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Abstract

This thesis describes work performed to develop a rapid, low complexity metrology system

for the purpose of analysing geometries of open cell porous coatings produce using Addi-

tive Manufacturing (AM). AM is applied to the production of porous material, particularly

for orthopaedic implants, due to an ability to produce complex geometries in a repeatable

manner from digital designs, using fewer steps than existing production methods. Varia-

tions in the AM process cause each component to be manufactured di�erently from one

another requiring inspection post-build. Existing techniques for quantifying porous mate-

rials currently do not meet the requirements needed to practically inspect large numbers

of manufactured components non-destructively. To overcome these limitations a metrology

system based around image analysis and an o�-the-shelf digital single-lens re�ex (DSLR)

camera was developed.

This system is capable of capturing images of the top surface of planar porous material

in a consistent and repeatable manner. A methodology of automatically processing and

measuring the geometries of the solid material and pores comprising the porous structure

with low deviation was developed. The system was validated using simple geometries,

demonstrating accurate and consistent values, with a resolution and minimum resolvable

feature size of 8 µm, below the required precision. The system was also compared directly

to established techniques with the image based system demonstrating a lower deviation of

measurements, covering a larger area of the porous structure, at a fraction of the time of

the established methods. Additionally all measurements were performed non-destructively,

with minimum user input, making the technique suitable for inspecting large volumes of

AM porous components.

Using this system, variation in the geometry of manufactured porous material was statis-

tically quanti�ed with respect to part location (intra-build) and from one build to another
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(inter-build). Part location on the build plate was shown not to signi�cantly a�ect the

variation in manufacturing however, signi�cant di�erences were observed between builds,

from one plate to another. Additionally the system was able to measure changes in porous

material when deliberately altering the laser power, with the minimum variation in power

causing signi�cant change in geometry and mechanical properties of the porous material.

The relation between mechanical properties and geometry was then determined. Measur-

ing porous specimens manufactured at di�erent laser powers to quantify their porosity and

compressive yield strength, allowed the correlation between these properties and the geom-

etry produced. Using this data, non-destructive estimation of the mechanical properties

can be performed during image based inspection of the porous components.

The �nal application of the image analysis system investigated measuring the geometry

of non-planar porous components, with photographs captured using a 5-axis Coordinate

Measuring Machine (CMM) and mounted camera probe. The developed image processing

methodology was adjusted to compensate for irregularities in lighting and focus on the

curved surface not apparent in planar specimens, through application of histogram equali-

sation and stitching. This allowed measurements to be taken of the entire surface of porous

coated cylinders of di�erent diameters. Results showed values close to those seen in planar

porous material were produced with reduction in error compared to simply capturing and

analysing individual images.
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1 Introduction

Laser Powder Bed Fusion (LPBF) is an Additive Manufacturing technique, capable of pro-

ducing complex components from �ne metallic powders, using energy from a laser beam

to add material layer by layer, to create a component, as opposed to more traditional

subtractive manufacturing such as milling or turning. Although developed relatively re-

cently, LPBF is already being used in a number of engineering applications including the

aerospace, automotive, and medical sectors. Use of this form of manufacturing opens up

new possibilities for design, improvements in material e�ciency, and reduction in time to

manufacture of components with complex geometries when compared to more established

Computer Numerical Control (CNC) and casting methods [1].

LPBF, as with the majority of AM techniques, is based upon the principle of growing

parts in a layer-wise fashion. Thin layers of metallic powder, between 20�150 µm, are

deposited onto a metal plate. The deposited powder is then fused together into solid

material using a high power laser directed by rapidly moving mirrors. The area and shape

of fused powder is equivalent to the cross-section of the component(s) being manufactured.

Prior to the manufacturing process the Computer Added Design (CAD) of the component

is mathematically sliced into layers matching the thickness of powder layers to produce a

series of 2D shapes that the laser will proceed to melt. After melting a slice to produce

the required cross-section a new layer of powder is deposited and melted, with this process

repeating until a complete part is built near to the net shape of the input CAD model.

Producing components this way allows for the location of solid material to be speci�ed at

each height of the build, enabling production of complex geometries both on the surface and

internally. A key area where LPBF has been applied to take advantage of these complex

geometries is in the production of coatings for orthopaedic implants (Figure 1.1) [2].
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Figure 1.1 Orthopaedic Acetabular Cups Manufactured with a Porous Coating to Promote
Bone In-Growth [3]

Porous structures have been used for a number of years as a replacement to cement and

screws in the �xation of implants by encouraging osseointegration (bone in-growth) into the

components themselves, reducing complications after surgery and improving the lifetime

of knee, hip, and other joint replacements in both humans and animals [4, 5]. Although

a number of methods have been used to produce these structures including plasma spray

coatings, sintering, and sacri�cial polymers, these have often required numerous process

steps to achieve the required pore size and thickness to allow in-growth and must be coated

onto a separately manufactured substrate increasing cost and time to manufacture and

often limiting suitability for application [6]. Use of LPBF in production of these porous

structures has resulted in a number of improvements that other methods are unable to

replicate. Primarily, as a result of using input CAD data as the basis for controlling part

geometry, porous materials may be designed prior to manufacturing to specify properties

of the structure and produce ideal conditions to promote bone in-growth and to duplicate

the architecture of human trabecular bone [2, 7]. The ability to produce solid and porous

material concurrently also reduces manufacturing time and cost, with a single step neces-

sary to produce parts, and a reduction in material usage as a result of unused material

being returned to the AM process for future builds [8].

Unlike other porous production methods, AM allows for identical porous components to be

manufactured every time, with pores and struts located in the same place in every input
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CAD model. This ensures the key properties for orthopaedic applications, porosity, pore

size and compressive strength are identical in every manufactured part.

In reality however, the layer-wise and thermally intensive nature of the LBPF process can

cause variation in �nished products with parameters such as build environment, laser age,

and powder feedstock all a�ecting the accuracy of the �nal component with respect to the

input CAD model, for both solid and porous geometries [9�12]. Since LPBF techniques are

now being used in production of components which are highly regulated, there is a need to

make available a non-destructive methodology which is capable of being used as a quality

assessment tool that is rapid, automated, and repeatable [13].

This unpredictable variation and the increase in production volume of AM produced porous

components, has therefore required investigations into methods for the quanti�cation of

complex geometries [14]. A number of systems are currently applied to porous AM metrol-

ogy including: Scanning Electron Microscopy (SEM), Micro Computed Tomography (µ-

CT), and Focus Variation (FV). These existing methods are successful at quantifying porous

material, particularly µ-CT which can analyse internal structures of a component based on

an imaged model, but su�er from drawbacks that inhibit their use for in-line inspection of

high volumes of manufactured components [15]. These de�ciencies primarily relate to cost

and time to analyse a component, up to Â£2000 per day for µ-CT, though other issues such

as small measurement area and limited automation also play a role thereby making them

impractical for the high inspection rates now required for LPBF produced components.

An alternative method used in some porous analysis applications is image analysis, also

known as photogrammetry [16]. This technique uses captured digital images of the surface

of a component or specimen and applies algorithms to quantify the di�erent structures

and properties of the porous material. Although the majority of studies analysing porous

material with imaging techniques have used SEM images as the basis for measurements,

this technique has also been used with optical microscope and camera arrangements [16].

Using image analysis, quanti�cation of porous material properties can be automated and
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standardised, reducing time, cost, and complexity of inspection. Image analysis may also

be used to relate measurements to mechanical properties of a material to allow prediction

to be performed non-destructively [17]. By relying on historical data comparing measured

geometry to measured mechanical values for a part or material, these properties can be

estimated from the image based analysis alone.

To date, image analysis has been used to measure struts in regular AM lattice structures

to compare the variation in fabricating horizontally and vertically, and to directly compare

to nominal values of the CAD model used in the design of the component (Figure 1.2) [16].

Figure 1.2 Image Based Local Thickness Analysis of an AM Built Porous Lattice Structure
[16]

This method however, has not been extended to porous materials suitable for orthopaedic

implants that are more geometrically complex. Application of image analysis to charac-

terise porous on potentially complex surfaces opens up the possibility of inspecting 100%

of manufactured components for pore size and solid material thickness, as well as allowing

prediction of mechanical properties such as porosity and compressive yield strength that are

key in the production of osseointegrating orthopaedic implants. This inspection becomes

more critical as the numbers of manufactured components increases and the variation pro-

duced by changes in the AM process are required to be quanti�ed and compared to part
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tolerances to guarantee the produced porous material is in speci�cation. The repeatabil-

ity of the AM process when manufacturing components with identical machine input data

opens up new avenues of comparative analysis between individual components, data gath-

ered from previous measurements, and virtual models of the porous material when used in

combination with image analysis.

Addiitonally other work using images captured via microscope and shadowgraph have ap-

plied photogrammetric analysis to measure the build accuracy of speci�c component fea-

tures (holes, slopes, etc.) to produce design rules for laser powder bed fusion processes.

This work however was not applied to porous material and focused on assessing features

on a larger scale, in the order of ±0.05 mm [18].

The aim of this study is to develop a low cost, rapid system for the non-destructive analysis

of AM porous material, coating the surface of an orthopaedic component, practical for a high

inspection rate. The analysis system is fundamentally based on developing image measuring

techniques aiming to automate and standardised the majority of the process with minimal

human decision-making or intervention required. To achieve successful analysis of porous

orthopaedic implants the following objectives are required.

� Carry out a detailed literature review on the manufacturing of porous structures for

orthopaedic implants, focussing on properties, structures, and methods of assessment

which relate to quality determination based on existing image analysis techniques.

� Design and manufacture a suitable image analysis system by identifying imaging

hardware and developing a methodology for processing and measuring images to

extract the required geometric properties.

� Validate the designed analysis system through measurement of simple geometric

shapes of known size and compare performance directly to established porous analysis

techniques.

� Apply the system to quantifying variation of the AM process when manufacturing
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identically designed porous components both intra and inter build.

� Use measurements taken by system to determine the relationship between the geo-

metric properties and key mechanical properties of the porous material, speci�cally

porosity and compressive yield strength, for non-destructive estimation during in-

spection.

� Apply the image analysis method to measurement of non-planar specimens designed

to emulate commercial implant systems.

� Investigate integration of the developed analysis methods into existing inspection

protocols.

This thesis describes work carried out to achieve these objectives and to date has led to two

publications in the Proceedings of the Institution of Mechanical Engineers, Part H: Journal

of Engineering in Medicine and the Rapid Prototyping Journal. Chapter 2 outlines the

literature review performed, investigating the AM process, porous material fundamentals,

and image analysis methodologies. Chapter 3 descries the equipment and techniques used

in carrying out the experiments. Chapter 4 describes the development of the image analysis

system designed to carry out metrology of planar AM porous materials and the validation

of the measurement methods. Chapter 5 describes work carried out in applying the sys-

tem in quantifying and understanding the variation of porous materials manufactured by

the AM process as a result of changes in the build environment. Chapter 6 describes the

investigation relating measurements made via the image analysis system to measured com-

pressive strength and porosity of identically manufactured porous material with the aim

of using this data to non-destructively estimate the properties of an inspected component.

Chapter 7 investigates applying the developed metrology methods to non-planar surfaces of

porous components and to introducing the analysis to existing inspection methods. Finally

Chapter 8 outlines the conclusions of the study and the potential for any future work based

o� of �ndings.

