

FIGURE 5.16: Stress strain curve for highly disordered stochastic
stretching-dominated lattice

This sample was still in contact with the top and bottom platens and a small resultant



106
Chapter 5. Distortion and Apparent Compressive Properties of Graded and

Stochastic Lattice Metamaterials

force still registered. However, for the third repeat, when the sample failed, it was

either temporarily not in contact with both platens or the material in contact had

failed and could not support load. The resultant force registered temporarily as

approximately 0, which was taken as the point for failure strain. There was no

observable difference in the failure patterns between the repeats, with the failure

perhaps less sudden for the second repeat as more material remained beneath

the platen once gross sample failure occurred. Therefore adjusting the failure

strain of the second repeat to 6% to be more reflective of when the load is much

reduced, the average failure strain for the highly disordered (δ = 0.4) stochastic

stretching-dominated group then became 5.6%, comparable to the other non-uniform

stretching-dominated lattices. The failure strain of non-uniform stretching-dominated

lattices show no dependence on disorder, in agreement with Aranguren (Fig. 5.14 [2]).

The failure strain of the highly ordered mixed stochastic lattice (red star, δ = 0.8), was

similar to the uniform stretching-dominated lattice for the same relative density. The

relative density and the geometry type appears to dominate the behaviour of failure

strain whilst the disorder level of the lattice has a minimal effect.

The failure strain of the non-uniform lattices is greater than that of the base material.

Aranguren found that both uniform and stochastic lattices had a failure strain

approximately double that of the base material (base material had an elongation

at break of 6.83% and lattice failed at approximately 12%) [2]. This corresponds

well with the non-uniform bending-dominated lattices in this investigation as

the elongation at break of the material is 1.7% and the minimum strain to failure

for lattices was 3%. The increase of failure strain compared to the base material is

even greater for the non-uniform stretching-dominated lattices, with failure strain

approximately 3.5 times greater.
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FIGURE 5.17: As-built relative density versus maximum stress for graded (circle) and
stochastic (square and diamond) BCC (blue) and BCCz (orange) lattices, compared
to results from uniform lattices from the previous investigation (Chapter 4). Data for
a mixed stochastic lattice is also shown (red star). Shaded areas/bars indicate the
range of maximum stress, for both the uniform and non-uniform lattices. The mixed
stochastic lattice (red star), graded (circle) and highly ordered stochastic (diamond,
δ = 0.8) BCC lattices all had small ranges, so the range bar is not observable on the

plot.

The maximum strength for the stretching-dominated (orange) lattices was greater

than for the bending-dominated (blue) lattices (Fig. 5.17). This is expected as the

stretching-dominated lattices are stiffer than the bending-dominated lattices for

the same relative density and the non-uniform stretching-dominated lattices in this

investigation are more dense than the bending-dominated lattices. Fig. 5.17, shows

that the more ordered stochastic lattices (diamond points, δ = 0.8) appear to have a

greater maximum stress than the more disordered stochastic lattices (square points,

δ = 0.4) for both the bending- and stretching-dominated lattices. Maximum stresses

were normalised relative to uniform results using equations Eq. 5.4.5 and Eq. 5.4.6 to

determine if this was attributable to variations in average relative density or rather to

the change in disorder (Fig. 5.18).

σ∗
maxBCC = 57.11

(
ρ∗

ρs

)2.88

(Eq. 5.4.5)

σ∗
maxBCCz = 67.16

(
ρ∗

ρs

)2.32

(Eq. 5.4.6)
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FIGURE 5.18: As-built relative density versus normalised maximum stress for
graded (circle) and stochastic (square and diamond) BCC (blue) and BCCz (orange)
lattices, compared to results from uniform lattices from previous investigation
(Chapter 4). Data for a mixed stochastic lattice is also shown (red star). Plots for both
the uniform and non-uniform lattices were normalised by trend lines developed
for the uniform lattices in the previous investigation (Chapter 4), with Eq. 5.4.5
and Eq. 5.4.6), to account for any changes due to relative density. Data for a mixed
stochastic lattice is also shown (red star), normalised by the trend for uniform
stretching-dominated (BCCz) lattices. Shaded areas/bars indicate the range of

normalised maximum stress, for both the uniform and non-uniform lattices.

The normalised maximum stress for the bending- and stretching-dominated

non-uniform lattices was greater or equal to that of the uniform lattices once the

influence relative density was accounted for (Fig. 5.18). The graded lattices of both

types of geometries are equivalent to each other and the uniform response of the two

geometry types respectively; for a graded lattice, the maximum stress was therefore

controlled by geometry and the average relative density. The graded pattern of

these lattices, suggests that the loading will be symmetrical around the central axis,

i.e. more of the load is taken up by the stiffer outer unit cells, decreasing with each

row/column towards the centre. The reduced stiffness of the central lower relative

density unit cells is offset by the stiffer more dense unit cells on the outside of the

lattice, with the average relative density controlling behaviour.

For both the highly ordered (δ = 0.8) and highly disordered (δ = 0.4) bending- and

stretching-dominated lattices, however, the maximum stress was greater than for

uniform lattices (Fig. 5.18), in contrast with Aranguren et al. [1]. They determined

that the maximum stress of a lattice when δ = 0.8 was equivalent to a fully ordered

lattice, and decreasing δ further (more disorder) decreased the maximum stress.
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Aranguren et al. [1], performed tensile tests on 2-dimensional lattices, whereas

this investigation analysed 3-dimensional lattices in compression. 3-dimensional

lattices have a higher nodal connectivity (number of struts connected to a joint)

than 2-dimensional lattices, leading to increased stiffness and strength [165]–[168].

Additionally, brittle materials are stronger in compression than in tension [169],

explaining the greater maximum stress for lattices in this investigation compared to

Aranguren et al. [1]. In compression, cracks generally progress parallel to the loading

direction with full sample failure arising from the coalescence of multiple microcracks,

a relatively gradual and stable process. In tension, however, crack progression is

much more catastrophic, with cracks progressing perpendicular to the loading

direction, requiring less energy to fail.

The increase in maximum stress for stochastic lattices over uniform lattices could

be due to a build-up of excess material at the joints of the stochastic lattices,

known points of failure. The excess material at the joint is influenced by the

difference in geometries of adjacent unit cells and flow properties of the uncured

material. Assuming comparable amounts of excess material for the two stochastic

bending-dominated lattices, the increase in maximum stress compared to uniform

lattice is therefore likely similar, as shown in Fig. 5.18. This is not observed for the

stochastic stretching-dominated lattices, as whilst failure does initiate at the joints,

it also initiates in the vertical struts due to buckling. The more ordered (δ = 0.8)

stochastic stretching-dominated lattices are less likely to have areas of lower density

compared to the more disordered (δ = 0.4) lattices, increasing maximum stiffness (Fig.

5.18).

Conversely, the mixed stochastic lattice had a maximum stress ≈15% less than the

stretching-dominated uniform lattices (Fig. 5.18), in accordance with Aranguren et al.

[1]. The weaker lower density bending-dominated unit cells act as initiation points

for failure and fail before the higher density stretching-dominated cells. A higher

proportion of the bending-dominated cells are lower density for the mixed lattice than

for the stochastic bending-dominated lattices, reducing the maximum stress further.
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FIGURE 5.19: As-built relative density versus energy absorbed to sample failure for
graded (circle) and stochastic (square and diamond) BCC (blue) and BCCz (orange)
lattices, compared to results from uniform lattices from previous investigation
(Chapter 4). Data for a mixed stochastic lattice is also shown (red star). Shaded
areas/bars indicate the range of energy absorbed, for both the uniform and
non-uniform lattices. The non-uniform bending-dominated lattices (BCC) and
graded stretching-dominated lattices (BCCz) all had small ranges, so the range bar is

not observable on the plot.

The energy absorbed to failure was greater for the non-uniform stretching-dominated

lattices than the bending-dominated lattices. The more ordered non-uniform lattices

(δ = 0.8) appear exhibit increased energy absorption compared to the more disordered

stochastic lattices (δ = 0.4). Values were again normalised using equations Eq. 5.4.7

and Eq. 5.4.8 to determine if this increase was due to an increase in the as-built

relative density (Fig. 5.20). Additionally, the highly disordered stretching-dominated

group (orange square, δ = 0.4), showed considerable variation in energy absorption.

This was likely due to the increased failure strain of one of the repeats discussed

previously and was therefore adjusted for the normalised plot.

U∗BCC = 795.44
(

ρ∗

ρs

)2.43

(Eq. 5.4.7)

U∗BCCz = 5914.32
(

ρ∗

ρs

)3.39

(Eq. 5.4.8)



5.4. Results and Discussion 111

FIGURE 5.20: As-built relative density versus normalised energy absorbed to sample
failure for graded (circle) and stochastic (square and diamond) BCC (blue) and
BCCz (orange) lattices, compared to results from uniform lattices from previous
investigation (Chapter 4). Data for a mixed stochastic lattice is also shown (red star).
Plots for both the uniform and non-uniform lattices were normalised by trend lines
developed for the uniform lattices in the previous investigation (Chapter 4), with
Eq. 5.4.7 and Eq. 5.4.8), to account for any changes due to relative density. Data
for a mixed stochastic lattice is also shown (red star), normalised by the trend for
uniform stretching-dominated (BCCz) lattices. Shaded areas/bars indicate the range

of normalised energy absorbed, for both the uniform and non-uniform lattices.

The highly ordered (diamond points, δ = 0.8) bending- and stretching-dominated

lattices showed a similar normalised energy absorption compared to their respective

uniform lattices. This aligns with the conclusions of Aranguren et al. [1], who found

that when δ ≥ 0.7, there was no change in energy absorption compared to the

uniform lattices. Although the maximum stress of the highly ordered (δ = 0.8) lattices

was greater than the uniform lattices (Fig. 5.18), the strain to failure was comparable

(Fig. 5.13, suggesting that the final strain had more of an impact on energy absorption.

Additionally, the shapes of the highly ordered plots (Fig. 5.15b and d, δ = 0.8), were

similar to the higher relative density uniform plots (Fig. 5.15a and c), with relative

densities similar to a large proportion of the unit cells in the highly ordered stochastic

lattice, indicating similar failure patterns and therefore energy absorption.

Aranguren et al. [1], also determined that decreasing δ below 0.7, decreased the

energy absorption of stochastic lattices compared to a fully ordered lattice. This

was observed for the highly disordered (δ = 0.4) bending-dominated lattice which

exhibited energy absorption approximately 80% of that for uniform lattices. The

highly disordered (δ = 0.4) bending-dominated lattices experience more catastrophic
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single-stage failure (Fig. 5.15b) than the highly ordered (δ = 0.8) bending-dominated

lattices for which more gradual multi-stage failure was seen (Fig. 5.15b). This

difference is likely to cause the drop in energy absorption observed. The highly

disordered (δ = 0.4) stretching-dominated lattices, however, had increased energy

absorption capabilities compared to the more ordered lattices (δ = 0.8), ≈ 1.08 and ≈
1.03 times the uniform value respectively. Both stochastic lattices experienced similar

failure patterns (Fig. 5.15d) with most of the strength lost during continuous gradual

failure. Similar failure likely results in similar energy absorption capabilities further

highlighted by the considerable overlap of the ranges.

Although the graded lattices (circle points) have similar strains to failure when

compared to the highly ordered stochastic lattices (Fig. 5.13, δ = 0.8), they also exhibit

a drop in maximum stress (Fig. 5.18), and subsequently, reduced energy absorption

compared to the highly stochastic lattices (Fig. 5.20, δ = 0.4). The energy absorbed

for the graded bending-dominated lattices was also ≈5% greater than for the graded

stretching-dominated lattices. The graded bending-dominated lattices exhibited

more of a multi-stage failure (Fig. 5.15b and d) than the stretching-dominated lattices,

with longer plateaus evident, and therefore increased energy absorption. Finally, the

mixed highly ordered stochastic lattice (red star, δ = 0.8), showed a decrease in energy

absorption compared to other highly ordered stochastic lattices and the uniform

stretching-dominated lattices (Fig. 5.20). This is likely due to the lower density

bending-dominated unit cells within the lattice.

5.5 Conclusion

Height distortions are consistently observed for additively manufactured uniform

and non-uniform lattices, and appear to be related to the level of disorder. Increased

disorder (decreasing δ) decreases distortion due to an improved distribution of

residual stress caused by curing. Disorder also increases the apparent elastic modulus

of lattices compared to uniform lattices, however, these results vary depending

on geometry type. Non-uniform lattices increased the apparent elastic modulus

compared to uniform lattices by approximately 25%. This increase was seen across all

levels of disorder. This increase is likely due to excess material at the joints between

struts, points of stress concentration where failure initiates due to differing adjacent

strut diameters. However, increasing disorder decreases the apparent elastic modulus

for stretching-dominated lattices, with a low level of disorder resulting in a 40%

increase in apparent elastic modulus compared to uniform lattices and a high level of

disorder resulting in a comparable apparent elastic modulus to uniform lattices. This

decrease with increasing disorder (decreasing δ), is likely due to a higher proportion
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of lower density unit cells in the highly disordered lattice compared to the highly

ordered lattices.

The average relative density and geometry type (bending- versus stretching-dominated)

determines the strain at failure for non-uniform lattices. For the bending-dominated

lattices, an increased level of disorder decreases the strain at failure. This is due

to an increased number of lower density unit cells, which promotes more rapid

catastrophic failure as opposed to a gradual multi-stage failure observed for highly

ordered lattices. For the non-uniform stretching-dominated lattices, however,

disorder had a minimal impact on the failure to strain; both levels of disorder resulted

in failure at approximately 6% strain, aligning with literature. The failure strain

of the non-uniform lattices was at least double that of the base material, with the

stretching-dominated lattices showing the greatest increase.

Both maximum stress and energy absorption for non-uniform lattices follow

similar trends to uniform lattices with stretching-dominated lattices outperforming

bending-dominated lattices. Comparing normalised values, non-uniform stochastic

bending- and stretching-dominated lattices have a greater maximum stress than

uniform lattices, by at least 15%. Increased material at the joints between struts was

observed for both the bending- and stretching stochastic lattices, increasing resistance

to loading and maximum stress compared to the uniform lattices as these joints are

points of failure initiation. For the bending-dominated lattices, similar maximum

stresses are observed for the two levels of disorder as failure only initiates at these

joints and similar material accumulation is expected. For stretching-dominated

lattices, however, decreasing disorder (increasing δ) increases maximum stress, 15 to

20% compared to uniform lattices. As well as at the joints, failure initiates within the

vertical struts due to strut buckling in the stretching-dominated lattices. The higher

proportion of lower density unit cells in the highly disordered lattice, therefore results

in a decrease in maximum stress compared to the highly ordered lattice.

In terms of energy absorption, the highly ordered stochastic bending- and

stretching-dominated lattices exhibit similar normalised energy absorption to their

respective uniform lattices, and produced similar failure patterns. Increasing the

disorder, however, has opposite effects for bending- and stretching-dominated lattices.

For the stretching-dominated lattices, increasing disorder increases the normalised

energy absorption by approximately 5% than both uniform and highly ordered

non-uniform stretching-dominated lattices. This increase, however, is within the

variation observed, confirmed by the similar failure patterns/progression between

uniform and non-uniform lattices. For bending-dominated lattices, increasing the

disorder decreases the normalised energy by 20% compared to both uniform and
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highly ordered non-uniform bending-dominated lattices. Increasing the disorder,

results in more catastrophic failure, decreasing energy absorption.

Disorder generally increases resistance to loading, leading to an increase in apparent

elastic modulus and maximum stress. However, there were minimal improvements

in failure to strain and energy absorption compared to uniform lattices. The current

work presents a methodology for characterising the mechanical behaviour and

properties of disordered lattice structures. While the study highlights trends, the

notable variation in results requires additional repeat testing for verification as part

of the development process of tailored non-uniform structures that occupy a large

material property space.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This project sought to understand how variations in relative density and different

lattice geometries affect distortions and the mechanical behaviour of AM lattices. It

has explored lattices made from unit cells with bending- and stretching-dominated

mechanical behaviour, and has also explored both uniform assemblies of the same

unit cell and non-uniform lattices made up of different unit cells with varying relative

densities. Taking natural porous materials as an inspiration, the overall aim was to

extend the range of property space occupied by synthetic materials in order to help

achieve enhanced, lightweight performance through improved mechanical properties

and more efficient allocation of material properties (density and mechanical)

according to performance requirements. This was enabled by analytical models from

literature that describe the relationship between mechanical properties and relative

density of uniform bending- and stretching-dominated lattices. These models were

validated and with improvements suggested using empirical fits. These were used to

design and manufacture non-uniform lattices with targeted average relative densities

and apparent elastic modulus through the assembly of different unit cells, each

with individual properties predicted by these analytical models that were validated

for uniform lattices. The adaptation of the elastic foundation model also enables

an assessment of the mechanical influence of distortions, which can affect loading

conditions at the boundaries and were shown to severely reduce the apparent elastic

modulus (by 50% at 100 µm of distortion).

All of the data for apparent elastic modulus and density of the lattices in this

study (Chapters 3, 4, and 5), both uniform and non-uniform and bending- and

stretching-dominated, are compiled and shown on Fig. 6.1. The figure also compares

these results with the range of properties for porous natural and alternative synthetic
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materials. Bone tissue scaffolds have been identified throughout the thesis as one

possibility for specific application, and the viability of this is supported by the regions

of material space overlapping with that of cancellous bone. Matching the stiffness

and relative density of bone tissue scaffolds with the surrounding native bone tissue

is a critical requirement for the performance of scaffolds [122]. It is also noteworthy

that the relative density and mechanical properties of the lattices in this project span a

very wide range of relative densities — comparable to the range of cancellous bone —

and this was achieved by only altering the lattice geometry and relative density while

maintaining the same base material. At higher relative densities, the elastic moduli for

materials in this study are comparable to that of cancellous bone, although at lower

relative densities they fall below.

FIGURE 6.1: Ashby map of relative density versus apparent elastic modulus for
common natural and synthetic porous materials produced with Granta Selector [170]
along with the data for both uniform and non-uniform lattices investigated in this
study. A limited number of natural porous materials are shown as there is limited
relative density data for them on Granta Selector [170]. The light and dark green,
and bright blue shaded regions indicate general property spaces of foams, natural
materials and cancellous bone respectively. The smaller bubbles within the shaded
regions show the range of properties for more specific materials, examples of which
are shown on the plot. Graded (circle) and stochastic (square and diamond) BCC
(blue) and BCCz (orange) lattices, compared to results from uniform lattices (shaded

regions and lines). Data for a mixed stochastic lattice is also shown (red star).

In addition to the summary of material properties achieved in Fig. 6.1, several key

conclusions from this work are listed below.

1. The average intra- and inter-sample apparent elastic modulus of SLA-built

lattices varies considerably compared to studies found in the literature (≈13%

vs 3%). This was related to variations in the elastic modulus of the base material
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both within and between struts (as measured by nanoindentation), as well as

variations in strut diameter.

2. Endplate height distortions were observed for all lattice geometries across

the full range of as-built relative densities (15 to 70%, depending on geometry

type). The distortions were greater after the secondary cure phase due to

curing-induced residual stresses, as evidenced by larger height variations and

a dome-like shape on the endplate surfaces. The average height distortion was

greatest at the lowest relative density at 200 and 450 µm for uniform bending-

and stretching-dominated lattices respectively, and decreasing with higher

density. The average distortion for all lattices plateaued at a minimum of ≈ 100

µm at a relative density of ∼ 30%, where Ashby and Gibson suggest a porous

material mechanical behaves more like a solid with distributed pores as isolated

inclusion. Notably, increasing levels of disorder resulted in lower distortion and

was thought to be related to a more even residual stress distribution.

3. Winkler’s elastic foundation was adapted to determine the impact that the

observed height distortions have on the initial apparent elastic modulus at low

levels of strain up to 0.3%. For the specimen size of lattices investigated (30 x 30

x 30 mm), even a distortion of up to 100 µm (a commonly observed by relatively

small value amongst the materials in this study) resulted in a 50% decrease

in the initial apparent elastic modulus. The initial mechanical behaviour is

important for materials that function under small strains such as engineered

bone tissue scaffolds.

4. The as-built relative density was greater than the as-designed relative density

for all structures. The deviation was 10 - 12 % greater for the uniform structures

and at most 5% greater for non-uniform structures. In the uniform lattices, the

increase was due to greater than designed strut diameters, primarily due to the

stair-stepping effects during SLA AM. New relationships were developed in

order to predict the as-built relative density for a given as-designed diameter in

uniform lattices, which led to the reduced differences observed in non-uniform

lattices. The small difference between as-design and as-built relative density

appears to be due to an accumulation of material at the joint between struts.

5. (a) Using as-built relative densities, analytical models for the apparent elastic

modulus of specific lattice geometries aligned with as-built apparent elastic

modulus measurements for relative densities up to 30 and 50% for the

uniform bending- and stretching-dominated structures respectively.

(b) The accuracy of these models decreases with relative density as slender

beam assumptions become less accurate and the excess material at the
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joints has a more significant stiffening effect relative to the more-compliant,

thinner lattices.

(c) Ashby-Gibson analytical models for apparent elastic modulus and density

were fit to empirical data to better predict the modulus for uniform lattices.

The fitted equations for bending-dominated lattices had higher power-law

exponents than stretching-dominated lattices. The exponents were similar

to natural porous materials like wood and bone, varying between 1.7 and

3.4.

(d) The apparent elastic modulus for non-uniform bending-dominated lattices

was 25% greater than for uniform lattices with the same average relative

density. Amongst the non-uniform lattices with the same relative density,

no differences in modulus were observed when the level of disorder was

varied.

(e) The apparent elastic modulus for non-uniform stretching-dominated

lattices was up to 40% greater than for uniform lattices with the same

average relative density. Amongst the non-uniform lattices with the same

relative density, a reduction in modulus was observed when the level of

disorder was increased as a result of the lower density unit cells.

(f) The increases in apparent elastic modulus in non-uniform lattices

compared with corresponding uniform lattices of the same unit cell type

and average relative density may be attributed to the excess material at the

joints, which act to reinforce regions of stress concentrations.

6. The maximum stress and energy absorption of uniform lattices increased with

relative density. Stretching-dominated lattices had greater maximum stress

and energy absorption than bending-dominated lattices at any given value of

relative density over the range examined. The non-uniform lattices exhibited

higher maximum stresses than corresponding uniform lattices, which again

was thought to be due to excess material at the joints having a stiffening effect.

The level of disorder did not impact the maximum stress of non-uniform

bending-dominated lattices, but decreased that of stretching-dominated lattices

due to the effect of lower density unit cells. Similar levels of energy absorption

were observed for the uniform and non-uniform stretching-dominated lattices

which exhibited similar failure patterns with most of the stiffness lost upon the

first sign of fracture. In contrast, the bending-dominated geometries showed a

decrease in energy absorption with increasing disorder. This was thought to be

related to the increased proportion of lower density unit cells promoting more

catastrophic failure.
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7. The strain to failure for both uniform and non-uniform structures was at least

double that of the base material. Increasing the relative density of uniform

bending-dominated structures decreased the strain to failure, plateauing at a

strain of 3.5% at a relative density of approximately 30%. In contrast, uniform

stretching-dominated structures exhibited an increased strain to failure with

increased relative density. Increased disorder decreased failure strains for

non-uniform bending-dominated lattices but did not affect non-uniform

stretching-dominated lattices.

Overall, compared to uniform lattices, non-uniform lattices have improved levels of

(lower) distortion, (higher) apparent elastic modulus and maximum stress and similar

energy absorption capabilities and strain to failure.

The conclusions of this work provide a basis for further development of lightweight

porous lattice materials with improved performance, ranges of properties, and

models for predicting as-built geometries and behaviour. In doing so, the material

property space of synthetic materials can be expanded further into the domain of

natural materials that have evolved over millennia to optimise performance and

efficiency (as shown in Fig. 6.1). To continue this work and based on the findings

of the current work, further investigations are needed, and recommendations are

presented in the following section.

Compared to uniform lattices, non-uniform lattices have improved levels of

distortion, apparent elastic modulus and maximum stress and similar energy

absorption capabilities and strain to failure.
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6.2 Future Work

Areas for further investigation have been split into two categories: those that concern

characterisation, both geometrical and mechanical, and those that concern the designs

of the lattices.

Characterisation

• With geometric variations such as height distortions and variations in strut

diameter shown to impact apparent properties, more extensive characterisation

of the as-built geometry using computer tomography (CT) is suggested as an

initial area for future work. CT can characterise deviations from as-designed

geometry throughout the volume instead of just at the surface. Strut diameter

variations observed from microscopy could be verified by CT, and strut

waviness (known to impact apparent elastic modulus [72], [85], [86], [88]) could

be characterised. Additionally, the amount of excess material at the joints both

for uniform and non-uniform lattices could be quantified with this excess

material hypothesised to increase the apparent elastic modulus and maximum

stress for non-uniform lattices.

• The apparent elastic modulus of lattices could be determined from the

unloading curve whilst still within the elastic region, free from the effects of

compliance and height distortions. This could be used to verify the apparent

elastic modulus determined from optical strain measurement techniques

which were limited to surface strain measurements, a concern if the sample

experienced barrelling due to boundary conditions.

• Digital volume correlation (DVC), can could also be used to measure the

internal strain of the lattices, also verifying optical strain measurements.

DVC would allow internal geometric defects that potentially lead to stress

concentrations to be linked to internal strain measurements with internal

failure initiation also potentially identified. The local mechanical response of

individual unit cells in non-uniform lattices could also be characterised with

DVC and compared to similar uniform lattices. When describing the behaviour

of the non-uniform lattices, it has been assumed that each unit cell behaves

similarly to the same unit cells in corresponding uniform lattices, however,

differing adjacent unit cells and therefore boundary conditions could impact

deformation mechanisms and therefore the mechanical response.

• Further to DVC, crack propagation patterns for compressive loading could be

investigated to determine load paths, helping to identify the sites of failure

initiation and paths of failure propagation in uniform and non-uniform lattices.
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Similar failure patterns were observed for uniform and non-uniform lattices,

thought to contribute to the comparable energy absorption results. Crack

propagation tests could verify if uniform and non-uniform lattices also had

similar crack propagation patterns, resulting in similar energy absorptions.

• Finite element analysis could be used to understand the residual stresses within

the lattices, both during part manufacture and after post-processing. Part

shrinkage and curing could be modelled as thermal effects, allowing residual

stresses to be determined. This will provide valuable insight into the origins of

endplate distortions and help explain why distortion decreases with relative

density.

Altering the lattice designs

• The methodologies developed throughout this project could also be applied to a

wider range of manufacturing techniques and materials, including more ductile

materials such as metals and more brittle materials such as ceramics. Additively

manufactured metallic lattices are often the focus of investigations regarding

defects in AM lattices. However, to the author’s knowledge, this is somewhat

limited concerning global distortions, as observed for height in this project and

shown to impact the initial apparent mechanical response. Characterising how

these are impacted by the base material would provide valuable insight into

lattices made from a broader range of materials. Additionally, characterising

the behaviour of lattices made from stiffer and more brittle materials, such

as ceramics, could further expand the accessible material property space.

The properties of the lattices in this project overlapped with higher-density

cancellous bone such as that from the acetabulum, however, lower-density

natural materials with similar elastic moduli remain generally inaccessible

for synthetic materials. Stiffer ceramic materials have the potential to expand

into this space, with their inherent low failure strains improved by utilising

stretching-dominated geometries (shown in this investigation to greatly

improve failure strain) as well as non-uniform porosity distributions.

• In this work, a limited number of non-uniform bending- and stretching-dominated

lattices were investigated, at two levels of density variation and just one overall

average relative density for each. Lattices with a larger range of density

variation and with different average relative densities could be investigated to

confirm and establish trends in mechanical behaviour.

• This project also only investigated one type of mixed non-uniform lattice

(combining both bending- and stretching-dominated unit cell geometries), and

at just one average value of relative density. Such lattices have the potential for
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more tailored local mechanical behaviour, which could also include/investigate

locally anisotropic behaviour similar to natural porous materials like cancellous

bone. Achieving both local and global mechanical behaviours similar to

cancellous bone is beneficial for developing engineered bone tissue scaffolds as

well as bone analogues used in the preclinical mechanical testing of implants.