Publications:
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1) S Evans, E Jones, P Fox, C Sutcli�e. Analysis of Variability in Additive Manufactured

Open Cell Porous Structures. Proceedings of the Institution of Mechanical Engineers, Part

H: Journal of Engineering in Medicine, 231:534�546, 2017.

2) S Evans, E Jones, P Fox, C Sutcli�e. Quality Control of Metallic Open Cell Porous Struc-

tures Fabricated via Additive Manufacturing. Rapid Prototyping Journal, 2017 [Pending

Final Review].
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2 Background

This chapter presents the relevant background to the project and discusses current gaps in

knowledge, taken from the available literature. Research covers three main aspects, additive

manufacturing fundamentals, current AM metrology methods, and existing image analysis

techniques and applications. The additive manufacturing section examines the methods

used to create fully dense metallic components based on laser melting, the advantages and

disadvantages of the technology, with focus on medical implants, and the causes of variation

in the process, a key aspect in demonstrating requirements for high rate metrology. The

AM metrology methods section examines the current use and capability of techniques used

in quantifying solid and porous AM components and where these systems lack with respect

to measuring large volumes of parts at low cost and high speed. Finally, the capabilities

and applications of image based analysis with respect to porous material are covered. The

range of techniques available and their suitability for analysing AM components is also

discussed in detail.

2.1 Metallic Additive Manufacturing

AM is characterised as fabrication by the addition of material. In contrast with more

standard subtractive techniques such as milling or turning, that remove material from a

starting billet, AM uses a base material, either a powder, liquid, or solid wire or sheet, to

gradually build-up components in a layer-wise fashion [1, 19�21]. Of the available meth-

ods, powder based and wire based processes are favoured for metallic AM, with the former

most commonly applied to engineering applications such as those required by aerospace,

automotive, and medical industries [21�23]. The previsouly mentioned powder bed fusion

is based upon the application of thin layers of the selected manufacturing material that

is then melted by deposition of energy, controlled by computer, to consolidate the powder

into a solid form [24]. This energy may be applied in one of two ways; through use of high
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powered lasers (up to 1 kW) or an electron beam [25]. The layers of powder are gradually

built up over time, with the newly created solid material bonded to the previous layers

upon cooling until the component, corresponding closely to the net shape input into the

machine from a Computer Aided Design (CAD) model, is completed. Design and operation

of a laser based AM system is discussed in detail in Chapter 3.

The development of LPBF to produce almost fully dense material is discussed in this

section. Manufacturing components in this way opens up a number of advantages in the

fabrication of engineering components but also, inevitably, certain disadvantages. These

advantages and disadvantages are also discussed alongside causes of variation in the build

process and attempts to quantify them. AM has primarily been used in the production of

solid parts, with as little internal porosity as possible however more recently, work has also

looked at creating designed porous structures for use in applications such as orthopaedic

osseointegrating surfaces, where properties such as porosity and compressive strength can

be controlled has been investigated, also discussed here [2, 7, 26].

2.1.1 Additive Manufacturing of Metallic Components

From inception AM production of components required an entirely new system and set

of methods to be developed to allow parts to match the requirements and expectations,

and allow viable engineering products to be created. Work within laser based AM initially

focused on developing fully dense material with little internal porosity to maximise me-

chanical properties [27]. Process optimisation to improve output results has also played a

key role, particularly with limiting oxide and condensation build up. New tools for part

preparation and methodologies surrounding the AM builds was also required to adapt to

the capabilities and requirements of the technology, di�ering substantially from subtractive

processes [28].

Fundamentals of Laser Powder Bed Fusion

Commercial powder based AM machines require several steps that must completed before

and after the build to enable a part to be produced. These steps, shown in Figure 2.1,
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include: CAD design, STL conversion, �le transfer to the machine, tool path generation,

machine setup, component building, removal, and post-processing [1, 25].

Figure 2.1 Steps Required to Produce an AM Component [25]

Starting with the CAD model of the component, this is converted to a Standard Triangle

Language (STL) �le and exported from the design software. This �le format, frequently

used in AM, is based on representing the surface of a component using tessalated triangles

connected along their edges [29]. The STL then has support structures added, to allow

easy removal from the machine and underpin overhanging structures. At this point the

complete part is sliced by machine speci�c software and the path the laser is to follow

generated to create cross-sections at each Z-height of the build equal to the selected powder

layer thickness [24]. The pathway, referred to as the scan strategy, usually consists of rows

or columns of lines that overlap slightly to ensure high density, that are then surround

by a boundary to ensure accuracy to net shape and to improve surface �nish [21, 30].

The machine hardware is then set up and the parameters to process the selected material

assigned to the part [31]. A plate for the parts to be built on, comprised of a similar
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material, is also attached to the build chamber piston that is lowered each layer to allow a

fresh powder coating to be deposited. The component is then built using powder deposition

and selective laser melting of the cross-section of the component, with the build plate

lowering for each level and a fresh powder layer being deposited. This process is repeated

until the �nal part is complete. Finally, parts are removed from the machine and build plate

and the unused powder recycled for future builds [24]. Components can be post-processed

in a number of ways, if required for application, including heat treatments, cleaning, and

surface modi�cation [1, 25]. These steps in the context of the machine used in this study

are explained in detail in Chapter 3.

Development of Powder Based AM

Although it has existed for more than 20 years, AM has only recently reached a point where

near fully dense, application worthy components have become available without the need

for additional processes such as heat treatment, as a result of advances in computer technol-

ogy, process development, and laser design [20,21,27,32]. Prior to this, the fully dense parts

required were unachievable with laser processing producing only sintered powder, re�erd to

as Selective Laser Sintering (SLS), containing large amounts of internal pores and requiring

post heat treatment, usually in the form of Hot Isostatic Pressing (HIP), subjecting the

component to high temperatures and pressures, to increase part density from 35�80%, as

manufactured by a 50 W laser, to over 99.9%. This however had the negative e�ect of

altering part geometry, due to shrinkage, as the HIP treatment applied heat and pressure

to the outside of the part to reduce internal pores of the sintered material [33,34].

To overcome these drawbacks and reduce the requirement for HIP treatment, several mod-

i�cations to the process were made. These started with the addition of a protective argon

or nitrogen atmosphere, as examined previously in high power laser welding [28]. This pre-

vented oxidation that would hinder the creation of suitable melt pools and adhesion to the

previous layer [30,35,36]. Alteration to the laser and scan strategy were also pursued. In an

attempt to manufacture fully dense blocks, remelting of the powder layers and additional

re-deposition of powder was shown to produce densities up to 99% by connecting together
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previously separated areas of the solid material [27, 30, 36]. Additionally, the introduction

of an Nd:YAG laser and a rotating scan direction, adjusting the angle of the pathway by

90° for alternating layers, with a cleaning scan in between to reduce surface roughness and

entrapment of gases, allowed for the creation of solid 316L stainless steel material up to

99.65% dense [30].

These methods were later applied to the fabrication of a wider range of materials, in particu-

lar commercially pure titanium (CpTi) and Ti6Al4V for orthopaedic applications. Initially

these materials were manufactured with densities of 95% however this still required post

HIP treatment to improve the fatigue and tensile strength of components to a suitable

level [37�39]. Density was improved by utilising lasers with higher output powers, with 165

W beams producing 99% dense components. Scan strategies remained similar to those used

in the development of 316L but with the addition of extra power, the additional cleaning

scans and re-deposition of material between layers could be removed [2, 40].

In addition to improving the processing of material, the design of powder based AM ma-

chines was also developed. Processing reactive metals such as CpTi using energy sources

such as a laser, causes material to vaporise which condenses on the relatively cool surfaces

within the machine, either the build chamber walls or optics. These condensates are pro-

duced on the micro- and nano-scale and as such are pyrophoric. To overcome this drawback

an inert gas �ltration system was added to AM systems to remove the vaporised material,

preventing condensation within the build chamber, allowing for the production of reactive

materials in a safe environment [41].

2.1.2 Advantages and Disadvantages of Metallic Additive Manufacturing

Powder based AM exhibits many advantages and disadvantages not seen in standard sub-

tractive methods. These result from `growing' the component using a point heat source as

opposed to removing material from the outside. Whilst a number of the advantages make

AM ideal for solving engineering problems and enhancing manufacturing capability and

throughput, many of the disadvantages remain the subject of study, preventing use of AM
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in some applications.

Advantages of Additive Manufacturing

Advantages of AM include: greater �exibility of design, sustainability, speed, and cost.

In terms of design, by controlling where solid material is placed within each layer of the

component, AM is able to o�er increased geometric freedom when designing components.

Without the need for subtractive tools that require line-of-sight of the material to be

removed, features such as internal geometries and designed porous structures are possi-

ble [1, 8, 24,25,42,43].

The lack of required tooling also allows for small batches and multiple designs of parts to be

produced within a single build providing �exibility in the design and manufacturing phases

of a component that would be otherwise expensive or time consuming. Directly manufac-

turing from CAD data also allows any change required to a part to be easily transferred

to the manufactured component with little change to the process or additional tooling and

cost considerations [8, 25, 42].

The direct from CAD capability also speeds up time-to-market. AM is capable of pro-

ducing components, largely independent of complexity, in a few hours. With subtractive

manufacturing not only does the machine need to be set-up uniquely for each component

in terms of tool sets required, but multiple operations in di�erent orientations and with

di�erent tool sets may be required, extending manufacturing time [8, 25,42].

Another key advantage of AM is reduced environmental impact compared to standard man-

ufacturing processes. By only using the material required by the volume of the component

and �ltering and reusing the remainder, the waste material that would otherwise require

recycling is reduced, with atleast 95% of powder recovered with every build [8]. This

feeds into the economic bene�t of AM with the reduction in wasted material correlating

to reduced cost per component, particularly for expensive materials such as titanium and

titanium based alloys [1, 24, 25]. Material use can be reduced further with the application
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of stress analysis of CAD models prior to manufacture. By modelling the forces applied

to a component, only the material where stresses are induced needs to be included in the

design. While most applications using subtractive manufacturing require removing the ex-

cess material from the part, increasing cost and production time, with AM these design

considerations can be added without signi�cant change to either [43].

Disadvantages of AM

Alongside the bene�ts described, powder based AM also has some considerable disad-

vantages including: poor surface �nish, development of residual stress, and some design

limitations.

Manufacturing from powder particles, added to the high temperatures used in the melt-

ing process results, in AM components exhibiting poor surface �nish compared to other

manufacturing processes such as milling or turning. This poor surface �nish, as well as

a�ecting aesthetics, make as-built AM components unsuitable for particular applications

such as those requiring high fatigue strength or abrasion resistance [20, 44, 45]. In worst

case scenarios roughness of AM produced surfaces, measured via tactile probe, have been

shown to posses an Ra value exceeding 40 µm [46].

The localised heat used to fuse the metal powder together also has the e�ect of generating

considerable residual stress within the manufactured component. As material is heated it

expands, followed by contraction as cooling occurs however, with the material now fused

to the rest of the component it is constrained, leading to the production of residual stress.

If su�cient residual stress is formed this can cause deformation of the part both during the

build the process and after removal from the build plate, causing deviation from the input

CAD model. For some part designs in particular, residual stress can reach high enough

levels to make the build process or components fail, with taller build heights and steeper

temperature gradients causing higher developed stress. One study, investigating residual

stress in-situ, measured forces up to 3479 N for a 32 x 112 mm rectangle built to 2.8 mm

high using a 200 watt laser [47]. Work to understand and reduce residual stress has taken
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several forms. These include thremal methods such as heating the powder bed to 200 ◦C

and stress relieving the parts post production through annealing or HIP. Adjustments to

the manufacturing method have also been undertaken in the form of di�erent scanning

strategies such as altering rotation angles between layers or applying chessboard patterns

to prevent global accumulation of stress, are ongoing [47�51].

Although able to form geometries unachievable by any other method, AM still su�ers

from restrictions that prevent certain features from being manufactured. These restrictions

include overhangs, shallow angles and internal cavities. Overhangs may fail to build if more

than 1 mm in length and below a 45° angle and must be supported, causing rough surfaces

when these supports are removed [18]. Shallow angled surfaces cause stepping as a result

of the layer-wise manufacturing method, increasing surface roughness the more the angle

is reduced and causing deviation error from the ideal CAD model [46]. Internal cavities,

while possible, must be able to have the powder drained from them by including holes

in the walls of the component [20, 43]. Self supporting holes are also limited to 7 mm in

diameter before supports are required unless modi�ed to be teardrop shape [18]. Even if

suitably designed for the AM process, variation of build conditions may still occur, causing

components to potentially deviate from the input geometry demonstrating a requirement

for complete inspection and quality control [9].

2.1.3 Process Variation in Laser Based Powder Bed AM

Although powder based AM systems are able to create near net shape components, some

variation in geometry is seen as a result of uncontrollable irregularities in the manufacturing

process. AM processes are thought to have up to 130 variables that can change both

deliberately and uncontrollably, 13 of which are crucial to the quality of output components.

These are divided into four main areas: Feedstock, Build Environment, Laser, and Melt

Pool [9, 52,53].
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Feedstock Variation

Feedstock variation, referring to the material from which AM components are made, is the

foundation of the build process, and as such plays an important role in the properties of

the produced part. Powder used in AM is usually well characterised by the supplier with

detailed information on composition, size and sphericity provided. Powder however, once

exposed to atmosphere, can undergo negative changes that can a�ect the quality of the

built component. Moisture can in�ltrate the dry material, particularly with extended use,

a�ecting chemical and mechanical behaviour [9].

Porosity has also been measured internally in spheres of powder before manufacturing has

taken place, increasing the potential for pores to be transferred to the built part, resulting

in reduction to the mechanical properties, though other studies, examining the powder in

more detail have shown high consistency between batches and properties closely matching

those quoted by suppliers for both cobalt chrome and stainless steel [54,55].

Stock material additionally su�ers from changes in powder size distribution through re-

peated use, varying from the original speci�cation. The distribution of size plays an impor-

tant role in creating fully dense AM parts and with increased recycling of powder, average

diameter has been shown to increase, alongside a change in particle shape and surface

roughness, leading to an increase in part porosity from the larger spacings within deposited

powder [55�57].

Finally, thermal conductivity of the raw powder can a�ect manufacturing of components.

Powder has a lower conductivity than the processed solid material and as such a steep

temperature gradient is seen at the edges of components being manufactured where heat

is unable to conduct away at the same rate as internal areas. This can lead to edge e�ects

where the perimeter of the component can rise above the powder bed, in some cases observed

to exceed 100 µm. This can subsequently damage the deposition wiper, causing uneven

distribution of powder during deposition [30,58].
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Build Environment Variation

Build environment refers to the ambient conditions within the build chamber including the

atmosphere and temperature. The atmosphere of the chamber, which aims to be as inert

as possible, the state of the inert gas, oxygen level, and chamber pressure, which is kept

positive to prevent outside atmosphere leaking into the process, are all monitored to ensure

prevention of oxide build-up in the melted material that can adversely a�ect component

properties and cause defects [30,35,36].

The �ow of the gas within the chamber, used to remove contaminants and vaporised ma-

terial, can also adversely a�ect components with variations causing changes in porosity,

surface �nish, reproducibility, and overall quality of the part and is therefore made as

even across the powder bed as possible. Flow has been shown to vary widely with pos-

sible ranges, dependent on location within the build chamber, between 0 and 6.5 m s−1 [11].

Powder deposition is also important to the manufacturing process. Missing or sparse powder

deposition may potentially cause remelting of previous layers or delamination if melting onto

poorly formed material. This can cause damage to the deposition wiper, preventing even

coating of powder in future layers, further compounding the problem. Powder beds require

visual inspection to ensure a dense even layer during deposition either manually or using

an automated imaging system [52].

Laser Variation

Laser power, scan speed, hatch spacing, and layer depth all a�ect the energy being delivered

to the powder bed which correlates directly with part density and surface �nish. Energy

Density, ED, of the AM process is dictated by Equation 2.1 where: P , is laser power, V is

the scan velocity, and Φ is the laser spot diameter [1].

EnergyDensity(ED) =
P

V × Φ
(2.1)

Time between scanning an area of the powder bed can also play an important role in part
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variation. Larger manufacturing areas or high component numbers can create long scan

lines which result in longer periods of cooling. As scan speed does not change with the size

of the cross-section being processed this can cause longer periods of cooling between build

layers, potentially a�ecting the properties and consistency of parts [9]. This e�ect however

is geometry dependent and should remain consistent with identical components and build

layouts.

Additionally, laser power will be attenuated over the course of a build with condensation

of vaporised material on the machine optics. As builds run for longer periods and a larger

volume of material is processed the thickness of condensation will increase, further reducing

power apparent at the powder bed. This condensate is �ltered out of the atmosphere

throughout the process but as the �lter ages the rate of gas �ow through the chamber

reduces along with the rate at which vaporised material is removed [11,59].

Melt Pool Variation

Melt pool variation is the most di�cult AM process to control or predict. Although be-

haviour is mostly prede�ned by the viscosity, thermal expansion, surface free energy, and

solubility of the material, the turbulent nature and shape of the pool can a�ect the quality

of the �nal produced part [9].

Melt pool variation needs to be reduced as much as possible through careful selection

of manufacturing parameters, speci�cally selected for each di�erent material produced.

Although di�cult, Berumen et] al. and Schmidt et al. carried out real time analysis of

melt pools using in-line sensing, i.e. capturing light travelling opposite to the laser beam,

through the optical path of the AM system, then diverting it to di�erent sensors using a

semi transparent mirror [20, 60]. This light was then split between a high speed camera,

determining melt pool dimensions at frame rates up to 16,666 frames per second (fps),

and a photodiode measuring the mean radiation emitted from heating of the melt pool

at even higher frequencies. Whilst not yet directly applied to closed loop control, these

measurement methods provide suitable temporal and spatial resolution to reduce the level
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of variation seen in melt pools [60].

2.1.4 Analysis of Variation in Additive Manufacturing

To date, work investigating variation in the AM process has focused on studying feestock

and gas �ow changes, and their e�ect on density and strength of the produced parts. One

study that did investigate the e�ect of part location and feedstock on the variability of the

mechanical properties of solid Inconel 718 test specimens. Both tensile test specimens and

Charpy impact specimens, orientated in the X, Y, and Z directions, were manufactured in

three sets at the front, middle, and back of the build chamber to investigate the existence of

variation caused by asymmetry of the machine in terms of inert gas �ow and redistribution

of smaller powder particles, as shown in Figure 2.2 [61].

Figure 2.2 Top-Down Build Plan of Charpy and Tensile Blanks Located in Three Sections
to Assess Front-to-Back Variation [61]

Saint John et al. performed the examination of feedstock variation by manufacturing ten-

sile and impact specimens using four di�erent powders from three di�erent suppliers, with

mean particle size found to range between 23.64�46.94 µm [61]. Analysis of the test speci-

mens showed little variation for both the three di�erent locations and between the di�erent
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powders used, with the ultimate tensile strength varying from 1.08 GPa for Z-orientated

specimens at the front of the build chamber, to 1.17 GPa for X-orientated specimens at the

back [61]. Although able to quantify LPBF specimen variation, the number of analysed

specimens was minimal due to the limitations of tensile and impact measurements in terms

of time to manufacture and test. A more rapid, non-destructive metrology method would

potentially help to reduce or overcome these factors for improved variation analysis.

Variation in material properties of built specimens as a result of changes in feedstock was

also investigated by Spierings. Here three types of 316L Stainless Steel powders with dif-

ferent grain size D90 distributions of 30.79, 41.31, and 59.69 µm were tested. The three

powders were used in LPBF, at two di�erent layer thicknesses, 30 and 45 µm, to test

change in part density with respect to the feedstock. This study demonstrated the e�ect

of increasing grain size reducing the maximum achievable density, particularly for smaller

layer thicknesses, due to a lack of smaller particles available to �ll in voids between larger

particles and maximise layer density. Although all three powders could produce near fully

dense material, especially at high energy densities during manufacturing, the larger powder

sizes made this more di�cult, requiring more energy to achieve >99% [62]. This demon-

strates the e�ect variability in the feedstock can have on produced material and the need

to monitor variation in the manufacturing process.

Another study by Ferrat et al. investigating the e�ects of variation in gas �ow was also

carried out, this time with porous material and using a larger number of test specimens.

A number of 5 x 5 arrays of cylindrical test specimens spread across a 180 x 180 mm build

area, were used to quantify variability in compressive strength and porosity as a result of

iterative design changes to the gas �ow inlet, based on computation �uid dynamics (CFD)

calculations, as shown in Figure 2.3 [11].
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Figure 2.3 Location on Build Plate of Porous Compression Test Specimens [11]

Specimens were designed using a unit cell approach, discussed in detail below, with octa-

hedral shapes and a cell length of 600 µm, clipped to a diameter 15 mm and height 30

mm, the dimensions required for the cylinder. Each of the three inlet design iterations had

three sets of arrays manufactured and tested under compression to determine the variation

in yield strength [11].

Analysed specimens were used to determine a mean porosity and compressive strength for

each of the three designs along with the range of measured values, quantifying the variation

in the process. The initial design showed a range of 8.55% for a porosity of 61.34% and a

range of 45 MPa around a mean compressive yield strength of 36.39 MPa. This variation

was reduced through the development of a more uniform gas velocity across the bed, with

a range of 6.16% for porosity and 20.00 MPa for compressive yield strength, although the

e�ect of changing the gas �ow cannot be entirely separated from that of other environmen-

tal and feedstock variations [11]. This measured variation for the built porous structures

demonstrates the large e�ect process conditions have on the manufactured porous mate-

rial. It is therefore a necessity to perform metrology on as many production components

as possible and for properties to be quanti�ed and tracked both intra- and inter-build over

extended periods of time. Whilst this was achieved using a large number of components in
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the described study, for this methodology to be applied to the analysis of orthopaedic com-

ponents a more rapid, non-destructive, low complexity method of performing geometrical

measurements is required, which compression testing alone is unable to satisfy.