For bone tissue scaffolds, mimicking local mechanical response could be

beneficial for mechanical stimulation of bone growth and healing. For bone

analogues, it could be important for recreating the local mechanical response

that might affect the loading conditions and potential failure modes of implants.

• It was assumed that endplate contributions to stiffness were minimal in

comparison to the full lattice structure as they were very thin (0.2 mm). Their

impact on the distortion observed, however, is unknown. Characterising the

impact that endplate dimensions, particularly thickness, have upon distortions

and therefore apparent properties could help provide insights regarding the

mechanisms that contribute to distortion and suggest strategies to minimise it.

• Finally, the methodologies developed in these investigations could be applied to

a wider range of unit cell geometries. Although unit cells with the same loading

mechanisms (i.e. bending- versus stretching-dominated) behaved similarly,

with similar power laws for mechanical property versus relative density

relationships, developing models for a wider variety of unit cell geometries

would further expand the material property space of synthetic materials. For

example, the isotropic stretching-dominated octet geometry has been shown

to have greatly improved energy absorption capabilities compared to foams

and other additively manufactured lattices [47], [171], resulting in a stiff porous

metamaterial with properties closer to high-performance natural porous

materials. Finite element analysis could supplement this work by allowing more

designs to be evaluated without the need for sample manufacture.
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Chapter 7

Appendix A

This appendix will focus on the appendices of the first technical chapter, Chapter 3.

7.1 Post-processing Variation

The effects of 6 different post-processing methods were investigated (summarised in

Table 7.1.1) on the elastic modulus of BCCz lattices manufactured in the same way

as those for the main investigation; Form3 with Rigid 10K resin, BCCz unit cell with

an as-design strut diameter of 0.46 mm and 10 unit cells in each direction, additional

vertical strut aligned with the build direction and endplates on the top and bottom

faces.

Condition Heated
Under

Vacuum
Vacuum
and Heat

(PP2)

Manufacturer
Recommended

(PP1)

Shorter
Wash

Shorter
Cure

Wash 1 (UB) 7 7 7 10 7 7
Wash 2 (UB) 5 5 5 10 5 5

Heat 60 °C N 60 °C N N N
Vacuum N Y, 2 hrs Y, 2 hrs N N N

Cure 1 hr 1 hr 1 hr 1 hr 1 hr 45 mins

TABLE 7.1.1: Post-processing conditions trialled in phase one with key differences
being highlighted with boxes. UB – ultrasonic bath.

Samples were unadhered and were compressively tested according to the methods

outlines in the study and elastic modulus was calculated using strain from the

machine platen (‘Crosshead’) and optical measurements from point tracking

(‘Optical’) (Fig. 7.1).

Across the post-processing methods, the average elastic modulus calculated from

optical strain measurements was greater than when calculated using the machine
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FIGURE 7.1: Variation in apparent elastic modulus for six different post-processing
methods calculated using both optical strain measurements and cross-head

displacement.

crosshead displacement. Local variability in loads, especially for unadhered samples

cannot be captured using the machine platens and is evidenced by the greater

variation of the optical plots shown with the error bars.

The average elastic modulus differs between post-processing methods with the

samples held under a vacuum and subsequently heated (PP2) resulting in the greatest

average modulus (394 MPa). The minimum elastic modulus (201 MPa) is observed

for samples which were not exposed to any addition heating and experienced longer

washing cycles (PP1), suggesting that the washing agent, isopropyl alcohol may

have a softening effect. PP2 has an average elastic modulus approximately 200 MPa

greater than PP1, greater than the similar standard deviations for both groups, 38

and 42 MPa for PP1 and PP2 respectively. More repeats were required to verify the

difference between the two post-processing methods as well as additional tests such

as nanoindentation to help identify why such differences occurred.
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7.2 MatchID Noise Study

For point tracking, as with similar non-contact measurement techniques like digital

image correlation, there are a variety of image processing settings that need to be

chosen to suit the data/deformation and minimise computational costs. Based on the

expected small deformations the following settings in MatchID were set:

• Correlation criterion: Zero-Normalised Sum of Squared Differences (ZNSSD)

• Interpolation: Local Bicubic Spline

• Shape Function: Affine

Additionally, to maximise correlation success between images, the reference image

from which a correlation was calculated from was updated each image, i.e. n and n –

1 were compared with n as the image number.

The subset and step sizes can also be varied to maximise spatial resolution, minimise

computing cost and maximise accuracy. The following subset and steps sizes (in

pixels) were evaluated:

Subset Size Step Size
399 115
299 90
245 70
199 60
99 30

TABLE 7.2.1: Subset and step size variation for noise study. Subsets were chosen in
increments of 100 pixels with 245 pixels chosen to try and improve upon 199 and 299

pixels.

To evaluate the different sizes, the optical strain at each position was averaged

over the first 13 images of one of the adhered PP2 samples, before the sample was

loaded, Fig. 7.2. When evaluating subset sizes, it is important to keep in mind that

increasing subset size reduces noise but also increases computational cost. For each

virtual extensometer, we determined the smallest subset size that was still within the

plateau of the plot. For the middle extensometer (FM), subset size has a negligible

impact on strain so the optimal subset size would be 99 pixels. For the right and left

extensometers, however the subset sizes greater than 245 and 199 pixels respectively

show deviations from the plateau. From these subset sizes, the maximum size, pixels

was chosen to minimise noise across the sample.
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FIGURE 7.2: Variation in strain across an unloaded sample with varying subset size.

7.3 Integration of Elastic Foundation Model for Dome with

Peak in the Centre

Elastic modulus Es, is related to stress, σ, and strain, ε by:

Es =
σ

ε
(Eq. 7.3.1)

Strain is defined by equation 2 with uz as the change in length and L as the original

length of the springs.

ε =
uz

L
(Eq. 7.3.2)

Eq. 7.3.1 can then be rewritten to make σ the subject to give:

σ =
Es∆L

L
(Eq. 7.3.3)

The original length of the springs is equal to the thickness of the elastic material in the

elastic foundation model, h. The change in length depends on both the displacement,
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x, and the position of the spring as a function of position in x and y, and the major

(a) and minor (b) semi-axes of the elliptical paraboloid based on the curvature of the

indenter as in Eq. 7.3.4:

uz = x
(

1 − x2

a2 − y2

b2

)
(Eq. 7.3.4)

The stress as a function of position can therefore be defined as:

σ =
Esx
h

(
1 − x2

a2 − y2

b2

)
(Eq. 7.3.5)

The total force, P, is determined by integrating the area, A(σ) as a function of the

stress:

P =
∫ σ(max)

σ(min)
A(σ) dσ (Eq. 7.3.6)

The area of an ellipse is defined as:

A = πa
′
b
′

(Eq. 7.3.7)

Where a
′
and b

′
are the major and minor semi-axes that vary with the displacement

and therefore stress.

To find a
′

and b
′

in terms of stress, x and y, some limits can be defined.

At a particular displacement, x, a
′
= x, when y = 0 (along the x axis) and b

′
= y, when

x = 0 (along the y axis).

Therefore, to find a
′
:

σ(a
′
, 0) =

Esx
h

(
1 − a

′2

a2 − 02

b2

)
(Eq. 7.3.8)

Which simplifies to:

σ =
Esx
h

(
1 − a

′2

a2

)
(Eq. 7.3.9)

And making a
′

the subject yields:
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a
′
= a

(
1 − σh

Esx

) 1
2

(Eq. 7.3.10)

The same procedure applied for b
′
, yields:

b
′
= b

(
1 − σh

Esx

) 1
2

(Eq. 7.3.11)

A(σ) then becomes:

A(σ) = π a
(

1 − σh
Esx

) 1
2

b
(

1 − σh
Esx

) 1
2

(Eq. 7.3.12)

Which simplifies to:

A(σ) = π ab
(

1 − σh
Esx

)
(Eq. 7.3.13)

For the integration, we need to define the maximum and minimum stress. The

minimum stress is 0, whilst the maximum stress is at the peak of the indenter at the

maximum displacement, x, and is equal to Esx
h .

The integral then becomes:

P =
∫ Es x

h

0
πab

(
1 − σh

Esx

)
dσ (Eq. 7.3.14)

The integral then simplifies as:

P = πab
∫ Es x

h

0
1 − σh

Esx
dσ (Eq. 7.3.15)

Which becomes:

P = πab
[

σ − σ2h
2Esx

] Es x
h

0
(Eq. 7.3.16)

And:

P = πab

(
Esx
h

−
((

Esx
h

)2

·
(

h
2Esx

)))
(Eq. 7.3.17)
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And finally simplifies out as:

P =
Esπabx

2h
(Eq. 7.3.18)

Which for an axisymmetric elliptic paraboloid where the major and minor semi-axes

are equal, is:

P =
Esπa2x

2h
(Eq. 7.3.19)

7.4 Integration of Elastic Foundation Model for Dome with

Peak in the Corner

The steps for determining the force exerted on the lattice when the peak of dome is in

a corner is much the same as when the peak is in the centre. The key difference is that

the radius of the dome at the base is now double with the shape now modelled as a

quarter of a larger dome (Fig. 7.3 a) instead of a full smaller dome (Fig 7.3 b).

FIGURE 7.3

The area of the cross-section is now a quarter of an ellipse, and Eq. 7.3.6 then

becomes:

P =
∫ σ(max)

σ(min)

A(σ)

4
dσ (Eq. 7.4.1)

The increase in radius is accounted for after the integration and the additional ¼ term

can be taken outside the integral so Eq. 7.3.15 becomes:

P =
πab

4

∫ Es x
h

0
1 − σh

Esx
dσ (Eq. 7.4.2)

Leading to a final simplified equation:
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P =
Esπabx

8h
(Eq. 7.4.3)

Which, similar to previously for an axisymmetric elliptic paraboloid where the major

and minor semi-axes are equal, becomes:

P =
Esπa2x

8h
(Eq. 7.4.4)

7.5 Method for accounting for the ’toe-in’ region adapted

from NPL’s ‘Measurement Good Practice Guide No. 98:

Elastic Modulus Measurement’ [129]
1 %% need to extract stress strain data

2 % 'F:\ TSRL_Grad\Tests\', 'F:\ TSRL_230524\Tests\','F:\Chp2\', 'F:\Chp1\', 'F:\ TSRL_Grad2\Tests\'

3 base_dir = 'F:\ TSRL_Grad2\Tests\'; %setting the directory of the files to be made %Change

4 struct_name_save = 'stress_strain_Grad2 ';

5 full_half = 'half'; %change

6 start_char = 21; %change 20 for grad , 22 for 230524 9 for chp2 , 9 for chp1 21 for grad2

7 end_char = 15; %change

8 file_list = dir([ base_dir '**/* stress_strain_ ' full_half '.csv']);

9 file_list = struct2cell(file_list) ';

10 if full_half == 'full'

11 mkdir ([ base_dir 'Results\CURRENT\IndividualGraphs ']);

12 end

13
14 stress_strain_all .( full_half) = struct;

15
16 for i = 1: length(file_list)

17 name = file_list{i,2};

18 name = name(start_char:end -end_char);

19 name = replace(name ,'.','_');

20 front_back = file_list{i,1};

21 front_back = front_back (1:end -23);

22 name = [front_back '_' name];

23 data = readmatrix ([ file_list{i,2} '\' file_list{i,1}]);

24 count = 1;

25 for j = 1:2: size(data ,2)

26 strain(:,count) = data(:,j+1);

27 stress(:,count) = data(:,j);

28 count = count + 1;

29 end

30 stress_strain_all .( full_half).(name).strain = strain * -100;

31 stress_strain_all .( full_half).(name).stress = stress;

32 clear strain stress

33 end

34
35 %%

36 %base_dir = 'F:\Chp1\'; %setting the directory of the files to be made

37 %full_half = 'full ';

38 % stress_strain_all_og = load([ base_dir 'Results\stress_strain_all.mat ']);

39 names_fields = fieldnames(stress_strain_all .( full_half));

40 ind = contains(names_fields ,[" front","back "]);

41 names_fields(ind == 0) = [];

42 if full_half == 'full'

43 list_exten = {'L','M','R'};

44 elseif full_half == 'half'

45 list_exten = {'TL','BL','TM','BM','TR','BR'};

46 end

47 % list_exten = {'TL ','L','BL ','TM ','M','BM ','TR ','R','BR '};

48
49 %Run this one first to determine if you need to manually redo the start

50 %point of any of the plots
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51 tiledlayout (7,round(length(names_fields)/6));

52 for i = 1: length(names_fields)

53 nexttile

54 % figure

55 name_sample = names_fields{i};

56 strain_all = stress_strain_all .( full_half).( name_sample).strain;

57 stress_all = stress_strain_all .( full_half).( name_sample).stress;

58 for j = 1:size(strain_all ,2)

59 strain = strain_all (:,j);

60 stress = stress_all (:,j);

61 [stress ,strain] = filter_stress_strainv2(strain ,stress ,0);

62 % need to have the first point at (0,0) before we start

63 validrows = ~any(isnan(strain) ,2);

64 idx = find(validrows);

65 idx = idx (1);

66 stress_strain_all .( full_half).( name_sample).strain_realign_all (:,j) = strain_all (:,j) - ...

67 strain(idx);

68 stress_strain_all .( full_half).( name_sample).stress_realign_all (:,j) = stress_all (:,j) - ...

69 stress(idx);

70 stress_strain_all .( full_half).( name_sample).strain_realign_all (1:idx ,j) = 0;

71 stress_strain_all .( full_half).( name_sample).stress_realign_all (1:idx ,j) = 0;

72 strain = strain - strain(idx);

73 stress = stress - stress(idx);

74 stress_strain_all .( full_half).( name_sample).strain_filter (:,j) = strain;

75 stress_strain_all .( full_half).( name_sample).stress_filter (:,j) = stress;

76 plot(strain ,stress);

77 xlim ([0 0.2]);

78 hold on;

79 title(name_sample)

80 end

81 end

82 %%

83 % here you manually arrange the start points of the plots you identify in

84 % %the plot before

85
86 names_correct = {};

87
88
89 names_skip = {};

90
91
92
93 %full_half = 'full '

94 names_fields = fieldnames(stress_strain_all .( full_half));

95 ind = contains(names_fields ,[" front","back "]);

96 names_fields(ind == 0) = [];

97 if full_half == 'full'

98 list_exten = {'L','M','R'};

99 elseif full_half == 'half'

100 list_exten = {'TL','BL','TM','BM','TR','BR'};

101 end

102 %%

103 skip = 0; %number of tests to skip (mainly for repeating test)

104 ResultsT = table;

105 vis = 0;

106 for i = skip +1 :length(names_fields)

107 name_sample = names_fields{i};

108 if contains(name_sample ,names_skip)

109 continue;

110 end

111 strain_all = stress_strain_all .( full_half).( name_sample).strain_filter;

112 stress_all = stress_strain_all .( full_half).( name_sample).stress_filter;

113 for j = 1:size(strain_all ,2)

114 strain = strain_all (:,j);

115 stress = stress_all (:,j);

116 %if the sample is the one that needs individual adjustment

117 TF = contains(name_sample ,names_correct);

118 if TF == 1

119 prompt = convertCharsToStrings (['Do you want to skip altering extensometer , ' ...

120 name_sample '_' list_exten{j} ', Y or N? ']);

121 skip_exten = input(prompt ,"s");

122 if skip_exten == 'Y' || skip_exten == 'y'

123 %do nothing

124 else
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125 %do something

126 [stress ,strain ,stress_adjust ,strain_adjust] = pick_start(strain ,stress);

127 stress_strain_all .( full_half).( name_sample).stress_realign_all (:,j) = ...

128 stress_strain_all .( full_half).( name_sample).stress_realign_all (:,j) - stress_adjust;

129 stress_strain_all .( full_half).( name_sample).strain_realign_all (:,j) = ...

130 stress_strain_all .( full_half).( name_sample).strain_realign_all (:,j) - strain_adjust;

131 stress_strain_all .( full_half).( name_sample).strain_filter (:,j) = strain;

132 stress_strain_all .( full_half).( name_sample).stress_filter (:,j) = stress;

133 end

134 end

135
136 %calculating an initial estimate for modulus

137 [mod ,r2 ,eq] = point2_modv2(strain ,stress ,vis);

138 x_intercept = -(eq(0))/(mod /100);

139 count = 1;

140 while x_intercept > 0.001 %if the x_intercept is larger than 0.001 then run again ...

141 or if its tried 1000 times to optimise and cant get closer

142 if count > 1000

143 break

144 end

145 [stress ,strain ,stress_adjust ,strain_adjust] = realign_start(strain ,stress ,eq,vis);

146 stress_strain_all .( full_half).( name_sample).stress_realign_all (:,j) = ...

147 stress_strain_all .( full_half).( name_sample).stress_realign_all (:,j) - stress_adjust;

148 stress_strain_all .( full_half).( name_sample).strain_realign_all (:,j) = ...

149 stress_strain_all .( full_half).( name_sample).strain_realign_all (:,j) - strain_adjust;

150 [mod ,r2 ,eq] = point2_modv2(strain ,stress ,vis);

151 x_intercept = -(eq(0))/(mod /100);

152 count = count + 1;

153 end

154
155 %save the realignment

156 stress_strain_all .( full_half).( name_sample).strain_filter_realign (:,j) = strain;

157 stress_strain_all .( full_half).( name_sample).stress_filter_realign (:,j) = stress;

158
159 %calculating the modulus

160 [mod ,r2 ,eq] = point2_mod_force0v2(strain ,stress ,vis);

161 intermediate_table = table ({[ name_sample '_' list_exten{j}]});

162 intermediate_table (1 ,2:3) = {mod , r2}; %copying over the relevant data

163 ResultsT = [ResultsT;intermediate_table ];

164 a = figure;

165 plot(strain ,stress); hold on;

166 ylim ([0 max(stress)]); xlim ([0 max(strain)]);

167 plot(eq);

168 xlabel('Strain (%)'); ylabel('Stress (MPa)');

169 legend ({'Adjusted Data','Linear Fit'});

170 hold off

171 saveas(a,[ base_dir 'Results\CURRENT\IndividualGraphs\' name_sample '_' list_exten{j} ...

172 '_' full_half '.fig']);

173 saveas(a,[ base_dir 'Results\CURRENT\IndividualGraphs\' name_sample '_' list_exten{j} ...

174 '_' full_half '.png']);

175 close(a);

176 clear stress strain

177 end

178 end

179 close all;

180 % save the table

181 writetable(ResultsT ,[ base_dir 'Results\CURRENT\Summary_Data_MATLAB_ ' full_half '.xlsx'],'Sheet ' ,1); ...

182 %writing the information from all the samples

183 %% save the structure

184 save([ base_dir 'Results\CURRENT\' struct_name_save '.mat'],'-struct ','stress_strain_all ');...

185 %do this once youve done half processing too

186 % writetable(ResultsT ,[ base_dir 'Results\Summary_Data_matlab.xlsx '],'Sheet ',1); ...

187 %writing the information from all the samples

188 clear all

189
190 function [stress ,strain] = filter_stress_strainv2(strain ,stress ,vis)

191 %strain needs to be in percent

192 %stress needs to be in MPa

193 %removes the data that is below the rebalanacing point

194 %removes the data past maximum force

195
196 if nargin == 2

197 vis = 0;

198 end
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199
200 x = strain;

201 y = stress;

202
203 if vis == 1

204 figure;

205 plot(x,y);

206 end

207
208 for i = 1:( length(y)*0.75) %your assuming that it has gone past the initial region or ...

209 rebalancing once its 75% of the way through the test but hasnt failed yet.

210 test(i,1) = abs(y(i+1)/y(i));

211 end

212 [~,idx] = min(test);

213 idx = idx +1; %the index of the start of the rebalancing

214 x(1:idx) = NaN; %making everything before the rebalancing NaN

215 y(1:idx) = NaN; %making everything before the rebalancing NaN

216
217 %removing less than or equal to 0 stress. This is after everything

218 %before the reset is NaNd

219 correction = y <= 0;

220 corr_vals = find(correction);

221 idx = min(corr_vals);

222 if idx < (length(y)*0.1)

223 x(1:idx) = NaN; %removing everything before the last value that is NaN

224 y(1:idx) = NaN;

225 end

226
227 corr_vals = flip(corr_vals); %flipping the idx so we can start from the highest number to set NaN

228
229 for k = 1: length(corr_vals)

230 x(corr_vals(k)) = NaN;

231 y(corr_vals(k)) = NaN;

232 end

233
234 if vis == 1

235 figure;

236 plot(x,y)

237 end

238
239 %removing 0 strain (apart from the first)

240 idx = find(~isnan(x) ,1); %find the first non NaN variable

241 idx = [idx:idx +10] '; %any zeros in the first 10 numbers are to be ignored

242 correction = x == 0;

243 corr_vals = find(correction);

244 for i = 1: length(idx)

245 check = idx(i);

246 corr_vals(corr_vals == check) = [];

247 end %now we have a list of indexs with 0 strain

248
249 for i = 1: length(corr_vals)

250 check = corr_vals(i);

251 x(check) = NaN;

252 y(check) = NaN;

253 end

254
255 [~,idx] = max(y); %making everything the same length as the original matrix

256 x(idx +1:end) = NaN;

257 y(idx +1:end) = NaN;

258
259 if vis == 1

260 figure;

261 plot(x,y)

262 end

263
264 % % cleaning up the data to remove an NaNs

265 % validrows = ~any(isnan(x) ,2);

266 % strain = x(validrows);

267 % stress = y(validrows);

268 strain = x;

269 stress = y;

270 end

271
272 function [stress ,strain ,stress_adjust ,strain_adjust] = pick_start(strain ,stress)
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273 figure;

274 h = plot(strain ,stress);

275 info = 'click on the datatips button and select the point you want to reset the start to';

276 disp(info)

277 blank = input('Press enter to continue once done ');

278 dt = findobj(h,'Type','datatip ');

279 stress_adjust = dt.Y;

280 strain_adjust = dt.X;

281 strain = strain - dt.X;

282 stress = stress - dt.Y;

283 check = strain ==0;

284 idx = find(check);

285 strain (1:idx -1) = NaN;

286 stress (1:idx -1) = NaN;

287 end

288
289 function [mod ,r2,eq] = point2_modv2(strain ,stress ,vis)

290 %strain needs to be in percent

291 %stress needs to be in MPa

292 %mod = modulus

293 %r2 = rsquared of fit

294 %line = equation of line that describes the linear portion

295
296 if nargin == 2

297 vis = 0;

298 end

299
300 % cleaning up the data to remove an NaNs

301 validrows = ~any(isnan(strain) ,2);

302 strain = strain(validrows);

303 stress = stress(validrows);

304
305 %removing the point past yield

306 check = strain (:,:) <=(0.2);

307 idx = find(check == 0,1,'first ');% finding the first instance of greater than 0.2

308 strain(idx:end) = [];

309 stress(idx:end) = [];

310
311 %plotting stress strain graph

312 if vis == 1

313 figure; scatter(strain ,stress);

314 end

315
316 ft1 = fittype('a*x+b'); %

317 [p,gof] = fit(strain ,stress ,ft1 ,'StartPoint ' ,[0.1 0]);

318 coeffvals = coeffvalues(p);

319 mod = coeffvals (1) *100;

320 r2 = gof.rsquare;

321 eq = p;

322 if vis == 1

323 hold on

324 plot(eq);

325 end

326 end

327
328 function [mod ,r2,eq] = point2_mod_force0v2(strain ,stress ,vis)

329 %strain needs to be in percent

330 %stress needs to be in MPa

331
332 if nargin == 2

333 vis = 0;

334 end

335
336 % cleaning up the data to remove an NaNs

337 validrows = ~any(isnan(strain) ,2);

338 strain = strain(validrows);

339 stress = stress(validrows);

340
341 %removing the point past yield

342 check = strain (:,:) <=(0.2);

343 idx = find(check == 0,1,'first ');% finding the first instance of greater than 0.2

344 strain(idx:end) = [];

345 stress(idx:end) = [];

346
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347 %plotting stress strain graph

348 if vis == 1

349 figure; scatter(strain ,stress);

350 end

351
352 ft1 = fittype('a*x'); %forcing the polynomial through 0,0

353 [p,gof] = fit(strain ,stress ,ft1 ,'StartPoint ' ,0.1);

354 mod = p(1) *100;

355 r2 = gof.rsquare;

356 eq = p;

357 if vis == 1

358 hold on

359 plot(eq);

360 end

361 end

362
363 function [stress ,strain ,stress_adjust ,strain_adjust] = realign_start(strain ,stress ,eq ,vis)

364 %strain needs to be in percent

365 %stress needs to be in MPa

366 %you need to repeat this till the y incercept is less than a value (and

367 %then you can force it through 0,0)

368
369 if nargin == 2

370 vis = 0;

371 end

372
373 leng = length(strain);

374
375 % cleaning up the data to remove an NaNs

376 validrows = ~any(isnan(strain) ,2);

377 strain = strain(validrows);

378 stress = stress(validrows);

379
380 %finding the point where the straightline intersects with the data

381 x2 =[ -0.1;0;0.01;0.02;0.03;0.05;( max(strain))];

382 y2 = feval(eq ,x2);

383 [x0 ,y0 ,~,~] = intersections(strain ,stress ,x2,y2 ,1);

384 if vis == 1

385 figure; plot(strain ,stress);

386 hold on

387 plot(x2 ,y2);

388 end

389
390 %setting the intersection point as the start

391 strain = strain - x0(1);

392 stress = stress - y0(1);

393
394 %outputting the adjusting values

395 strain_adjust = x0(1);

396 stress_adjust = y0(1);

397
398 %making the first point 0

399 idx = (strain <0);

400 stress(idx ==1) = [];

401 strain(idx == 1) = [];

402
403 strain = strain - strain (1);

404 stress = stress - stress (1);

405
406 %adding nans to the end to make it the same size as original

407
408 strain(end +1:leng ,:) = missing;

409 stress(end +1:leng ,:) = missing;

410
411 %plotting stress strain graph

412 if vis == 1

413 figure; scatter(strain ,stress);

414 end

415 end
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Chapter 8

Appendix B

This appendix will focus on the appendices of the second technical chapter, Chapter 4.

8.1 Analysing Height Distortions
1 %import as matrix

2 %everything is in um

3 %need to run this twice - pre and post

4 % base_dir = 'C:\Users\msn1g16\OneDrive\Documents\PhD\Images\Distortion_Calc \';

5 base_dir = 'C:\Users\msn1g16\OneDrive\Documents\PhD\Images\Distortion_Calc\dis_other\';

6 save_struct_name = [base_dir 'Distortion_Vals_all.mat'];

7 pre_post = 'Post';

8 base_dir = [base_dir pre_post '\'];

9 file_list = dir([ base_dir '**/*. xyz']); %finds to location of all data files

10 file_list = struct2cell(file_list) ';

11 % distortion_info = struct;

12 T = table;

13 info_table = load('C:\Users\msn1g16\OneDrive\Documents\PhD\Images\Distortion_Calc\info_table_post.mat ');

14 struct_name = fieldnames(info_table.info_table_post);

15
16 resave = 1;

17 %%

18 for i = 1: length(file_list) %repeat for for all the files in the directory

19 data = load([ file_list{i,2} '\' file_list{i,1}]); %loading the data of the first file

20 %calculating the pixel size in y

21 [C,ia,ic] = unique(data (:,1),'stable '); %sorting to the find all the same values in x

22 for j = 1: length(C)

23 idx = (ic == j);

24 y_temp = sort(data(idx ,2));

25 if size(y_temp ,1) < 2

26 continue

27 end

28 for k = 1: length(y_temp) -1

29 pix_y_temp(k,1) = y_temp(k) - y_temp(k+1);

30 end

31 pix_size_y(j,1) = mode(pix_y_temp);

32 end

33 pix_size_y = abs(mode(pix_size_y));

34 %calculating the pixel size in x

35 [C,ia,ic] = unique(data (:,2),'stable '); %sorting to the find all the same values in y

36 for j = 1: length(C)

37 idx = (ic == j);

38 x_temp = sort(data(idx ,1));

39 if size(x_temp ,1) < 2

40 continue

41 end

42 for k = 1: length(x_temp) -1

43 pix_x_temp(k,1) = x_temp(k) - x_temp(k+1);

44 end
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45 pix_size_x(j,1) = mode(pix_x_temp);

46 end

47 pix_size_x = abs(mode(pix_size_x));

48
49 pix_size = pix_size_x * pix_size_y;

50
51 %now we can starting processing the data

52 %some of the data is stored in um in which we need to divide by 1000 to

53 %convert to mm , otherwise its stored as m in which case we need to

54 %multiply by 1000

55 if (max(data (:,1)) - (min(data (:,1)))) > 2000

56 dis_data = data ./1000; %working in mm

57 pix_size = pix_size /(1000^2);

58 else

59 dis_data = data .*1000;

60 pix_size = pix_size * 1000^2;

61 end

62 sample_name = file_list{i,1};

63 sample_name = sample_name (1:end -4); %change number 9 depending on the name of your folder

64
65 idx_1 = matches(info_table .( struct_name {1}).Name (:),sample_name);

66
67 %removing data above and below min and max as decided by the user - moi

68 %code below makes it user defined

69 prompt = convertCharsToStrings (['What is the min height distortion of the sample in mm ...