2.1.5 Manufacturing of Porous Coatings

Many methods of manufacturing open cell porous materials for use in orthopaedics have

been previously developed. These methods produce a wide range of properties and suitabil-

ity for application. Optimisation of this porous structure production focused primarily on

the pore size, porosity, and Young's modulus to match trabecular bone. Each method, ad-

ditive layer based or otherwise, aims to produce components with properties that promote

bone ingrowth after implantation to maximise the strength of bonding and improve life time

of the procedure compared to previous methods of �xation to existing bone such as screws

or cement which have been shown to dislodge [3�6, 63]. Previous methods provide limited

levels of repeatability and control over the properties of the material, a�ecting the ability of

bone to grow into the component once implanted, and required a large number of steps to

produce the �nal porous structure [6,64]. More recently, to produce porous structures with

ideal properties for osseointegration that could be speci�ed and repeatably manufactured

using fewer process steps, Additive Layer Manufacturing has been applied [2, 7, 65].

Requirements for Orthopaedic Applications

To encourage maximum bone in-growth and �xation strength (at least 20 MPa) porous

coatings must ful�l a number of criteria specifying the property values required [66].

In-growth relies on controlling the porosity and pore size distribution with optimum pore

sizes ranging between 50 and 400 µm to produce the highest �xation strength in the shortest

period of time after surgery [4]. Although both properties are fundamental to in-growth,

and porosity of a porous coatings aims to be above 50%, pore size has been shown to be the

primary in�uence of osseointegrating mechanisms, with pores too small in size preventing

new bone from forming and larger pores reducing the strength after formation [67]. A

suitable metrology methods must also be capable of measuring this range of pore sizes and
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porosity to match the speci�c requirements for geometry therefore demonstrate a need for

suitable measurement methods that operate in the range of pore sizes required.

Porous materials are also required to match the mechanical properties of the existing bone.

In particular the sti�ness or Young's modulus, around 10�30 GPa, can be replicated more

readily by adjusting the properties of porous material, compared to using solid material

or other �xation methods, and can therefore reduce stress shielding, an e�ect where the

strength of existing bone can be reduced due to a change in applied force [3, 64,68].

As porous materials for implants must last for years without replacement or negative ef-

fect, materials selected must be biocompatible, showing little sign of corrosion or toxicity.

In orthopaedics the most commonly used materials are titanium alloys, such as CpTi or

Ti6Al4V, or cobalt chrome alloys [2, 3, 6, 7, 44, 68]. Manufacturing methods must therefore

be capable of processing these materials.

Finally, manufacturing methods must be able to produce designs required for implant ap-

plications. Orthopaedic implants accommodate the existing structures within the human

body and as such are designed in a number of geometries. Porous material must be manu-

facturable in these designs and additionally, any ideal measurement system should aim to

allow analysis anywhere on the surface. Designs of porous coated implants for orthopaedics

include: cups, rods, plates, and cones. Images of these implant shapes are shown in Figure

2.4.
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Figure 2.4 Top Left: Porous Acetabula Cup for Hip Replacement, Top Right: Porous
Bone Fixation Rod for the Femoral Head, Bottom Left: Porous Tibial Tray for Knee
Replacement, Bottom Right: Porous Tibial Cone for Ankle Replacement [3, 69,70]

Non-Additive Layer Manufacturing Methods

Traditional methods of producing osseointegrating porous surfaces are based on binding a

separate porous material onto an existing substrate, both made of the same biocompatible

material. Predominantly, six fabrication methods have found use in the implant industry.

These are: wire arc deposition, plasma spray, material sintering, vapour deposition, surface

coating, and sacri�cial polymer [64].

Wire arc deposition is able to produce porous structures with high roughness and density.

Coatings are applied using a gun that has two sacri�cial wires between which an electric

arc is passed, melting the two wires. A high pressure argon gas stream then vaporises the

molten material and sprays it onto the surface of the component gradually building layers

to the desired thickness. The process is conducted under an inert atmosphere to prevent

oxidation of the vaporised material, with roughness and mechanical strength controlled to a

degree by selecting values of voltage, current, and argon pressure [6,71]. This technique has

been shown to produce structures with up to 20% porosity when using additional polyester
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powders to assist in increasing droplet size and therefore pore space within the material [71].

Plasma spray coatings are produces in a similar manner to wire deposition but use a powder

feedstock instead of molten wire. The powder is fed continuously into a plasma �ame that

passes between a non-sacri�cial anode and cathode at extremely high temperatures (up to

20,000 ◦C), melting the powder particles. Particles are again propelled onto the surface of

a component using an argon jet where they fuse with existing material, building up to the

desired thickness [6,72,73]. While able to create porous surfaces, with pores up to 150 µm

for bone adherence, the coatings of the wire and plasma spray techniques are generally thin

(approximately 0.5 mm) and internally pore free, preventing growth into the component

itself [6].

Contrary to spray methods, sintered materials are able to produce porous materials that

contain pores both on and below the surface of the coating. These coatings require the

adhesion of material, commonly spherical beads or thin wire mesh, onto the surface of a

component �rst coated in a water soluble binder, then sintered at high temperature to fuse

the coating to the component and surrounding structure [6, 74]. Coatings produce porosi-

ties up to 35% and pore sizes of 425 µm when using spherical beads between 500 and 700

µm in diameter [6]. Wire meshes have been shown to produce a wide variety of pore sizes

in the range of 300�900 µm when using mesh ranges 190�450 µm [74]. Both sintering types

therefore produce more suitable osseointegrating material than simple spray techniques.

Vapour deposition, the technique of condensing a vapour of material onto the surface of an

existing structure, is unable to produce porous material that would encourage osseintegra-

tion by direct deposition on a substrate. Therefore, a carbon skeleton is produced by the

pyrolosis of a thermosetting polymer foam precursor. This leaves a highly porous (75�80%)

structure that the vapour is then able to condense on to, forming a metallic surface that

is osseointegrating and biocompatible, with pore size between 430 and 630 µm [75]. Man-

ufacturing in this way allows a wider range of shapes to be used for the overall component

both as a stand alone bulk implant or to coat the surface of an existing substrate. The
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structure also more closely matches the elasticity of the existing bone than with sintered

and spray techniques, possessing a sti�ness of 2.5�4 GPa [75].

A method similar to that of vapour deposition, propriety name Tritanium, has been devel-

oped that again starts with a polymer foam of the desired shape and porosity [6]. The foam

is coated using low temperature arc deposition of CpTi. The coated foam is then placed on

a titanium substrate and subjected to a sintering process within a vacuum furnace where

the foam is vaporised, leaving a CpTi skin. In addition to the vapour deposition a binder

is applied to this skin to allow the adhesion of CpTi powder particles. Another sinter cycle

is then applied to fuse these powder particles to the skin, providing strength and thick-

ness. This cycle of powder deposition is repeated until the required component strength

is achieved. Through this method pore sizes of 250�650 µm are possible, with modulus of

elasticity between that of cortical and cancellous bone types [6].

The �nal standard method of manufacturing porous material is to use sacri�cial polymers.

These polymer pore formers, designed to match the required pore size for bone in-growth,

are blended with CpTi powder and a polymeric binding agent. This mixture is then pressed

into a mould under high pressure and low temperature to create the required shape of the

component. The polymer pore formers are then treated to remove them, leaving only the

CpTi powder which is sintered to form a solidi�ed porous structure. By adjusting the size

of the pore forming polymer and the ratio of powder particles, the pore size distribution

and porosity of the �nal porous structure can be accurately controlled, more than other

described fabrication methods, to encourage osseointegration by matching the required pore

size and modulus of elasticity [6].

Additive Manufacturing of Porous Coatings

Recently, methods of fabricating porous materials suitable for orthopaedic applications

based on additive layer manufacturing have been developed. Unlike existing methods, AM

uses machine input data and highly controlled process parameters to allow for very speci�c

structures to be designed that posses properties ideal for use in orthopaedics. What is
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more, this method of creating porous material allows for structures to be replicated al-

most exactly every time the component is made, opening up possibilities of highly accurate

comparative analysis, such as for tracking pore size and material thickness variation and

quality control applications, that would otherwise unavailable with other manufacturing

methods [2, 7, 63,76�78].

AM porous materials used in orthopaedics are primarily designed as regular geometric lat-

tices with inter-connecting unit cell arrays in the shape of the required part, although more

simplistic porous materials, such as those comprising overlapping beams have previously

been investigated, achieving pore sizes of 440 µm and porosity of 71%, suitable for ingrowth

purposes [2,7,77�79]. The more advanced unit cell approach uses cubic arrays, overlaid on a

CAD model of the component to be manufactured, populated with shapes, most commonly

octahedral or cubic, that join at the corners of cells to create continuous structures. The

size of the unit cells can be adjusted to control the size of the pores within the structure

and the mechanical properties of the material. This solid material within the cells, compris-

ing the actual porous structure, can either be created directly in CAD and manufactured

as if they were solid components or, to reduce the data required to de�ne the structure,

comprised of single point exposures that create interconnecting struts from singular melt

pools in each manufacturing layer, representing the design of the porous surface as a point

cloud [2, 7, 76�78]. Additionally, the use of input data to control the design allows alter-

ations, such as randomised perturbing of the cell shape to reduce isotropy of the material

and improve mechanical properties to more accurately match trabecular bone, and surface

roughening to prevent component mobility during osseointegration. These changes can be

carried out on CAD data prior to fabrication, without the need for signi�cant alteration to

the manufacturing process [7, 47]. The application of designing and manufacturing of AM

porous structures in this way is discussed in detail in Chapter 3.

Ideal unit cell size and randomisation to optimise compressive strength and pore size for os-

seointegration applications were found to be 600 µm and 30% respectively to produce porous

coatings with a pore diameter around 355 µm, porosity of 65%, compressive strength in

28



excess of 60 MPa, and a Young's Modulus between 2 and 4 GPa [2,7]. A porous structure

produced with these parameters is shown in Figure 2.5.

Figure 2.5 A Hip Cup Implant Coated with a 600 µm, 30% Randomised AM Porous
Structure [7]

AM porous material has been shown to exhibit properties that encourage good bone in-

growth and reduce negative e�ects such as stress shielding, [80, 81]. The ability to easily

alter the design of the structure in CAD allows for properties such as pore size and compres-

sive strength to be adjusted allowing great �exibility in the design process [2,7]. AM, with

an unrivalled ability to create complex geometries, such as those needed in porous material,

is ideal for manufacturing orthopaedic implants. The porous coatings and solid substrates

of coatings are also manufactured concurrently so bonding is not required between the two

material types as opposed to other methods that simply apply a porous material onto a

pre-existing surface [2, 6]. AM allows a complete component to be fabricated in a single

step, lowering cost and total production time [82]. To date porous components manufac-

tured using AM have been applied to hip and knee replacement operations as well as some

applications in dentistry and veterinary surgery [3, 63,79].

Furthermore AM has been investigated for other medical applications where the advan-

tages demonstrated in manufacturing designed porous structures open up new possibilities

in developing engineering solutions to bene�t both industry and patients. Through the
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ability to produce low batch numbers at lower cost than many other fabrication methods

and to manufacture previously unobtainable structures in a repeatable fashion has opened

up new avenues. These include the creation of accurate models from medical data, patient

speci�c models for planning and preparation of procedures, and custom implants for indi-

vidual patients [1, 8, 24, 25, 42, 83]. Using data captured through an imaging method, most

commonly X-ray Computed Tomography as it is able to generate complete 3D models,

CAD �les capable of being converted to the STL format and input into an AM machine

are produced. The machine can then constructs a near identical replica of the scanned

model for use in medical applications [83, 84]. These replicas can be used in a number of

ways, such as diagnosis, with doctors able to view and analyse real world replicas of patient

organs or bones, or procedure planning [83,85].