70 , ' sample_name '? ']);

71 min_dis = input(prompt);

72 prompt = convertCharsToStrings (['What is the max height distortion of the sample in mm ...

73 , ' sample_name '? ']);

74 max_dis = input(prompt);

75 % min_dis = info_table .( struct_name {1}).Min(idx_1);

76 % max_dis = info_table .( struct_name {1}).Max(idx_1);

77
78 idx = (dis_data (:,3) > max_dis); %removing data above the max height distortion

79 dis_data(idx ,:) = [];

80 idx = (dis_data (:,3) < min_dis); %removing data below the max height distortion

81 dis_data(idx ,:) = [];

82 %removing edge data (0.5 mm from each edge)

83 idx = (dis_data (:,1) > (max(dis_data (:,1)) -0.5));

84 dis_data(idx ,:) = [];

85 idx = (dis_data (:,1) < (min(dis_data (:,1))+0.5));

86 dis_data(idx ,:) = [];

87
88 idx = (dis_data (:,2) > (max(dis_data (:,2)) -0.5));

89 dis_data(idx ,:) = [];

90 idx = (dis_data (:,2) < (min(dis_data (:,2))+0.5));

91 dis_data(idx ,:) = [];

92 z_alt (:,1) = dis_data (:,3) - min(dis_data (:,3));

93
94 if resave == 1

95 % prompt = convertCharsToStrings (['Rotation angle clockwise for ' sample_name '? If no ...

96 rotation is required write 0. ']);

97 % theta = input(prompt);

98 theta = info_table .( struct_name {1}).Rot(idx_1);

99 theta = deg2rad(-theta);

100 x_rot = dis_data (:,1)*cos(theta) - dis_data (:,2)*sin(theta);

101 y_rot = dis_data (:,1)*sin(theta) + dis_data (:,2)*cos(theta);

102 z_rot = dis_data (:,3);

103
104 %will need to flip all LR

105 figure;

106 scatter3(-x_rot ,y_rot ,z_rot ,5,z_rot ,'filled ') %LR flipped

107 grid off

108 c = hsv;

109 c = flipud(c);

110 colormap(c)

111 colorbar

112 view (2)

113 axis off

114 graphname = [base_dir 'HeightMaps\Original\' sample_name ];

115 saveas(gcf ,graphname ,'fig');

116 saveas(gcf ,graphname ,'png');

117
118 figure;
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119 scatter3(-x_rot ,y_rot ,z_alt ,5,z_alt ,'filled ') %LR flipped

120 grid off

121 c = hsv;

122 c = flipud(c);

123 colormap(c)

124 colorbar

125 view (2)

126 axis off

127 graphname = [base_dir '\HeightMaps\Adjusted\' sample_name ];

128 saveas(gcf ,graphname ,'fig');

129 saveas(gcf ,graphname ,'png');

130 close all

131 end

132
133 as_design_relden = info_table .( struct_name {1}) .("As Des")(idx_1);

134 as_built_relden = info_table .( struct_name {1}) .("As Built"){idx_1 };

135 T.Var1{i} = (sample_name); %name

136 T{i,2} = as_design_relden; %as-designed relative density

137 T{i,3} = as_built_relden; %as-built relative density

138 T{i,4} = max(z_alt); %max distortion

139 T{i,5} = mean(z_alt); %total average distortion per mm2

140 %fitting a plane to the data

141 f1 = fit([ dis_data (:,1),dis_data (:,2)],z_alt ,'poly11 ');

142 z_vals_plane = feval(f1,dis_data (:,1),dis_data (:,2));

143 Sa = sum(abs(z_alt - z_vals_plane));

144 T{i,6} = Sa; %Sa from ISO 25178 2:2022

145 clear data pix_size pix_size_y pix_size_x pix_x_temp pix_y_temp z_vals_plane ...

146 z_alt z_rot x_rot x_temp y_rot y_temp Sa sample_name

147 clear idx min_dis max_dis theta idx_1

148 end

149 T.Properties.VariableNames (1) = "Sample ";

150 T.Properties.VariableNames (2) = "As-Design Rel Den";

151 T.Properties.VariableNames (3) = "As-built rel den";

152 T.Properties.VariableNames (4) = convertCharsToStrings ([ pre_post ' Cure Dist']);

153 T.Properties.VariableNames (5) = convertCharsToStrings ([ pre_post ' Cure Dis/mm2']);

154 T.Properties.VariableNames (6) = convertCharsToStrings ([ pre_post ' Sa']);

155
156 distortion_info .( pre_post).av_specimen = T;

157 %save(save_struct_name ," distortion_info",'-mat ');

158 %% summarising the distortion vals

159 load('C:\Users\msn1g16\OneDrive\Documents\PhD\Images\Distortion_Calc\Distortion_Vals_all.mat ');

160 struct_name = fieldnames(distortion_info);

161 names_den = load('C:\Users\msn1g16\OneDrive\Documents\PhD\Images\Distortion_Calc\names_den.mat ');

162 names_den = names_den.names_den;

163
164 for j = 1: length(struct_name)

165 data_specimen = distortion_info .( struct_name{j}).av_specimen;

166
167 temp = distortion_info .( struct_name{j}).av_specimen {:,2:end};

168 [C,ia,ic] = unique(temp (:,1));

169 data = [];

170 data2 = {};

171 for i = 1: length(C)

172 idx = (ic == i);

173 temp2 = temp(idx ,:);

174 temp3 = mean(temp2 ,1);

175 %temp3 (:,2) = [];

176
177 temp3(1,end+1) = std(temp2 (:,2));

178 temp3(1,end+1) = std(temp2 (:,3));

179 temp3(1,end+1) = std(temp2 (:,4));

180 temp3(1,end+1) = std(temp2 (:,5));

181
182 temp3(1,end+1) = min(temp2 (:,3));

183 temp3(1,end+1) = max(temp2 (:,3));

184 temp3(1,end+1) = min(temp2 (:,4));

185 temp3(1,end+1) = max(temp2 (:,4));

186 temp3(1,end+1) = min(temp2 (:,5));

187 temp3(1,end+1) = max(temp2 (:,5));

188 %temp3 = array2table(temp3);

189 data = [data;temp3];

190 idx_2 = find(names_den .(" Design Rel Den") == (round(temp3 (1) ,4)));

191 data2{end+1} = names_den.Name{idx_2};

192 clear temp3 temp2
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193 end

194
195
196 data2 = table(data2 ');

197 data = array2table(data);

198 data = [data2 ,data];

199 data.Properties.VariableNames (1) = "Sample ";

200 data.Properties.VariableNames (2) = "As -Design Rel Den";

201 data.Properties.VariableNames (3) = "As -Built Rel Den";

202 data.Properties.VariableNames (4) = convertCharsToStrings (['Av Dis ' struct_name{j} ' Cure']);

203 data.Properties.VariableNames (5) = convertCharsToStrings (['Av Dist/mm2 ' struct_name{j} ' Cure']);

204 data.Properties.VariableNames (6) = convertCharsToStrings (['Av Sa ' struct_name{j} ' Cure']);

205 data.Properties.VariableNames (7) = "std as-built rel den";

206 data.Properties.VariableNames (8) = convertCharsToStrings (['std dis max ' struct_name{j} ' Cure']);

207 data.Properties.VariableNames (9) = convertCharsToStrings (['std av dis/mm2 ' struct_name{j} ' Cure']);

208 data.Properties.VariableNames (10) = convertCharsToStrings (['std av Sa ' struct_name{j} ' Cure']);

209 data.Properties.VariableNames (11) = convertCharsToStrings (['Min max ' struct_name{j} ' Cure']);

210 data.Properties.VariableNames (12) = convertCharsToStrings (['Max max ' struct_name{j} ' Cure']);

211 data.Properties.VariableNames (13) = convertCharsToStrings (['Min av dis ' struct_name{j} ' ...

212 cure /mm2 (mm) ']);

213 data.Properties.VariableNames (14) = convertCharsToStrings (['Max av dis ' struct_name{j} ' ...

214 cure /mm2 (mm) ']);

215 data.Properties.VariableNames (15) = convertCharsToStrings (['Min av Sa ' struct_name{j} ' Cure']);

216 data.Properties.VariableNames (16) = convertCharsToStrings (['Max av Sa ' struct_name{j} ' Cure']);

217
218 distortion_info .( struct_name{j}).av_sample = data;

219
220 end

221 save('C:\Users\msn1g16\OneDrive\Documents\PhD\Images\Distortion_Calc\Distortion_Vals_all.mat ', ...

222 "distortion_info",'-mat')

8.2 Applying the Compliance Correction
1 function [F_corr ,dis_corr ,stress_corr ,strain_corr] = correct_compliance(E_pt ,E_eq ,A,L,F,d_i)

2
3 % E_pt is the elastic modulus as calculated with point tracking - we 're

4 %assuming its accurate in MPa

5 % E_eq is the elastic modulus from the instron/the elastic modulus including

6 %compliance in MPa - calculated from the instron without the correction

7 %applied

8 % A is the cross -sectional area in mm2

9 % L is the original length of the sample in mm

10 % F is the force data (from the instron) (in kN)

11 % d_i is the displacement from the instron machine (in mm)

12 % d_corr is the corrected displacement from the instron (corrected to

13 % account for machine compliance

14 % F_corr is the corrected force from the instron machine - just corrected

15 % to have everything as 0 we 're assuming this is in N

16 % stress_corr is the zeroed stress from the instron machine - in GPa

17 % strain_corr is the corrected and zeroed strain from the instron

18
19 F_corr = (F - F(1)); %zeroing the force and changing to SI units

20 d_i_corr = (d_i - d_i(1)); %zeroing the displacment and changing to SI units

21 E_pt = E_pt / 1000; %in GPa

22 E_eq = E_eq / 1000; %in GPa

23 % k_pt = (E_pt*A)/L;

24 % k_eq = (E_eq*A)/L;

25 % k_L = 1/((1/ k_eq) -(1/k_pt));

26
27 dis_corr = d_i_corr - (((F.*L)/A).*((E_pt -E_eq)/(E_pt * E_eq)));

28 dis_corr = dis_corr - dis_corr (1);

29
30 stress_corr = (F_corr/A);

31 strain_corr = dis_corr/L;

32 end
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Chapter 9

Appendix C

This appendix will focus on the appendices of the third technical chapter, Chapter 5.

9.1 Using Voronoi Cells to Create Stochastic Lattices

The following code is adapted from the thesis of Aranguren van Egdmond [1]
1 %% SIMPLE SEQUENTIAL INHIBITION PROCESS %%

2 % Source: After Martinez and Martinez , Ref. [125]

3 % Description: Provides pseudo -random dispersion of Voronoi seed points according to input parameters

4 % (desired regularity), A (basal area), and n (desired number of cells)

5 % taken from the thesis of Derek Alexandre Aranguren van Egmond.

6 % https ://www.proquest.com/docview /2140317200?%20 Theses&fromopenview= ...

7 true&parentSessionId=IoVha00uZE3P32mRA1E8jbKyrUS0jfjJPmMToCaJXw8%3D&pq-origsite=gscholar&sourcetype= ...

8 Dissertations%20& parentSessionId=f5OHGHiyt2yrqXClDPTtIIsc2KGhpUrFph1BV9FrnEc %3D

9 %%

10 %For 30x30 surface , with n=100 seeds , delta = s/r = 0.8 (optimal disorder

11 %paramter as in the hamilton paper

12 % tiledlayout (2,4);

13 % for ratio = 0.1:0.1:0.8

14 % format short

15 clear all; %clearing the work space

16 L = 3; %unit cell size

17 d = 0.3:0.01:1.0; %all the possible strut diams

18 rho_r = ((1+ 4*sqrt (3))*(pi()/4)*(d/L).^2) -((11*pi()/6)*((d/L).^3)); %calculating the relative ...

19 density for BCCz

20 rho_r_adjusted = (1.05.*( rho_r))+0.12; %adjusted for as-built rel den

21 % rho_r = sqrt (3)*pi()*((d/L).^2); %BCC

22 % rho_r_adjusted = -0.49.*( rho_r .^2) + 1.06* rho_r + 0.09;

23 max_rel = 0.72;

24 min_rel = 0.17;

25 target_rel = 0.4;

26
27 mean_rel_del = 0.45; %setting an initial value for the mean relative density

28
29 while mean_rel_del >( target_rel +0.01) || mean_rel_del <(target_rel -0.01)

30 ratio = 0.4; %desired delta value

31 n = 100; %No. of cells

32 A = 30*30; %Basal area

33 r = sqrt ((2*A)/(sqrt (3)*n));

34 s = ratio*r;

35 % Generate the vertices for the regions - UNITS IN mm!

36 rx = [0 30 30 0 0];

37 ry = [0 0 30 30 0];

38 X = zeros(n,2);

39 %Generate the first event:

40 X(1,:) = csbinproc(rx,ry ,1); %csbinproc returns a 2D Poisson distribution

41 i = 1;
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42 %Generate the other events:

43 while i<n

44 [sx , sy] = csbinproc(rx,ry ,1);

45 xt = [sx , sy ; X(1:i,:)];

46
47 %Find distance between the events:

48 dist = pdist(xt);

49
50 %Find distance between candidate event and others that have been

51 %generated already

52 ind = find(dist (1:i) <= s);

53 if isempty(ind)

54 %We keep the event:

55 i = i+1;

56 X(i,:) = [sx, sy];

57 end

58 end

59 X_zeros = [X zeros(size(X,1) ,1)];

60 %Verify that all are no closer than inhibition distance:

61 dist = pdist(X);

62 delhat = min(dist);

63 %plot the results:

64 xx = X(:, 1);

65 yy = X(:, 2);

66 % nexttile;

67 % scatter(xx,yy ,'.');

68 % title(num2str(ratio));

69
70 %% Jakob Sievers (2024). VoronoiLimit(varargin) ...

71 (https ://www.mathworks.com/matlabcentral/fileexchange /34428 - voronoilimit -varargin), ...

72 MATLAB Central File Exchange. Retrieved December 4, 2024.

73 addpath 'C:\Users\msn1g16\OneDrive\Documents\PhD\Other MATLAB\VoronoiLimit.m';...

74 %this bounds the voronoi cells to the size of the lattice

75
76
77 bs_ext =[0 30 30 0;0 0 30 30]';

78 [V,r,XY]= VoronoiLimit(xx,yy ,'bs_ext ',bs_ext ,'figure ','off');

79 % [vx,vy] = voronoi(xx ,yy);

80 % DT = delaunayTriangulation(xx ,yy);

81 % [V,r] = voronoiDiagram(DT);

82
83
84 area_voronoi = [];

85 for i = 1: length(r)

86 vertex_nums = r{i};

87 x_vals = [];

88 y_vals = [];

89 for j = 1: length(vertex_nums)

90 x_vals = [x_vals; V(vertex_nums(j) ,1)];

91 y_vals = [y_vals; V(vertex_nums(j) ,2)];

92 end

93 area_voronoi = [area_voronoi;polyarea(x_vals ,y_vals)];

94 end

95
96 area_rel_conv = (max_rel -min_rel)/(max(area_voronoi) - min(area_voronoi));

97 rel_den_voronoi = (( area_voronoi -(min(area_voronoi))).* area_rel_conv)+ min_rel;

98
99 rel_den_voronoi_corrected = [];

100 diams_voronoi_corrected = [];

101 for i = 1: length(rel_den_voronoi)

102 temp = abs(rho_r_adjusted - rel_den_voronoi(i));

103 [~,idx] = min(temp);

104 rel_den_voronoi_corrected = [rel_den_voronoi_corrected; rho_r_adjusted(idx)];

105 diams_voronoi_corrected = [diams_voronoi_corrected; d(idx)];

106 end

107 mean_rel_del = mean(rel_den_voronoi_corrected)

108 end

109 mean_rel_del

110
111
112 %% Summary

113 % This is a script to make a combined unit cell structure given the unit

114 % cell type , strut diameter and location of unit cell. The whole thing

115 % should only take 20 seconds including the user input re stl file name
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116 % clear all; close all

117 addpath 'C:\Users\msn1g16\OneDrive\Documents\PhD\Other MATLAB\GIBBON_functions ';

118 addpath 'C:\Users\msn1g16\OneDrive\Documents\PhD\Other MATLAB\stlwrite ';

119
120 %% Setting up the variables to describe your unit cells

121 num_layers = 10; %number of unit cells in the z direction

122 num_rows = 10; %number of unit cells in the y direction

123 num_columns = 10; %number of unit cells in the x direction

124
125 dim_z = 3.00; %dimension of unit cell in mm in z direction

126 dim_y = 3.00; %dimension of unit cell in mm in y direction

127 dim_x = 3.00; %dimension of unit cell in mm in x direction

128
129 err_val = 100; %radius is divided by this to determine the acceptable error

130 % when drawing the circles for the cylinder.

131
132 unit_type = "BCCz"; %unit cell type

133 diameters = diams_voronoi_corrected;

134
135 %% Visualisation and STL variables

136 vis = 0; %on/off (1/0) variable to visualise your structure

137 name = 'Grad_Voronoi_Random_BCCz_0 .4 disorder '; %name you want to give your stl file

138 base_dir ='C:/Users/msn1g16/OneDrive/Documents/PhD/Other MATLAB/STL files '; ...

139 %base directory that you 're saving your STL in

140
141 %% Creating a the structure with a set diameter

142 Volume = struct; % create a structure to put the relavant information in.

143 letter = ["A","B","C","D","E","F","G","H","I","J","K","L","M","N","O","P","Q","R","S","T","U",...

144 "V","W","X","Y","Z"]; %begining name of the layer. Will use notation like a chessboard

145 g = 0; %counting variable for the layer

146 for i = 1: num_layers

147 h = 0; %counting variable for the y coordinates

148 rand_int = randi ([1 100], 10,10);

149 for j = 1: num_rows

150 t = 0; %counting variable for the x coordinates

151 for k = 1: num_columns

152 Volume .("L"+i).( letter(j)+k).coordinate = [t,h,g]; ...

153 %coordinate of the top left hand corner of the cube

154 Volume .("L"+i).( letter(j)+k).d = diameters(rand_int(j,k));

155 Volume .("L"+i).( letter(j)+k).unit_cell = unit_type;

156 t = t + dim_x;

157 end

158 h = h + dim_y;

159 end

160 g = g + (dim_z *1);

161 end

162
163
164 %% Initial single unit cell

165
166 verts_one = [0 0 0; dim_x 0 0;dim_x dim_y 0;0 dim_y 0;...

167 0 0 dim_z;dim_x 0 dim_z;dim_x dim_y dim_z;0 dim_y dim_z;...

168 dim_x/2 dim_y/2 dim_z /2]; %initial coordinates of vertices one unit cell

169 %this is the same for BCC , BCCz and FCCm.

170
171 verts_RD_d_octet_one = [0 0 0; dim_x 0 0;dim_x dim_y 0;0 dim_y 0;...

172 0 0 dim_z;dim_x 0 dim_z;dim_x dim_y dim_z;0 dim_y dim_z;...

173 0 dim_y/2 dim_z /2; dim_x/2 dim_y dim_z /2; dim_x dim_y/2 dim_z /2; dim_x /2 0 dim_z /2;...

174 dim_x/2 dim_y/2 0;dim_x /2 dim_y /2 dim_z;...

175 dim_x/4 dim_y/4 dim_z /4; dim_x *0.75 dim_y/4 dim_z /4; dim_x *0.75 dim_y *0.75 dim_z /4; dim_x/4 ...

176 dim_y *0.75 dim_z /4;...

177 dim_x/4 dim_y/4 dim_z *0.75; dim_x *0.75 dim_y /4 dim_z *0.75; dim_x *0.75 dim_y *0.75 ...

178 dim_z *0.75; dim_x/4 dim_y *0.75 dim_z *0.75];

179 %the vertices list for RD and diamond unit cells

180
181 %BCC

182 segments_BCC_one = [1 9; 2 9; 3 9; 4 9; 5 9; 6 9; 7 9; 8 9]; ...

183 %joining of vertices to create BCC cell

184
185 %BCCz

186 segments_BCCz_one = [1 9; 2 9; 3 9; 4 9; 5 9; 6 9; 7 9; 8 9; 1 5; 2 6; 3 7; 4 8]; ...

187 %joining of vertices to create BCCz cell

188
189 %FCCm
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190 segments_FCCm_one = [ 1 6; 2 5; 2 7; 3 6; 4 7; 3 8; 4 5; 1 8];

191
192 %RD

193 segments_RD_one = [1 15; 2 16;3 17;4 18;13 15;13 16;13 17;13 18;9 15;9 19;9 22;9 18;...

194 10 18;10 17;10 21;10 22;11 16;11 17;11 20;11 21;12 15;12 16;12 19;12 20;...

195 14 19;14 20;14 21;14 22;5 19;6 20;7 21;8 22];

196
197 %Diamond

198 segments_diamond_one = [2 16;4 18;13 16;13 18;...

199 9 18;9 19;10 18;10 21;11 21;11 16;12 16;12 19;...

200 5 19;7 21;14 19;14 21];

201
202 %Octet

203 segments_octet_one = [1 6; 2 5; 2 7; 3 6; 4 7; 3 8; 4 5; 1 8;...

204 5 7; 6 8; 1 3; 2 4;...

205 9 10; 10 11; 11 12; 12 9;...

206 14 9; 9 13; 13 11; 11 13;

207 14 10; 10 13; 13 12; 12 14];

208
209 %% Initialising changing variables

210
211 verts_new = []; %matrix that will be changed throughout loop to reflect the correct unit cell. ...

212 Its quicker to preassign variables and then change

213 line_num = 1; %number of lines (used for the structures)

214
215 %% Initialising more variables to make all the unit cells

216
217 unit_struct = struct; %initialising structure to keep track of all the vertices and faces

218
219 %% Plotting the cylinders for all the unit cells

220 for i = 1: num_layers %repeating for all unit cells in x direction (layers)

221 for j = 1: num_rows %(number of rows)

222 for k = 1: num_columns %(number of columns)

223 if Volume .("L"+i).( letter(j)+k).unit_cell == "RD" || Volume .("L"+i).( letter(j)+k).unit_cell ... ==

224 "Diamond" || Volume .("L"+i).( letter(j)+k).unit_cell == "Octet"

225 verts_one = verts_RD_d_octet_one;

226 end

227 verts_new (:,1) = verts_one (:,1)+( Volume .("L"+i).( letter(j)+k).coordinate (1)); ...

228 %new vertex coordinates x

229 verts_new (:,2) = verts_one (:,2)+( Volume .("L"+i).( letter(j)+k).coordinate (2)); ...

230 %new vertex coordinates y

231 verts_new (:,3) = verts_one (:,3)+( Volume .("L"+i).( letter(j)+k).coordinate (3)); ...

232 %new vertex coordinates z

233 if Volume .("L"+i).( letter(j)+k).unit_cell ==" BCC"

234 segments_unit_cell = segments_BCC_one;

235 elseif Volume .("L"+i).( letter(j)+k).unit_cell ==" BCCz"

236 segments_unit_cell = segments_BCCz_one;

237 elseif Volume .("L"+i).( letter(j)+k).unit_cell ==" FCCm"

238 segments_unit_cell = segments_FCCm_one;

239 elseif Volume .("L"+i).( letter(j)+k).unit_cell =="RD"

240 segments_unit_cell = segments_RD_one;

241 elseif Volume .("L"+i).( letter(j)+k).unit_cell ==" Diamond"

242 segments_unit_cell = segments_diamond_one;

243 elseif Volume .("L"+i).( letter(j)+k).unit_cell ==" Octet"

244 segments_unit_cell = segments_octet_one;

245 end

246 seg_num = size(segments_unit_cell ,1); %number of line segements

247 %things that stay the same during the loop

248 radius = (Volume .("L"+i).( letter(j)+k).d)/2; %radius of struts in unit cell

249 e = radius/err_val; %error that is acceptable

250 th = acos (2*(1-e/radius)^2 -1);

251 num_verts = ceil (2*pi()/th); %number of vertices required to define the circle

252 [V_cyl_initial ,F_cyl]= cylinder_meshv2(radius ,num_verts ,'Caps',true);...

253 %Unit cylinder with caps and the required radius

254 %The cylinder_mesh is the only thing that is required from

255 %gptoolbox TODO try and find a way not to use the toolbox as

256 %its a pain to install

257 for a = 1: seg_num %repeating for each line segment

258 un = segments_unit_cell(a,1); deux = segments_unit_cell(a,2); %vertex numbers to refer to

259 P1 = verts_new(un ,:); P2 = verts_new(deux ,:); %coordinates of vertices

260 % Find the rotation matrix between a straight line and the real line

261 d = diff([P1;P2]);

262 height = sum(sqrt(sum(d.*d,2)))+(1.5* radius); ...

263 %length of the line which is the height of the cylinders
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264 V_cyl = V_cyl_initial;

265 V_cyl (:,3) = height * V_cyl (:,3); %scaling to get the correct height

266 [M]= rigidTransformationMatrixDirect ([0 0 0;0 0 height],[P1;P2]); ...

267 %calculating the transformation matrix (translation and rotation)

268 V_cyl = tform ((M),V_cyl); %Rotate vertices with rotation matrix

269 unit_struct.faces .(" line"+ line_num) = F_cyl; %saving faces to structure for each line

270 unit_struct.vertices .(" line"+ line_num) = V_cyl; ...

271 %saving vertices to structure for each line

272 line_num = line_num + 1;

273 end

274 values_faces = struct2cell(unit_struct.faces); %extracting the faces

275 values_vertices = struct2cell(unit_struct.vertices); %extracting the vertices

276 [Volume .("L"+i).( letter(j)+k).faces ,Volume .("L"+i).( letter(j)+k).vertices ]=...

277 joinElementSets(values_faces ,values_vertices);%combining faces and vertices

278 unit_struct = struct; %reinitialising the variable

279 end

280 end

281 end

282
283 %% Collating all the vertices and faces

284 All_Vertices = {};

285 All_Faces = {};

286
287 for i = 1: num_layers %number of layers (L1, L2 , L3 , ... etc)

288 for j = 1: num_rows %y coordinates (A, B, C, ... etc)

289 for k = 1: num_columns %rows (A1 , A2 , A3 , ... etc)

290 All_Vertices{end+1,1} = Volume .("L"+i).( letter(j)+k).vertices;

291 All_Faces{end+1,1} = Volume .("L"+i).( letter(j)+k).faces;

292 end

293 end

294 end

295
296 [All_Faces ,All_Vertices ]= joinElementSets(All_Faces ,All_Vertices);%combining faces and vertices

297
298 if vis == 1

299 cFigure; gpatch(All_Faces ,All_Vertices);

300 view (3); axis equal

301 end

302
303 %% Saving the STL file (ca c'est plus vite que GIBBON)

304 filename = [base_dir '/' name '.stl'];

305 if isfile(filename)

306 disp(['The file already exists. You will be given an option to rename the file ,'...

307 'overwrite the file or exit the process ']) % File exists.

308 rename_opt = input('Do you want to rename the file? Y/N, ','s');

309 if rename_opt == 'Y'

310 name = input('New stl filename is: ','s'); %renaming the file

311 filename = [base_dir '/' name '.stl'];

312 elseif rename_opt == 'N'

313 overwrite = input('Do you want to overwrite the current file? Y/N, ','s');

314 if overwrite == 'Y'

315 %do nothing as the file will automatically be rewritten if you

316 %proceed as normal

317 elseif overwrite == 'N'

318 exit_opt = input('You will now exit the script , press enter to continue ','s'); ...