CT data and AM can also be used in conjunction to fabricate custom designed implants.

Using models generated from the CT data of a patient, a speci�c implant that matches the

geometry requirements unique to that person produced in CAD. This CAD model can then

be manufactured by the AM process in the required shape and implanted into the patient.

This type of design methodology has potential for medical areas such as reconstructive and

plastic surgery, where implants are required to be as close to existing patient features as

possible to ensure suitable appearance [86].

2.1.6 Discussion

The basic principles of LPBF additive manufacturing, the application and requirements of

the technology for use in manufacture of porous osseointegrating surfaces, and the poten-

tial for variation in the process have been discussed. The literature has shown that while

ideal for the manufacture of porous implants, matching requirements for pore size, porosity,

sti�ness, design �exibility, and reproducibility, the process su�ers from some drawbacks.

The most signi�cant of these is uncontrollable variability in a number of build parameters,

the e�ects of which are di�cult to predict and quantify. Although studies have investigated

measuring variation with respect to di�erent properties of the built material, these have
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been limited in scope and required the use of destructive testing, limiting practicality for

application on commercial components.

Advances in the application of AM have seen an increase in the numbers of produced

components, both porous and entirely solid. Metrology methods adapted to the unique

capabilities of the AM process, particularly in heavily regulated sectors such as the medical

industry are therefore needed. This large volume manufacturing, combined with the previ-

ously discussed variation of the AM process demonstrates the need for rapid, simple, and

non-destructive methods of quantifying the quality of produced components, in particular

for functional porous coatings required to have speci�c properties. This method must be

able to quantify the pore size range suitable for in-growth surfaces and ideally perform

measurements on the variety of surface contours used in orthopaedics.

2.2 Metrology of Additively Manufactured Components

Suitable metrology methods for porous surfaces capable of precise measurements are re-

quired that must also be non-destructive in nature. To date, a number of methods for

measuring AM components have been investigated including: CMM, µ-CT, and optical

based metrology [87]. These methods focus on quantifying built components for develop-

ment and quality control purposes. This is just one area of the total quality control process

alongside analysis of feedstock prior to manufacture, in-process analysis, and analysis of

components following post-processing such as cleaning or heat treatment, referred to as

Q1, Q2, and Q4 respectively. Of the considered quality control steps, in-line analysis of

as-built parts (Q3) provides the most accurate and impactful assessment of the capability

of a system to produce components of the required geometry and properties [14,88].

Whilst in-situ monitoring of the AM process is possible and has been researched, the major-

ity of literature in this area focuses on localised defects of the powder bed, built layer, and

behaviour of the melt pool [53,89]. Although this can indicate the quality and consistency

of the built material, it does not provide an output of the geometry of the �nal component.
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2.2.1 Metrology of Solid Additively Manufactured Components

As the majority of AM development has focused on production of solid components, so

too have methods of metrology. These techniques have covered both adaptation or di-

rect application of existing techniques to AM produced parts, such as a with CMMs, as

well as development of new techniques that compliment the unique abilities of layer based

manufacturing, such as µ-CT or optical metrology, previously not used in measurement of

engineering components.

Coordinate Measuring Machine Metrology

A CMM is a general purpose instrument used in the measurement of freeform shapes, such

as those created by AM, and is well accepted in many di�erent industrial processes [90].

CMMs can be equipped with contact probes that measure components by sensing when

the surface is touched in a speci�c location and logging this for comparison to a nomi-

nal value, and non-contact probes that rely on optical techniques such as laser topography.

These non-contact systems are faster than their tactile counterparts but less widely applied.

Where geometric accuracy of a freeform surface is paramount to the application of the com-

ponent, more often than not a CMM probe is used for metrology purposes [91]. CMMs are

programmable, following speci�c paths for measurement of large volumes of near identical

components, measuring in �ve axes to a very high degree of accuracy, up to a resolution

of 0.1 µm when using contact probes, although practically these must use a smaller num-

ber of location points for dimension analysis than their non-contact counterparts [87,91,92].

In terms of AM parts, work carried out using CMMs has focused on the development of

standardised artefacts used in the evaluation and direct comparison of di�erent processes

or machines [93]. These standardised parts aimed to quantify the accuracy of builds with

respect to the CAD design of a wide range of possible geometries manufacturable using

layer based AM processes including features such as: ramps, staircases, holes, pins, and

lateral and overhanging surfaces across a range of sizes and shapes [93]. An example of one

such standard artefact is shown in Figure 2.6.
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Figure 2.6 Solid Model of a Test Artefact Showing a Top View (Left) and an Oblique
View (Right) [93]

These test artefacts are intended to be simple and easy to build, requiring little material

and measurable with simple or existing metrology tools such as a CMM [93].

CMM techniques have also been applied to high precision measurements of test specimens

quantifying residual stress in AM parts. In one study, CMM measurements, with a linear

precision of 4.5 µm, were taken of build plates that had been distorted through additively

manufacturing material onto them that had induced residual stresses. This was performed

for both Ti6Al4V and Inconel 625. In total ten points on the build plate were measured to

determine the magnitude of distortion caused by the layer built material. Through use of

a CMM system, out of plane deviation as low as 0.115 mm was detectable after manufac-

turing with the two materials [94].

While able to measure to a high precision, CMMs lack suitability for the measurement of

some AM components, particularly those containing �ne porous, due to the ability of the

technology to manufacture complex and internal geometry that a tactile probe or optical

based system is unable to observe [87].
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Micro Computed Tomography Metrology

µ-CT uses X-rays to generate 3D models of components. These models have increasingly

found application in the metrology of AM components, existing as one of the few technolo-

gies able to analyse internal structures of components, a key feature of the manufacturing

technology [15,95,96].

3D models of components are generated by passing X-rays to project a shadow on the other

side, onto a detector on the other side, with local density of the material through the part

a�ecting the intensity of the beam. Objects are then rotated, altering the shadow with

respect to angular position. This is usually performed for a number of thin slices along

the component, completing a full rotation then altering the Z axis by a small increment,

in the order of several miro metres. The shadows created at each angle and slice are then

interpreted mathematically to reconstruct the corresponding 3D model [97]. The use of

X-rays allows AM components to be viewed internally without the need for processes that

may alter or destroy the structure [97].

This ability of µ-CT has seen it used in AM applications in both the design process,

with scans of objects used for reverse engineering, particularly in medical �elds, and

for metrology of internal geometries and material defects that would be otherwise un-

detectable [95,96,98,99].

µ-CT scanning has been used for quantifying pores within a manufactured AM component

for both unwanted closed pores within the built material and larger open cell structures

that have been designed into the part during fabrication [95,96,99,100]. µ-CT allows these

structures to be viewed and measured in more depth than any other standard metrology

method. One study looked at quantifying pores within AM built 5 x 5 x 5 mm cubic

specimens of AlSi10Mg to evaluate the e�ect of di�erent heat treatments on the material.

This research used 100 CT slices at spacings of 3.58 µm and compared the technique to

established methods of optical microscopy of polished specimens. In this case CT scanning
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was able to measure internal porosities up to 0.25% and as low as 0.06% of the volume

of the specimen, quantifying pore areas down to 12.82 µm, the resolution of the scan per-

formed [96].

Another study used µ-CT scanning, at a resolution of 15 µm to determine the existence of

defects and pores within additively manufactured tensile test specimens prior to testing, to

determine the e�ect of said defects on material strength. In total 1500 projections, lasting

333 ms each were used, culminating in a total time of at least 8 minutes per specimen,

in addition to time taken moving the part during scanning, and post processing of the

acquired data. The µ-CT scanning of the test specimens was able to detect pores over a

range of 120�975 µm3 [101].

µ-CT however does su�er from some drawbacks. As well as being slow, taking several

hours to image and process a sample, costly, at up to ¿2000 per sample, and requiring

large amount of computational time for post processing, the larger the size of an object

being scanned, the lower the achievable resolution and therefore possible magni�cation and

precision of measurements [95]. µ-CT also su�ers when imaging high density materials

due to attenuation of the X-ray beams, requiring long exposure times to achieve suitable

contrast. As such, for meaningful analysis to be performed on the generated model, µ-CT

is limited to use on only small components, test coupons manufactured concurrently, or

sectioned o� volumes of larger components [15,97].

Optical Based Metrology

Optical form metrology, similar to the non-contact probes used in CMM measurements,

use structured light to determine the contour of the surface of a component with respect

to nominal values. Optical form methods are split into two categories, active and passive.

Active techniques project light onto the surface of a component and, by comparing the

original projected image, for example an array of square, with the image observed on the

surface, can determine the topology. Passive versions of the technique use ambient light

falling on the surface and its changing intensity to interpret the shape. These systems are
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less expensive and more compact than active systems but require suitable lighting, have

reduced accuracy, are slower, and make assumptions about the shape of the component

to allow measurement [87]. There are various forms of optical form metrology, focusing

on di�erent measurement scales however, for measurement of AM produced components,

triangulation based methods using lasers or white light projection, interpreting geometry

of the captured light to detect the contour of the surface, between ranges of 5 and 200 µm,

and measure surface area of a component may be applied [87,102].

Surfaces of AM components may also be characterised by a recently developed method

known as Focus Variation. This technique uses the focus plane of a camera or microscope

to locate component surfaces. The focus plane is moved vertically through a component

and images captured at each height step. The in-focus areas of these images indicate the

locations of edges within that vertical location, with all other out-of-focus areas ignored.

The edge information with respect to Z-height is then interpolated to form a 3D surface of

the component that can be measured. FV is able to produce models with high precision,

up to 1 µm, but su�ers from a small measurement area [103]. Limited work has been

published on the use of this technology speci�cally for the metrology of AM. One study

however investigated the use of FV in quantifying the topography of the upper surface of a

20 x 20 x 70 mm Ti6AL4V block manufactured via electron beam melting and assessed the

e�ect of di�erent combinations of lens magni�cation, lighting set-ups, and image capture

parameters of the measurement system [104]. Another study used the FV technique to

measure the upper surfaces of angled, solid AM components to quantify surface roughness.

The method demonstrated a precision of 2.9 µm for the Ra value, across a measurement

area of 8 x 8 mm [46].

A �nal method of quantifying solid AM components uses optical microscopy, a destructive

method of determining porosity that allows the material to be quanti�ed internally and at

speci�c locations. To conduct microscopic analysis of porous materials they are �rst en-

cased in a material such as an opaque resin that �ows into gaps in the component exposed

to the surface. The specimen is then made as �at as possible through grinding or polishing,
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to expose the internal structure of the part. The surface showing both the solid material

and any internal pores it might contain is imaged through the microscope with the ratio

corrsponding to the cross-section area of the solid and pores of the material in the image

corresponds to porosity at that location [44, 105�107]. This method has been applied in

studies to determine internal porosities of manufactured AM test specimens, able to detect

porosity as low as 0.5% of the total cross-sectional area of a sectioned component [27]. Us-

ing microscopy the roughness of the outer surface may also be measured with the technique

demonstrated to quantify the Ra value of a component down to 4.8 µm, shown to be in

agreement with tactile probe measurements of the same specimens. Microscopy possesses

the additional capability of detecting features that the tactile probe could not, such as pores

tangential to the surface of the material, as shown in Figure 2.7, that tactile measurements

cannot detect [46].