319 %exiting the script

320 return;

321 end

322 end

323 else

324 disp('The file does not exist so proceed as normal ')% File does not exist.

325 end

326
327 stlwrite(filename ,All_Faces ,All_Vertices); %saving the file

328
329 %% Post processing

330 % There isn 't much post processing that needs to be done , just adding the

331 % flats/end plates in autodesk netfabb.

332 %1. Add parts and perform automatic simple repair

333 %2. Move part to platform center

334 %3. Add box (31 x 31 x 0.2) and move to platform center

335 %4. Merge parts

336 %5. Rotate merge parts 180 deg in Y axis

337 %6. Add box (31 x 31 x 0.2) and move to platform center
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338 %7. Merge parts

339 %8. Export as STL
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Chapter 10

Appendix D

This appendix contains the material data sheets for the Rigid 10K resin used in this

project.



1

ENGINEERING RESIN

Rigid 10K Resin
Resin for Rigid, Strong, Industrial-Grade Prototypes

This highly glass-filled resin is the stiffest material in our engineering portfolio. Choose Rigid 10K 
Resin for precise industrial parts that need to withstand significant load without bending. Rigid 
10K Resin has a smooth matte finish and is highly resistant to heat and chemicals.

Short-run injection molds and inserts Heat resistant and fluid exposed 
components, jigs, and fixtures

Simulates stiffness of glass and 
fiber-filled thermoplastics

Aerodynamic test models

V1 FLRG1001 V1.1 FLRG1011

Prepared 10/07/2020 To the best of our knowledge the information contained herein is accurate. However, 
Formlabs, Inc. makes no warranty, expressed or implied, regarding the accuracy of these 
results to be obtained from the use thereof.Rev. 06 26/06/2024
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Material Properties METRIC METHOD

Green Post-Cured for 60 
min at 70 °C 1

Post-Cured for 60 
min at 70 °C and 
125 min at 90 °C2

Post-Cured for 60 min at 
70 °C and Media Blasted

Tensile Properties METRIC METHOD

Ultimate Tensile Strength 55 MPa  65 MPa  53 MPa 88 MPa ASTM D638-14

Tensile Modulus 7.5 GPa 10 GPa 11 GPa ASTM D638-14

Elongation at Break 2% 1% 1.7% ASTM D638-14

Flexural Properties METRIC METHOD

Flexural Strength 84 MPa 126 MPa 103 MPa 158 MPa ASTM D790-15

Flexural Modulus 6 GPa 9 GPa 10 GPa 9.9 GPa ASTM D790-15

Impact Properties METRIC METHOD

Notched Izod 16 J/m 16 J/m 18 J/m 20 J/m ASTM D256-10

Unnotched Izod 41 J/m 47 J/m 41 J/m 130 J/m ASTM D4812-11

Thermal Properties METRIC METHOD

Heat Deflection Temp.  
@ 0.45 MPa

65 °C 163 °C 218 °C 238 °C ASTM D648-16

Heat Deflection Temp.  
@ 1.8 MPa

56 °C 82 °C 110 °C 92 °C ASTM D648-16

Thermal Expansion, 
0-150 °C

48 μm/m/°C 47 μm/m/°C 46 μm/m/°C 41 μm/m/°C ASTM E831-13

Material Properties IMPERIAL METHOD

Green Post-Cured for 60 
min at 70 °C 1

Post-Cured for 60 
min at 70 °C and 
125 min at 90 °C2

Post-Cured for 60 min at 
70 °C and Media Blasted

Tensile Properties IMPERIAL METHOD

Ultimate Tensile Strength  7980 psi  9460 psi  7710 psi 12700 psi ASTM D638-14

Tensile Modulus 1090 ksi 1480 ksi 1460 ksi 1600 ksi ASTM D638-14

Elongation at Break 2% 1% 1.70% ASTM D638-14

Flexural Properties IMPERIAL METHOD

Flexural Strength 12200 psi 18200 psi 15000 psi 22900 psi ASTM D790-15

Flexural Modulus 905 ksi 1360 ksi 1500 ksi 1440 ksi ASTM D790-15

Impact Properties IMPERIAL METHOD

Notched Izod 0.3 ft-lb/in 0.37 ft-lb/in ASTM D256-10

Unnotched Izod 0.8 ft-lb/in 0.9 ft-lb/in 0.7 ft-lb/in 2.5 ft-lb/in ASTM D4812-11

Thermal Properties IMPERIAL METHOD

Heat Deflection Temp.  
@ 0.45 MPa

149 °F 325 °F 424 °F 460 °F ASTM D648-16

Heat Deflection Temp.  
@ 1.8 MPa

133 °F 180 °F 230 °F 198 °F ASTM D648-16

Thermal Expansion, 
0-150 °C

27 μin/in/°F 26 μin/in/°F 26 μin/in/°F 23 μin/in/°F ASTM E831-13
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Property Frequency Value Standard

Dielectric Constant (Dk) 1 GHz 3.4 ASTM D150-22

Dielectric Constant (Dk) 10 GHz 3.3 ASTM D2520-21

Loss Tangent (Df) 1 GHz 0.036 ASTM D150-22

Loss Tangent (Df) 10 GHz 0.0074 ASTM D2520-21

Volume Resistivity - 1.1 x 1015 Ω•cm ASTM D257-14

Surface Resistivity - 6.9 x 1013 Ω ASTM D257-14

Dielectric Strength - 458 V/mil ASTM D149-20

ELECTRICAL CHARACTERIZATION

Testing Standard  
BSS 7239 (comparable to NFPA 
No. 258)

Maximum allowed  
concentration  

per BSS 7239 (ppm)
Flaming Mode (ppm) Non-Flaming Mode (ppm)

Hydrogen Cyanide (HCN) 150 1 0.5

Carbon Monoxide (CO) 3500 50 10

Nitrous Oxides (NOx) 100 < 2

Sulfur Dioxide (SO2) 100 < 1

Hydrogen Fluoride (HF) 200 < 1.5

Hydrogen Chloride (HCl) 500 1 < 1

TOXIC GAS GENERATION

Testing Standard Rating

UL 94 Section 7 (3 mm) HB

FLAMMABILITY

Testing Standard @ 90 sec @ 4 min Maximum

ASTM E662 Flaming Mode 2 95 132

ASTM E662 Non-Flaming Mode 0 1 63

SMOKE DENSITY SPECIFIC OPTICAL DENSITY
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Solvent 24 hr weight gain, % Solvent 24 hr weight gain, %

Acetic Acid 5% < 0.1 Isooctane (aka gasoline) 0

Acetone < 0.1 Mineral oil (light) 0.2

Isopropyl Alcohol < 0.1 Mineral oil (Heavy) < 0.1

Bleach ~5% NaOCl 0.1 Salt Water (3.5% NaCl) 0.1

Butyl Acetate 0.1
Sodium Hydroxide solution 
(0.025% PH 10)

0.1

Diesel Fuel 0.1 Water < 0.1

Diethyl glycol Monomethyl Ether 0.4 Xylene < 0.1

Hydraulic Oil 0.2 Strong Acid (HCl conc) 0.2

Skydrol 5 0.6
Tripropylene glycol 
monomethyl ether

0.4

Hydrogen peroxide (3%) < 0.1

SOLVENT COMPATIBILITY

Percent weight gain over 24 hours for a printed and post-cured 1 x 1 x 1 cm cube immersed in respective solvent:

�All testing specimens were printed 
using Form 3.

1 Data was obtained from parts printed using Form 3, 100 μm 
and post-cured with a Form Cure for 60 minutes at 70 °C.

2 Data was obtained from parts printed using Form 3, 100 μm and post-cured with a Form Cure for 60 
minutes at 70 °C and an additional thermal cure at 90 °C for 125 minutes.
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1.1 Product identifier 

Product Name: Rigid 10K Resin 
Product code: FLRG1001 

1.2 Relevant identified uses of the substance or mixture and uses advised against 
Relevant identified uses: For use in Formlabs SLA Printers 
Uses advised against: Not determined or not applicable. 
Reasons why uses advised against: Not determined or not applicable. 

1.3 Details of the manufacturer/supplier of the safety data sheet 
Manufacturer: 
United States 
Formlabs, Inc 
35 Medford St 
Suite 201 Somerville, MA 02143 
+1 617 855 0762 
sds@formlabs.com 

 
1.4 Emergency telephone number:  

1-800-424-9300 (24/7) 

Supplier: 
Germany 
Formlabs GmbH 
Nalepastr. 18 
12459 Berlin  
+49 30 555 795 880 

 

 
2.1 Classification of the substance or mixture: 

Classification according to Regulation (EC) No. 1272/2008 (CLP): 
Skin sensitization, category 1 
Chronic aquatic hazard, category 2 

Hazard-determining components of labeling: 
Urethane Dimethacrylate 
Isobornyl Methacrylate 

Additional Information: None 
2.2 Label elements 

Labelling according to Regulation (EC) No 1272/2008 (CLP) 
Hazard pictograms: 

Signal word: Warning 
Hazard statements: 

H317 May cause an allergic skin reaction 
H411 Toxic to aquatic life with long lasting effects 

Precautionary statements: 
P261 Avoid breathing dust/fume/gas/mist/vapors/spray 
P272 Contaminated work clothing should not be allowed out of the workplace 
P280 Wear protective gloves/protective clothing/eye protection/face protection 
P273 Avoid release to the environment 

SECTION 2: Hazard(s) identification 

SECTION 1: Identification of the substance/mixture and of the company/undertaking 

Rigid 10K Resin 
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SECTION 3: Composition/information on ingredients 

SECTION 4: First aid measures 

 
P302+P352 IF ON SKIN: Wash with plenty of soap and water 
P333+P313 If skin irritation or rash occurs: Get medical advice/attention 
P363 Wash contaminated clothing before reuse 
P391 Collect spillage 
P501 Dispose of contents/container in accordance with local/regional/national regulations 

2.3 Other hazards: None known 
 

3.1 Substance: Not applicable. 
3.2 Mixture: 

Identification REACH Registration 
No. 

Name Classification according to 
Regulation (EC) No. 
1272/2008 (CLP) 

Weight % 

CAS number: 
72869-86-4 
EC number: 
276-957-5 

 

– 

Urethane Dimethacrylate Skin Sens. 1; H317 
Aquatic Chronic 2; H411 

15-25 

CAS number: 
7534-94-3 
EC number: 
231-403-1 

 

– 

Isobornyl Methacrylate Skin Irrit. 2; H315 
STOT SE 3 (RI); H335 
Aquatic Chronic 3; H412 
Eye Irrit. 2; H319 

7-10 

CAS number: 
7631-86-9 
EC number: 
231-545-4 

 
– 

Filler Not classified 55-75 

Additional information: None 
Full Text of H and EUH statements: See section 16 

 

4.1 Description of first aid measures 
General notes: 

Show this Safety Data Sheet to the doctor in attendance. 
Following inhalation: 

If inhaled, remove person to fresh air and place in a position comfortable for breathing. If respiratory 
symptoms develop or persist, seek medical advice/attention. 

Following skin contact: 
Wash affected area with plenty of soap and water. Remove contaminated clothing and launder before 
reuse. If skin irritation develops or persists, seek medical advice/attention. 

Following eye contact: 
Rinse eyes with plenty of water for several minutes. Remove contact lenses if present and easy to do so. 
Protect unexposed eye. If symptoms develop or persist, seek medical advice/attention. 

Following ingestion: 
If swallowed, DO NOT induce vomiting unless told to do so by a physician or poison control center. Rinse 
mouth with water. Never give anything by mouth to an unconscious person. If spontaneous vomiting 
occurs, place on the left side with head down to prevent aspiration of liquid into the lungs. If symptoms 
develop or persist, seek medical advice/attention. 

Self-Protection of the first aider: 
Not determined or not available. 

4.2 Most important symptoms and effects, both acute and delayed 
Acute symptoms and effects: 

Dermal exposure may cause an allergic skin reaction. Symptoms may include irritation, redness, pain, 
rash, inflammation, itching, burning and dermatitis. 
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SECTION 5: Firefighting measures 

SECTION 6: Accidental release measures 

SECTION 7: Handling and storage 

Delayed symptoms and effects: 
Effects are dependent on exposure (dose, concentration, contact time). 

4.3 Indication of any immediate medical attention and special treatment needed 
Specific treatment: 

Not determined or not available. 
Notes for the doctor: 

Treat symptomatically. 
 

5.1 Extinguishing media 
Suitable extinguishing media: 

Water mist/fog, carbon dioxide, dry chemical, or alcohol resistant foam. 
Unsuitable extinguishing media: 

Do not use water jet. 
5.2 Special hazards arising from the substance or mixture: 

Thermal decomposition may produce irritating/toxic fumes/gases. 
5.3 Advice for firefighters 

Personal protection equipment: 
Not determined or not applicable. 

Special precautions: 
Avoid contact with skin, eyes, hair and clothing. Do not breathe fumes/gas/mists/aerosols/vapors/dusts. 
Move containers from fire area if safe to do so. Use water spray/fog for cooling fire exposed containers. 
Avoid unnecessary run-off of extinguishing media which may cause pollution. 

 

6.1 Personal precautions, protective equipment and emergency procedures: 
Evacuate unnecessary personnel. Ventilate area. Extinguish any sources of ignition. Wear recommended 
personal protective equipment (see Section 8). Avoid contact with skin, eyes and clothing. Avoid 
breathing mist, vapor, dust, fume and spray. Do not walk through spilled material. Wash thoroughly after 
handling. 

6.2 Environmental precautions: 
Prevent further leakage or spillage if safe to do so. Prevent from reaching drains, sewers and waterways. 
Discharge into the environment must be avoided. 

6.3 Methods and material for containment and cleaning up: 
Do not touch damaged containers or spilled material unless wearing appropriate personal protective 
clothing. Stop leak if you can do it without risk. Contain and collect spillage and place in suitable 
container for future disposal. Dispose of in accordance with all applicable regulations (see Section 13). 