Figure 2.7 Polished Section of an AM Built Test Specimen Showing Internal Structures [46]

Microscopy is useful for this type of measurement but su�ers from several limiting factors,

the most signi�cant of which is the localised measurement of pore size. Without the mea-
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surement of a large number of slices of the material at di�erent depths, an accurate value

for porosity for the entire component is unlikely to be accurate. Furthermore the small

area of measurement of the polished surface, especially at high magni�cation, requires a

large number of images to be captured and analysed to calculate an accurate value for

porosity [107]. The process of polishing specimens is also time consuming and unavoidably

destructive.

2.2.2 Metrology of Open Celled Porous Components

The complex and often random structure of AM built porous materials presents unique

challenges in their characterisation not seen in solid components. As such many of the

current systems for measuring solid material cannot be applied to the metrology of porous

surfaces to quantify properties relevant to orthopaedics. With the need to produce large

numbers of parts containing these porous surfaces, di�erent techniques have been investi-

gated to be able to, atleast partially, perform quanti�cation of the required geometries.

In terms of geometry, porous structures have three main properties that can be charac-

terised. These are porosity, pore size/morphology, and speci�c surface area, each of which

has had methods of quantifying developed. Compressive strength is also commonly mea-

sured to understand the porous material mechanical properties where applications require

the component to withstand stress [105].

Porosity of Open Cell Porous Structures

Porosity is a measure of the ratio between the amount of solid and the amount of �uid phase,

usually by volume, within a porous material. Porosity is the most fundamental property of

porous materials and plays a key role in the functional and mechanical properties observed

more than any other geometric factor [105,108]. Porosity can be expressed as a decimal or

percentage according to Equation 2.2 where: θ, is the porosity of the material, Vp, is the

volume of pores, Vt, is the total volume of material, and Vs, is the volume of solid.

38



φ = (
Vp
Vt

)× 100 = (
Vp

Vs + Vp
)× 100 (2.2)

Porosity can be quanti�ed using a number of di�erent methods including direct mass-

volume calculation, gas pycnometry, and mercury intrusion.

Direct mass-volume, or gravimetric, calculations are able to analyse an entire component

non-destructively. This analysis method is simple, using the dimensions of the porous com-

ponent and measured mass to determine the porosity after removing the mass of any solid

parts of the component. If dimensions are known, porous components can be measured on

a micro balance to determine their mass. This mass relative to the mass of the component

if entirely solid and fully dense is then used to calculate a value for porosity equalling the

ratio. The ratio between the measured part and fully dense ideal value is the porosity. This

method of analysis is useful for precision manufactured porous components though some

errors may be introduced in the weighing process and with any variation in dimension of

the porous material. These errors can be reduced by measuring specimens of larger volume

where the deviation in values becaomes relatively small [105]. This method of analysis

has been used in the measurement of AM built specimens for comparison to µ-CT mea-

surements and to determine variation in porosity with changes in inert gas �ow. These

two studies were able to quantify percentage porosity within a 2% error, requiring mea-

surements to an accuracy of 0.02 mm for volume and 0.02 g for mass of the specimen [11,95].

Gas pycnometry is designed to measure the total volume of enclosed pores within solid

parts. Pycnometry works on the principle of the specimen displacing gas in a container

of known volume, allowing the volume of the porous material to be calculated to a high

level of precision. This volume can then be subtracted from the total volume of the part

to calculate the volume of open pore space or with the measured mass of the specimen to

calculate closed pore space. A digram of the pycnometry set-up is shown in Figure 2.8 [109].
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Figure 2.8 Schematic Layout of a Gas Pycnometer Adapted from [109]

To calculate the volume of material, gas (of purity 99.99% or higher), either nitrogen or

helium, dependant on the material being analysed, is used to �ll the chamber containing

the porous specimen to a predetermined pressure. This chamber is connected to a second

expansion volume chamber by a valve, held under vacuum. The specimen chamber is then

opened to the expansion chamber, increasing the available volume, with the change in

pressure recorded and used to calculate the volume of the solid phase of the structure [109].

While potentially capable of measuring the porosity of open cell porous structures, in AM

pycnometry has so far only been used to measure porosity of powders, speci�cally stainless

steel and cobalt chrome. It is able to do so at very high precision of 0.005 g cm−1 though

measurements can take up to 30 minutes per sample to perform [55,110].

Pore Size Characterisation of Porous Materials

Pore size refers to the nominal values of diameters of the pores within a porous mate-

rial and, while not as fundamental to as many properties as porosity, a�ects permeability,

permeation rate, and �ltering performance. As such, pore size is of importance to osseoin-

tegration in porous implants.

Pore size can be measured as either an average value or a distribution, with a histogram

showing the frequency of the di�erent pore diameters. These measurements can be acquired

in a number of ways including µ-CT, Mercury Intrusion, and SEM analysis [6, 7, 75,95,99,

105, 111]. While other methods exist that measure the �ow and pressures of liquids these

40



are largely neglected due to their limitation in only measuring maximum pore diameter or

measuring pores that are too small or too large to be useful in orthopaedic applications [105].

µ-CT, is a prevalent method of determining pore size distribution in open cell structures,

being able to interrogate geometries internally as with solid AM parts, and distinguish

between the solid and gas phases of the porous material, as shown in Figure 2.9 [112].

Figure 2.9 CT Reconstructed Model of an Open Cell Porous Material [99]

Using purpose designed algorithms such as maximum sphere intrusion, that �ts the largest

possible sphere inside all the pores within the 3D model to quantify pore size down to

the precision of a single voxel, a distribution can be constructed to quantify the mate-

rial [95, 99, 111, 113]. This technique has been used in multiple studies measuring AM

produced porous structures to both measure and improve the geometry. Work investigat-

ing the e�ect of di�erent process parameters and unit cell sizes on the mechanical properties

used µ-CT data to quantify pore size and porosity to a resolution of 15 µm in nine cylin-

drical specimens of diameter 12 mm and height 10 mm. The geometric values were used

alongside the compressive strength of the di�erent structure designs to match the produced

structures as closely as possible to the properties of trabecular bone [113,114].

Another study used CT data captured of regular unit cell lattices at a resolution of 12.6 µm

to iteratively alter the CAD model used to fabricate the structure using AM with the aim
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of matching the required property speci�cation. Values measured of the built structures

for pore size ranges of 500�1000 µm were gathered by capturing 374 scans of twenty, 12

mm high porous cylinder of diameter 6 mm, at angular increments of 0.5° [111]. From

these measurements the design was iteratively adjusted, with the CT measurements used

to reduce disagreement in pore size between the initial CAD and built structures from 45%

down to just 5% [111].

µ-CT has also been implemented in investigating adverse e�ects of post-processing on the

internal structure of porous titanium material that may alter the characteristics enough to

render it un�t for purpose. CT data was captured both before and after abrasive jet blast-

ing and sintering. For each tested sample 720 projections at 0.5° intervals were captured,

requiring 20 minutes per specimen. As a result of part dimensions limiting resolution, scans

encompassing the entire component was limited to 27 µm. This was then reduced 7.5 µm

by shrinking the region of interest in the specimen to carry out more precise measurements.

Quanti�cation was performed on two specimens of di�erent designs with porosities of 60

and 75% with CT scanning able to determine changes in median pore size down to 1 µm

using the higher resolution scan. This showed the sintering step had a more measurable

e�ect on the pore size of the structure for the denser 60% structure (increasing 35 µm) and

cleaning a larger e�ect on the more open 75% structure (increasing 20 µm) [95].

Finally µ-CT scanning has been applied to the speci�c study of osseintegrating surfaces to

quantify the pore size of AM produced components. CT scanning was performed on three

10 x 10 x 10 mm cubic specimens with designed pore sizes of 300, 600, and 900 µm, mea-

sured to be 309, 632, and 956 µm respectively, to determine the e�ect on bone in-growth

rates. CT measurements of the built porous samples were also used as a benchmark to

determine the depth which bone had intruded into the specimens following implantation.

Measurements were able to quantify the built osseointegrating structures down to a preci-

sion of 10 µm, showing the 632 µm structure to maximise the in-growth of bone. [115].

Mercury intrusion is another method of analysing open cell porous material to quantify pore
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size distribution. The intrusion technique operates using the high non-wettability of the

mercury and an inability to enter a porous structure under room temperature and pressure,

caused by the high surface tension at the edge of pores. This surface tension however can

be overcome with a deliberate increase in pressure. Pore size can then be calculated from

the contact angle between the material and mercury, and the required pressure needed to

overcome the surface tension [116].

By varying the pressure, di�erent pore sizes are intruded and from this the distribution

can be calculated based on the change in mercury volume outside the specimen [116]. If

the volume change of mercury is known at maximum intrusion, the volume of pore space

will be known. With this and the known volume of the entire component the percentage

porosity can be calculated alongside pore size distribution [105,116].

Mercury intrusion has been used in research to quantify the distribution of pore size during

development of AM produced porous structures designed to match the properties of trabec-

ular bone. Speci�cally, mercury intrusion was used to quantify the e�ect of randomising

the unit cell based structure. Under randomisation of 30% mercury intrusion was able

to demonstrate an increase in average pore size from 275 to 355 µm and an increase in

the range of sizes in the distribution to better match the requirements for in-growth [7].

This form of pore size quanti�cation produces accurate results over a wide range of pore

volumes, however intrusion is destructive and therefore unsuitable for metrology outside of

development processes.

The �nal method used in quantifying pore size of AM porous surfaces is SEM analysis.

This relies on capturing of SEM images at high resolution, up to 1 µm depending on

the magni�cation values used, onto which scaled measurement lines can be drawn. These

measurement lines determine the distance from one point to another in the imaged structure

to produce a mean value for pore size. This technique has been used in a number of studies

to primarily quantify strut diameter for comparison of manufactured structures to CAD

and CT generated models however, using the same principles of manually drawing lines
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pore size may also be measured. Whilst not commonly applied to AM produced parts, this

technique has been used in analysis of osseintegrating surfaces produced via other means

to compares pore size distributions, as shown in Figure 2.10 [6, 75, 95,111,112].

Figure 2.10 SEM Analysis of a Tritanium Porous Structure Measuring Pore Size [6]

The high resolution of the technique allow high precision measurements to be made but

additionally make it di�cult to determine the location of measurements that are usu-

ally performed manually due to the irregular nature of the porous material. This manual

methodology reduces consistency of measurements and extends the time taken to quantify

a structure. High magni�cation used in SEM also limits the area from which measure-

ments can be made, requiring large numbers of measurements and images to produce a

representative value.

Compressive Strength of Porous Material

A common method of quantifying the mechanical properties of porous material is through

compression testing. Compressive strength measures the ability of a porous material to

resist applied stresses by observing changes in strain and determining the point at which the

structure yields. Compression testing is most commonly performed on cylindrical specimens

with �at ends using a universal test machine. Stress is applied at a steady rate, compressing

the porous specimen to a prede�ned displacement in accordance with ASTM E9-09 [117].

The two plates of the test machine between which the sample is placed are greased or oiled
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to allow the specimen to freely deform laterally and therefore provide more accurate values

for compressive strength. With the addition of oiling, compressive strength values can be

measured up to 25% higher than if it is omitted [112]. Compression of a porous material

follows a general trend as shown in Figure 2.11.

Figure 2.11 Schematic Stress-Strain Curve of a Compression Test of Porous Material [118]

From Figure 2.11 it can be seen that compression of porous materials should see an initial

sharp rise of stress. The gradient of this rise equals the Young's modulus of the material.

This is followed by a plateau as the material begins to collapse downwards closing up the

internal pores in the structure. As these pores close completely the compression reaches

the densi�cation zone as the material approaches maximum density. Accurate compression

data should follow the described trend, to allow the mechanical properties of the material

to be calculated.

As well as measuring values of compressive strength the mode of failure can also be as-

sessed from testing. Specimens can bee seen to either fracture or barrel. Specimens that

fracture indicate the porous material to be brittle in nature, with struts easily fractur-

ing when stress is applied. Contrary to this, barrelling indicates ductile failure, with the

material comprising the porous structure deforming outward at the centre but showing

no signi�cant breaking during testing [11, 76, 108, 119]. Using captured stress-strain data

the Young's modulus can additionally be calculated. The gradient of the line relating the

two properties before yield occurs provides a value for the modulus of the material [78,117].
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To date, compression has been used to test a wide variety of porous materials as a method of

direct comparison. Most importantly it has been used as a metric for assessing the quality

of produced porous parts alongside geometric measurements and is a required parameter

in inspection for orthopaedic applications [7, 11, 77, 78, 96, 112, 113, 119�122]. As described

previously compression was used as a measure of part quality with respect to changes in

the inert gas �ow within the machine [11]. Most commonly in orthopaedics compression

testing is used to assess how closely the mechanical properties of the produced porous ma-

terial matches that of existing bone [113].

One study performing this analysis measured �ve AM produced Ti6AL4V cylindrical spec-

imens of two di�erent cellular lattice designs. The �rst design was based on the structure

of a diamond lattice with four struts connecting each node to those surrounding it. The

second used parallel beams, or hatches, spaced 0.1 mm apart and aligned orthogonally

between layers, to produce a repeating lattice. These structures were then tested under

compression at strain rates of 0.5 mm/mm ·min from which stress-strain curves were gen-

erated. Using these curves the 0.2% o�set method, as described in ASTM E9-09, was used

to calculate the compressive yield strength of the structures. Comparing these strength

measurements to previously published values for the mechanical properties of trabecular

bone (compressive strength of 15.2 MPa), it was shown that the diamond structure, with a

compressive strength of 16.1(± 0.4) MPa, closely matched while the cubic lattice structure,

of compressive yield strength of 49.6(± 20.6) MPa, failed to replicate the mechanical values

as closely [113].

Compression testing is an important consideration in the development and application of

AM produced orthopaedic implants, but is not currently measured in manufactured parts,

save for a small number of test specimens, due to the destructive nature. A method of

non-destructively estimating these values would therefore be bene�cial to the metrology of

osseintegrating surfaces.
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Strut Diameter of Porous Material

The �nal property commonly quanti�ed in AM produced porous surfaces is strut diameter.

This refers to the thickness of the interconnecting struts comprising the open cell porous

structure and a�ects other properties such as compressive strength and sti�ness. As strut

diameter is usually a direct result of the build parameters of the AM process, this measure-

ment can be an indication of variation and the e�ect of changes occurring both within the

build and after. Three methods of quantifying this property are currently used with AM

porous structures namely: µ-CT, SEM, and optical image analysis [6, 16,95].

In one study, to validate the accuracy of reconstructed data produced from a µ-CT scans,

strut diameter of a porous structure was measured using both the virtual model and SEM

measurements of the same struts in the specimen. These were both performed using the

manual measurement method i.e. drawing lines on the calibrated image across the width

of struts comprising the porous specimens and measuring the length to produce values for

the diameter. These measurements, along with the pore size measurements previously de-

scribed, were used to measure the e�ect of cleaning and sintering on two porous structures

with di�erent porosities. The measurements of the two techniques both produced values of

187 µm for the modal strut diameter following forty measurements of each sample [95].

Although the established SEM and µ-CT methods of quantifying strut diameter are able

to produce accurate and precise results they are mostly applied using manual techniques

and require specialised equipment to carry out imaging and analysis. Another method that

relies on more widely available equipment and software is based on the automated analysis

of images captured through optical microscopy.

To date only one study on the use of image analysis on additively manufactured porous

material has been carried out. This study focused on quantifying, through local mate-

rial thickness analysis, properties of regular cellular lattice structures manufactured out of

Ti6Ai4V powder with laser based powder bed fusion, designed with a number of combi-
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nations of strut diameter and pore size, ranging from 500�2000 µm for both parameters.

Images of the specimens were captured using a confocal microscope with a pixel resolution

of 5 µm. An image of one of the structures is shown in Figure 2.12 [16].

Figure 2.12 A Regular Porous Lattice Manufactured Using Laser Based AM [16]

Captured images required processing to separate solid and pore areas into black and white

pixels respectively so only the struts comprising the regular lattice were quanti�ed. This

was performed through segmentation in which images were grouped into di�erent structure

types based on their grey-scale value, with darker pixels representing pores becoming black

and lighter pixels in the image representing the struts and nodes of the lattice becoming

white [16].

From the processed image, a maximum diameter �tted circle algorithm was applied to

measure the width of each strut across the entirety of the structure. This measurement

method analyses the image to �t the largest possible circles spanning the width at every

point of the structure to quantify the thickness of the struts down to a precision equal to

the pixel resolution, independent of shape and orientation of the structure [16, 123]. Us-

ing this technique each of the sides of the cubic components were analysed to produce a

distribution of widths of the struts comprising the structure. Faces were divided into two

groups, vertical and horizontal (representing the sides of the cube), and top and bottom

respectively, relative to the direction of building during the AM process. Mean thickness

values for these two sets were then used to compare the relationship between struts built

in the vertical direction and those built in the horizontal direction. This analysis was able

to show measurable di�erences between struts manufactured in di�erent orientations, with
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histograms of the vertical sides of the cubes displaying two distinct peaks, one associated

with the vertical struts, measuring 350 µm and the other the horizontal struts, measur-

ing 575 µm. The two horizontal faces on the other hand, showed only one peak within

the histogram with a mean of 320 µm due to all struts being manufactured in the same

orientation. The image analysis method was therefore able to show that horizontal struts

were produced at thicker dimensions compared with vertical struts as a result of the char-

acteristics of the additive manufacturing process, quantifying geometrical variation within

the part as a result of orientation. Furthermore these variations in strut thickness resulted

in the manufactured test specimens failing to match the nominal dimensions of the input

CAD model, designed to produce struts of 500 µm width [16].

Showing an ability to quantify AM porous structures using image analysis this study was

nevertheless limited to simple regular lattices and did not apply measurements to pore

size. These shortcomings prevent the technique from forming a suitable method for the

inspection and quality control of AM porous surfaces for osseintegrating implant produc-

tion. Image analysis however does show some advantages over the other established pore

size and strut diameter measurement methods in that it is non-destructive, not limited

by the size of the component, does not require specialist equipment or software (using a

confocal microscope, charge-coupled device (CCD) camera and open source image analysis

software, FIJI), and reduces human error through automated algorithms opening up the

ability to rapidly analyse large numbers of components practically, as required for implant

manufacture. The method, while less exhaustive, is also less costly and more rapid than

µ-CT methods [16].

2.2.3 Discussion

The key properties of open cell porous material designed to encourage osseointegration, in-

cluding: porosity, pore size, strut diameter and compressive strength, have been discussed.

The range of methods, systems, and techniques shown in literature to quantify these prop-

erties have been investigated to understand how each property may currently be measured.

The capabilities, bene�ts and detriments of each system has been shown through discus-
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sion of their application in analysing AM built components. These data for the discussed

methods are shown in Figure 2.13.
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Figure 2.13 Summary of Available Methods of Quantifying AM Component Geometries
(Pores and Struts) and Relevant System Features
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From Figure 2.13 it can be seen that the majority of currently implemented techniques, such

as µ-CT require specialist equipment that renders analysis costly and time consuming, and

usually requiring an outside vendor, thereby making it unsuitable or impractical for large

volume measurements. Other methods such as SEM, despite measuring to a high precision,

take large amounts of time to produce results for pore size or strut diameter and currently

use manual measurement techniques. Mercury intrusion is able to produce highly accurate

results but takes time doing so and is destructive, again making it unsuitable. Finally FV

is only able to measure strut diameter, preventing use in analysis of porous orthopaedic

implants. Of the available techniques, image based analysis is both non-destructive and the

least dependent on specialised equipment, only requiring the capturing and processing of

photographs with a su�cient resolution through a microscope or other form of optics. The

algorithmic based analysis may also allow for the automation of measurements, producing

rapid results with minimal scope for human error. This measurement technique therefore

seems like a logical candidate for development of a method to measure large numbers of AM

produced porous components for applications such as variation quanti�cation, but indicates

it has yet to analyse randomised structures such as those described in the previous section,

produce measurements of pore size, or measure non-planar surfaces seen in orthopaedic

implant designs, which add complication to the process.

2.3 Image Analysis for Quanti�cation of Porous Structures

This section examines general requirements and methods of analysing porous materials in

other �elds using image based techniques that may be applied to AM in-growth structures,

and advances that open up its application to in-line metrology. Literature has shown im-

age analysis may be a suitable method for quantifying geometries of osseintegrating porous

surfaces produced through AM however, current research has been limited to a confocal mi-

croscope requiring several images stitched together from which measurements can be taken,

and to performing analysis on a small number of regular lattice structures [16]. Research in

other areas of material science, demonstrating further ways in which image analysis may be

applied, is therefore reviewed. This includes image capturing methods, processing methods,
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and measurement methods for a range of di�erent materials.

Image analysis, also known as photogrammetry, is the study of using photographs to inspect

and measure objects that have been captured by an imaging device [124,125]. Quantifying

structures and objects in this way is applicable to a wide range of 2D image capturing

methods including SEM, optical microscopy, DSLR cameras, and even document scanners.

Image analysis follows the assumption that objects within an image are represented by

connected groups of pixels and that from these groups properties computed in digital ge-

ometry, approximate real world quantities [124]. Based on this assumption, measurements

of objects can be inferred through measurements of images, with transformation between

the two controlled by the scale factor. By treating images as a series of grid points, rep-

resented by pixels, measurements such perimeter, area, thickness, circularity, etc. can be

extracted and subsequently used to determine metrics and properties.

With the addition of a wide range of both open source and commercial software, such

as FIJI, Gwyddion, and MATLAB, capable of automating a variety of image processing

and analysis tools, this method has been able to �nd use in a large number of areas and

applications, opening up new possibilities to analyse porous materials that have previously

been inaccessible [16, 126, 127]. These have included: concrete science, geology and soil

mechanics, porous silicon and semiconductors, membranes, textiles, and pharmaceuticals

[17,120,126�136].

2.3.1 Requirements for Image Analysis Measurements

When designing an image capturing system a number of features and requirements need

to be taken into account for accurate analysis to occur. Firstly, a system must contain the

necessary subsystems in order to successfully capture images suitable for analysis. Several

types of hardware are needed to create a functioning capture system. This hardware and

the photographs it takes must meet certain criteria to allow meaningful information to

be extracted. Image capture must then be followed by image processing to prepare the

objects and structures within for measurement. Processing requires several steps designed

to distinguish objects within the image from each other and the image background, and
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ensure an even and accurate representation of a component.