6.4 Reference to other sections: 
For personal protective equipment see Section 8. For disposal see Section 13. 

 

7.1 Precautions for safe handling: 
Use appropriate personal protective equipment (see Section 8). Use only with adequate ventilation. 
Avoid breathing mist/vapor/spray/dust. Do not eat, drink, smoke, or use personal products when 
handling chemical substances. Avoid contact with skin, eyes and clothing. Wash affected areas 
thoroughly after handling. Keep away from incompatible materials (See Section 10). Keep containers 
tightly closed when not in use. 

7.2 Conditions for safe storage, including any incompatibilities: 
Store in cool, dry, well-ventilated location out of direct sunlight. Keep away from food and beverages. 
Protect from freezing and physical damage. Store away from heat, open flames and other sources of 
ignition. Keep container tightly sealed. Store away from incompatible materials (See Section 10). 
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SECTION 8: Exposure controls/personal protection 

 
7.3 Specific end use(s): 

Refer to Section 1 (Recommended Use). 
 

 

8.1 Control parameters 
Only those substances with limit values have been included below. 
Occupational Exposure limit values: 

No occupational exposure limits noted for the ingredient(s). 
Biological limit values: 

No biological exposure limits noted for the ingredient(s). 
Derived No Effect Level (DNEL): 

Not determined or not applicable. 
Predicted No Effect Concentration (PNEC): 

Not determined or not applicable. 
Information on monitoring procedures: 

Not determined or not applicable. 
8.2 Exposure controls 

Appropriate engineering controls: 
Emergency eye wash stations and safety showers should be available in the immediate vicinity of use or 
handling. Provide adequate ventilation to maintain the airborne concentrations of vapor, mists, and/or 
dusts below the applicable workplace exposure limits, while observing recognized national standards (or 
equivalent). 

Personal protection equipment 
Eye and face protection: 

Safety glasses or goggles. Use eye protection equipment that has been tested and approved by 
recognized national standards (or equivalent). 

Skin and body protection: 
Chemical resistant, impervious gloves approved by the appropriate standards. Gloves must be 
inspected prior to use. Avoid skin contact with used gloves. Appropriate techniques should be used to 
remove used gloves and contaminated clothing. Personal protective equipment for the body should 
be selected based on the task being performed and the risks involved and should be approved by a 
specialist before handling this product. Ensure that all personal protective equipment is approved by 
recognized national standards (or equivalent). 

Respiratory protection: 
If engineering controls do not maintain airborne concentrations below the applicable workplace 
exposure limits, or to an acceptable level (if exposure limits have not been established), a respirator 
approved by recognized national standards (or equivalent) must be worn. 

General hygienic measures: 
When handling chemical products, do not eat, drink or smoke. Wash hands after handling, before breaks, 
and at the end of the workday. Avoid contact with skin, eyes and clothing. Wash contaminated clothing 
before reuse. Perform routine housekeeping. 

Environmental exposure controls: 
Emissions from ventilation or work process equipment should be checked to ensure they comply with the 
requirements of environmental protection legislation. 
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SECTION 9: Physical and chemical properties 

SECTION 10: Stability and reactivity 

 
Product (substance / mixture) related measures to prevent 
exposure: 

Not determined or not applicable. 

Instruction measures to prevent exposure: Not determined or not applicable. 

Organisational measures to prevent exposure: Not determined or not applicable. 

Technical measures to prevent exposure: Not determined or not applicable. 
 

Risk management measures to control exposure: 
Not determined or not applicable. 

 

9.1 Information on basic physical and chemical properties 
 

Appearance White Liquid 
Odor Characteristic acrylate 
Odor threshold Not determined or not available. 
pH Not determined or not available. 
Melting point/freezing point Not determined or not available. 
Initial boiling point/range >100°C 
Flash point (closed cup) >93.5°C 
Evaporation rate Not determined or not available. 
Flammability (solid, gas) Not Flammable 
Upper flammability/explosive limit Not determined or not available. 
Lower flammability/explosive limit Not determined or not available. 
Vapor pressure Not determined or not available. 
Vapor density Not determined or not available. 
Density 1.63 g/cm3 
Relative density Not determined or not available. 
Solubilities Not determined or not available. 
Partition coefficient (n-octanol/water) Not determined or not available. 
Auto/Self-ignition temperature Not determined or not available. 
Decomposition temperature Not determined or not available. 
Dynamic viscosity 1896 cps @ 25°C; 933 cps @ 35°C 
Kinematic viscosity Not determined or not available. 
Explosive properties Not determined or not available. 
Oxidizing properties Not determined or not available. 

9.2 Other information 
 

10.1 Reactivity: 
Not reactive under recommended handling and storage conditions. 

10.2 Chemical stability: 
Stable under recommended handling and storage conditions. 

10.3 Possibility of hazardous reactions: 
Hazardous reactions are not anticipated under recommended conditions of handling and storage. 

10.4 Conditions to avoid: 
Extreme heat, open flames, hot surfaces, sparks, ignition sources and incompatible materials. 
Avoid storage >38°C (100°F) and exposure to light/direct sunlight and heat. 
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SECTION 11: Toxicological information 

 
10.5 Incompatible materials: 

Polymerization initiators, including peroxides, strong oxidizing agents, alcohols, copper, copper alloys, 
carbon steel, iron, rust, and strong bases. 

10.6 Hazardous decomposition products: 
Under normal conditions of storage and use, hazardous decomposition products should not be produced. 

 

11.1 Information on toxicological effects 
Acute toxicity 

Assessment: Based on available data, the classification criteria are not met. 
Product data: No data available. 
Substance data: 

 

Name Route Result 
Isobornyl Methacrylate oral LD50 Rat: >2000 mg/kg 

dermal LD50 Rabbit: >3000 mg/kg 

Skin corrosion/irritation 
Assessment: Based on available data, the classification criteria are not met. 
Product data: 
No data available. 
Substance data: 

 

Name Result 
Isobornyl Methacrylate Causes skin irritation 

Serious eye damage/irritation 
Assessment: Based on available data, the classification criteria are not met. 
Product data: 
No data available. 
Substance data: 

 

Name Result 
Isobornyl Methacrylate Causes serious eye irritation 

Respiratory or skin sensitization 
Assessment: 

May cause an allergic skin reaction. 
Product data: 
No data available. 
Substance data: 

 

Name Result 
Urethane Dimethacrylate May cause an allergic skin reaction. 

Carcinogenicity 
Assessment: Based on available data, the classification criteria are not met. 
Product data: No data available. 
Substance data: No data available. 
International Agency for Research on Cancer (IARC): None of the ingredients are listed. 
National Toxicology Program (NTP): None of the ingredients are listed. 

Germ cell mutagenicity 
Assessment: Based on available data, the classification criteria are not met. 
Product data: No data available. 
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SECTION 12: Ecological information 

 
Substance data: No data available. 

Reproductive Toxicity 
Assessment: Based on available data, the classification criteria are not met. 
Product data: 
No data available. 
Substance data: No data available. 

Specific target organ toxicity (single exposure) 
Assessment: Based on available data, the classification criteria are not met. 
Product data: 
No data available. 
Substance data: 

 

Name Result 
Isobornyl Methacrylate May cause respiratory irritation 

Specific target organ toxicity (repeated exposure) 
Assessment: Based on available data, the classification criteria are not met. 
Product data: 
No data available. 
Substance data: No data available. 

Aspiration toxicity 
Assessment: Based on available data, the classification criteria are not met. 
Product data: 
No data available. 
Substance data: No data available. 

Information on likely routes of exposure: 
No data available. 
Symptoms related to the physical, chemical and toxicological characteristics: 
No data available. 
Other information: 
No data available. 

 

12.1 Toxicity 
Acute (short-term) toxicity 

Assessment: Based on available data, the classification criteria are not met. 
Product data: No data available. 
Substance data: 
Name Result 
Isobornyl Methacrylate LC50 Danio rerio: 1.79 mg/L (96 hours) 

EC50 Daphnia magna: 2.57 mg/L (48 hours) 
Chronic (long-term) toxicity 

Assessment: 
Toxic to aquatic life with long lasting effects. 

Product data: No data available. 
Substance data: 
Name Result 
Isobornyl Methacrylate NOEC Daphnia magna: 0.233 mg/L (21 days) 

12.2 Persistence and degradability 
Product data: No data available. 
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SECTION 13: Disposal considerations 

SECTION 14: Transport information 

 
Substance data: 
Name Result 
Urethane Dimethacrylate This substance is not readily biodegradable. 
Isobornyl Methacrylate Readily biodegradable 

12.3 Bioaccumulative potential 
Product data: No data available. 
Substance data: No data available. 

12.4 Mobility in soil 
Product data: No data available. 
Substance data: 
Name Result 
Urethane Dimethacrylate This substance is expected to distribute between the water column and 

organic soil and sediment particles. 

12.5 Results of PBT and vPvB assessment 
Product data: 

PBT assessment: This product does not contain any substances that are assessed to be a PBT. 
vPvB assessment: This product does not contain any substances that are assessed to be a vPvB. 

Substance data: 
PBT assessment: 
Urethane Dimethacrylate This substance is not PBT. 
Isobornyl Methacrylate This substance in not PBT 
vPvB assessment: 
Urethane Dimethacrylate This substance is not vPvB. 
Isobornyl Methacrylate This substance is not vPvB 

12.6 Other adverse effects: No data available. 
12.7 Hazard to the ozone layer 

Assessment: Based on available data, the classification criteria are not met. 
Product data: No data available. 
Substance data: No data available. 

 

13.1 Waste treatment methods 
13.1.1 Product / Packaging disposal: 

Do not discharge into public wastewater or surface waters. It is the responsibility of the waste 
generator to properly characterize all waste materials according to applicable regulatory entities. 
Waste codes / waste designations according to LoW: Not determined or not available. 

13.1.2 Waste treatment-relevant information: Not determined or not available. 
13.1.3 Sewage disposal-relevant information: Not determined or not available. 
13.1.4 Other disposal recommendations: Dispose in a safe manner in accordance with local and 

national regulations. Do not allow the product to be released into the environment. 
 

International Carriage of Dangerous Goods by Road/Rail (ADR/RID) 
 

UN number UN 3082 
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UN proper shipping name Environmentally hazardous liquid, N.O.S. Methacrylate Polymer 
UN transport hazard class(es) 9 

Packing group III 
Environmental hazards Marine Pollutant 
Special precautions for user None 
Additional Information This product is not regulated as a dangerous good when 

transported in sizes of < 5L or <5 kg provided the packaging 
meets the general provisions of 4.1.1.1, 4.1.1.2 and 4.1.1.4 to 
4.1.1.8. 

 

International Carriage of Dangerous Goods by Inland Waterways (ADN) 
 

UN number UN 3082 
UN proper shipping name Environmentally hazardous liquid, N.O.S. Methacrylate Polymer 
UN transport hazard class(es) 9 

Packing group III 
Environmental hazards Marine Pollutant 
Special precautions for user None 
Additional Information This product is not regulated as a dangerous good when 

transported in sizes of < 5L or <5 kg provided the packaging 
meets the general provisions of 4.1.1.1, 4.1.1.2 and 4.1.1.4 to 
4.1.1.8. 

 
International Maritime Dangerous Goods (IMDG) 

 

UN number UN 3082 
UN proper shipping name Environmentally hazardous liquid, N.O.S. Methacrylate Polymer 
UN transport hazard class(es) 9 

Packing group III 
Environmental hazards Marine Pollutant 
Special precautions for user None 
Additional Information This product is not regulated as a dangerous good when 

transported in sizes of < 5L or <5 kg provided the packaging 
meets the general provisions of 4.1.1.1, 4.1.1.2 and 4.1.1.4 to 
4.1.1.8. 

 
International Air Transport Association Dangerous Goods Regulations (IATA-DGR) 

 

UN number UN 3082 
UN proper shipping name Environmentally hazardous liquid, N.O.S. Methacrylate Polymer 
UN transport hazard class(es) 9 

Packing group III 
Environmental hazards Marine Pollutant 
Special precautions for user None 
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SECTION 15: Regulatory information 

SECTION 16: Other information 

 
Additional Information This product is not regulated as a dangerous good when 

transported in sizes of ≤ 5L or ≤ 5 kg provided the packaging 
meets the general provisions of 5.0.2.4.1, 5.0.2.6.1 and 5.0.2.8. 

 
Transport in bulk according to Annex II of MARPOL and the IBC Code 
Bulk Name None 
Ship type None 
Pollution category None 

 
 

15.1 Safety, health and environmental regulations/legislation specific for the substance or mixture. 
European regulations 

Inventory listing (EINECS): All ingredients are listed or exempt. 
REACH SVHC candidate list: None of the ingredients are listed. 
REACH SVHC Authorizations: None of the ingredients are listed. 
REACH Restriction: None of the ingredients are listed. 
Water hazard class (WGK) (Product): 
Water hazard class (WGK) (Substance): 

Ingredient Name CAS Class 
Urethane Dimethacrylate 72869-86-4 Water hazard class 1: slightly hazardous to water 
Isobornyl Methacrylate 7534-94-3 Water hazard class 1: slightly hazardous to water 

Other regulations 
Germany TA Luft: None of the ingredients are listed. 

15.2 Chemical Safety Assessment 
No Chemical Safety Assessment has been carried out for this substance/mixture by the supplier. 

 

Abbreviations and Acronyms: None 
Classification procedure: 
Classification according to Regulation (EC) No. 1272/2008 (CLP) Method Used 

Skin sensitization, category 1 Calculation method 
Chronic aquatic hazard, category 2 Calculation method 
Summary of classification(s) in section 3: 
Skin Sens. 1 Skin sensitization, category 1 
Skin Irrit. 2 Skin irritation, category 2 
STOT SE 3 (RI) Specific target organ toxicity - single exposure, category 3, respiratory 

tract irritation 
Aquatic Chronic 3 Chronic aquatic hazard, category 3 
Eye Irrit. 2 Eye Irritation, category 2 
Summary of hazard statements in section 3: 
H317 May cause an allergic skin reaction 
H315 Causes skin irritation 
H335 May cause respiratory irritation 
H412 Harmful to aquatic life with long lasting effects 
H319 Causes serious eye irritation 
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Disclaimer: 

This product has been classified in accordance with EC No. 1272/2008 (CLP) and EC No. 1907/2006 
(REACH). The information provided in this SDS is correct, to the best of our knowledge, based on 
information available. The information given is designed only as a guidance for safe handling, use, 
storage, transportation and disposal and is not to be considered a warranty or quality specification. The 
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