Imaging Hardware Requirements

Hardware within an image analysis system must include an image former, a radiation con-

verter, a frame grabber, a computer, and image processing software [137]. In the context

of an optical based image analysis system, a set of lenses are used to gather the light into

a shape able to be captured by the converter. Most often in modern digital cameras ra-

diation converters are CCD based, using an array of semiconductors to convert light into

electrical signals based on colour and intensity. These signals are then digitised and stored

as an image that can be read by a computer, using a frame grabber, usually built into

the camera. Finally, using the computer as a platform, image analysis software is used to

perform processing and measurements on the captured images [137].

In addition to the capturing hardware, both the lighting required to illuminate the com-

ponent and the alignment with the camera must be considered. For successful processing

and analysis a bright, even illumination across the surface of the component is required

to contrast it against the background or in the case of porous material between the solid

surface and pores. For the majority of image based measurements back lighting is used to

silhouette the object, outlining geometry. While this is good for measuring simple individ-

ual features, this form of illumination is unsuitable for structures such as porous material

where light cannot pass through. An alternative form of illumination uses highly di�use

light positioned above the object. This allows for a high contrast between surface solids

and deeper pores without causing excessive highlighting of the highly re�ective metal from

which the component is manufactured, that more direct light would promote [138].

Alignment of components to the camera axis is important to the capturing of images for

analysis. Any set-up must ensure that the surface of components align as closely as possible

to the normal axis of the lens to avoid the need for adjustment of perspective in the captured

image [125]. The distance between the camera and the top of the component must also

be selected based on the focal plane (the minimum focusing distance of the lens-camera
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combination), magni�cation, and size of the image required [137].

Image Capturing Requirements

The requirement for high contrast images aims to maximise the minimum resolvable feature

size of the imaging system. This allows the processing methodology to extract structures

from the image at as high a precision as possible. In terms of quality of an imaging sys-

tem this ability to resolve is the truest indication of how capable a system is at extracting

and measuring structures within the image that accurately represent the real world object.

Resolvable feature size is therefore a key metric in determining whether an analysis system

will be suitable for extracting and quantifying geometries [125,137,138].

An additional consideration is the resolution of the camera. Cameras are frequently speci-

�ed in terms of the number of pixels contained within the CCD array capturing the image.

While this indicates the number of points that will comprise the image, it fails to truly

re�ect the resolution of the camera. To know this the area of the CCD must also be taken

into account. For high resolution photography the highest pixel per unit area should be

used to extract the smallest features at the highest accuracy to the real world object [139].

When compared to other pixel of voxel based techniques used in analysis of porous struc-

tures, it can be seen in literature a pixel resolution between 5 and 10 µm is usually selected

to give accurate results when quantifying features in the order of those seen in AM osseoin-

tegrating surfaces.

The �nal consideration for imaging is magni�cation. It might be assumed that the higher

the magni�cation the smaller observable features will be, and therefore should be max-

imised. While this is true, practically magni�cation needs to be selected based on balancing

several factors of the imaging process. Firstly magni�cation must be high enough to be able

to suitably resolve the smallest features being measured. In the case of porous material,

manufactured by laser based AM, pores are usually designed to be between 50 and 400 µm,

but have been produced up to 900 µm [4]. Resolution must therefore be small enough to

represent these features. Additionally the smallest expected variation in the material being
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produced is approximately 15�45 µm, the diameter range of powder particles. Pixel reso-

lution of the camera must be below this value, ideally with multiple pixels representing the

powder sized objects within an image, not just singular points. Magni�cation also has to be

limited to prevent measurement of features far below the expected range. If variations on

the surface of the solid material comprising the porous structure were able to be observed

in detail or pores detected on a smaller scale than the macro pores into which bone grows,

then a large amount of noise would be included in captured images, reducing accuracy of

measurements, and the e�ectiveness of noise �lters during processing, as well as confusing

analysis algorithms. Excessive magni�cation will also result in a small measurement area,

which may give an inaccurate representation of the entire porous material [133]. Magni�ca-

tion must therefore image as large an area of the porous surface as possible while retaining

a reasonable value for resolution of the scaled image.

Image Processing Requirements

Processing aims to separate and �lter the object within an image from the background

to ensure suitability for metrology. Image processing requires several steps to adequately

perform this task on raw photographs [138]. These include:

1. image preprocessing,

2. selection of region of interest,

3. segmentation of objects and background, and

4. �ltration to remove noise.

Image preprocessing is used prior to the main processing steps to improve contrast in the

captured photo by adjusting the intensity values to increase brightness of the solid surfaces

of objects, and to maximise contrast between them and the pore areas. If not already,

images will be converted to 8-bit grey-scale. A region of interest is then selected allowing

for speci�c parts of the image to be analysed, removing unwanted or super�uous areas that

are not required to be measured or may in�uence the accuracy of results. Images are then

segmented. This process converts the grey-scale images (with pixel intensity values between
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0 and 255 for black and white respectively) from the camera into binary images (with pixel

values 0 or 255) with the object usually in white and the background in black. Finally

the binary images are �ltered to remove noise caused by errors in the image capturing

process and variation in lighting intensity caused by the uneven texture of the component

or material [138].

2.3.2 Image Analysis of Non-Additively Manufactured Porous Materials

Analysis of a range of materials manufactured using di�erent methods have been investi-

gated in previous studies. The majority of image analysis has focused on measuring thin

membranes, sca�olds, and rock at both the micro and nano scale. Image analysis, whilst

suitable for a range of input types, has primarily been applied to 2D SEM measurements

due to the scale of the materials being measured, though some applications have used op-

tical images in both the visible light and UV spectrum, and even a document scanner.

Almost all methods of analysing porous materials began with the acquisition of 8-bit grey-

scale images possessing intensity values from 0�255, with higher values in the range in-

dicating brighter areas of the image, usually taken as the solid surface of the material,

and darker areas indicating the locations of pores. Images were then segmented, or bi-

narised using either fuzzy logic, region growing, or most commonly, thresholding of the

histogram [17, 120, 126�136]. Preprocessing in many studies also included the removal of

noise. This was carried out using a median �lter, opening and closing morphologies, or in

some instances an area cut o�, removing any objects smaller than 1% the size of the largest

pore [17,127,132,134,134].

Pore Size Distribution Quanti�cation Using Image Analysis

The most common measurement used in image analysis studies was pore size distribution,

allowing the variation in the porous structures to be quanti�ed to either predict behaviour

or monitor manufacturing processes. While most size distribution methods simply divided

measured pore diameter into ranges and investigated the associated histograms, in some
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cases more speci�c measurements of direction dependent distribution were investigated.

One study quanti�ed pore size distribution with respect to the Z-axis in four di�erent pa-

per products. Fifteen images of sections through the paper product, using �ve sub-regions,

as in Figure 2.14, determined the relation between the area of pores and their location [135].

Figure 2.14 Measurements Made Using Image Analysis to Quantify Pore Size With Re-
spect to Depth in a Sheet of Paper [135]

This study captured images using an SEM at 500X magni�cation and a resolution of 0.23

µm. Images were binarised to represent pores within the paper as black and the remainder

of the material as white. Pore size was then measured though counting the pixel area

and the central Z-height calculated. Analysis of the pore size was able to show signi�cant

di�erences in the distribution between the four paper types dependent on their methods

of production, with the highest pore volume fraction 4.47%, and the lowest 3.11%. The

pore size with respect to Z-height was also related to the surface roughness of the paper,

discussed in detail later in the section [135].

In other cases, pore size, as with AM produced lattices previously discussed, was quan-

ti�ed using local thickness analysis. A version of this method was used in quantifying

the thickness of pores within a membrane used in waste water treatment after attach-

ment of a biofouling layer in order to develop a non-destructive method to replace existing

techniques [126]. This analysis allowed for a near continuous histogram to be produced,

displaying the entire range and frequency of pores size measurements taken from images
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captured using confocal laser scanning microscopy (CSLM) that had been thresholded.

This analysis is shown in Figure 2.15 [126,140].

Figure 2.15 Left: Binarised Image of a Biofouling Layer in Waste Water, Right: Algo-
rithmic Pore Thickness Analysis [126]

Figure 2.15 shows both the starting binarised image, with pores in white and all other

material in black, and the local thickness analysis of this image with circles �tted within

the structure to quantify the size of pores.

From these histogram measurements the di�erence in pore size distribution of two di�erent

depths of the biofouling layer were quanti�ed with the 5.5 µm deep layer showing a wider

range of pore sizes, between 0.47 (the minimum resolution of the imaging method) and 29

µm and the 19 µm layer showing a range of 0.47�15.2 µm. The analysis of such structures,

while below the resolution required for analysing AM porous surfaces, demonstrates the

capability of local thickness analysis to measure complex geometries independent of shape

and orientation such as required in randomised orthopaedic coatings [126].

One study went on to quantify the shape of individual pores allowing classi�cation as one of

three di�erent types, pores, channels, or �ssures, based on their eccentricity and perimeter

length. Images of resin impregnated and polished soil samples were imaged using a CCD

based camera and UV illumination at a resolution down to 10 µm. By plotting the two
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measured shape properties against one another, correlation between pores belonging to

each type were observed, allowing for categorisation. Additionally classi�cation was applied

through morphological analysis in which the skeleton of each pore (a reduction in thickness

down to a single pixel, describing the fundamental shape of the object) was found. From

this basic shape, the pore could be classi�ed as one of the three types [136].

Porosity Quanti�cation Using Image Analysis

Porosity, the ratio of pore area to background material area, was often used as a method

of quantifying materials [120, 126, 127, 130, 131, 133]. Whilst most work in this area sim-

ply produced an overall percentage for porosity of the component being analysed, concrete

pavements were investigated for the local distribution of porosity in the Z direction for

di�erent mix types. Analysis of each mix used six cylindrical specimens, cut in half and

individually imaged through scans of the �at surface, twelve times in total, which were then

segmented via thresholding as in Figure 2.16 [129].

Figure 2.16 Scanned and Processed Image of Porous Concrete to be Used in Image Anal-
ysis of Pores [129]

To measure the porosity with respect to depth the ratio of black and white pixels in each

line of the image was calculated. Line ratios were combined into subgroups to create a more

representative sample for porosity. Analysis was able to demonstrate that all specimens,
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independent of mix, showed much higher porosities close to the bottom of the cement

column, followed by a gradual reduction in porosity through the middle of the specimen

until sharply increasing again as the depth approached 0 cm [129].

Relation and Estimation of Properties Using Image Analysis Measurements

Image analysis was used in some studies to relate measurements made by geometric quan-

ti�cation of pores to other functional properties of the material. While all measurements

of materials were made due to the fact pores play key roles in the behaviour of these

substances, and the majority of studies compared developed techniques to existing pore

analysis methodologies, investigations in paper, sandstone, and semiconductors used ac-

quired values to either relate to or estimate non-geometric properties [17,132,134,135].

For analysis of the porous properties of paper, described earlier, the study investigated the

relation between the pore area fractions, i.e. the amount of pore space compared to the

entire image of the specimen, to the roughness of the surface. The study, through use of

image analysis, was able to demonstrate a positive linear correlation between the number

of pores in the top most layer of the measured sample and the roughness at the surface for

all four tested paper types [135].

An investigation into the pores within sandstone involved quantifying the cross-sectional

area and perimeter of individual openings. These two values, determined by image analysis

of polished samples, were used in the prediction of permeability of the rock. Images were

captured via SEM at a resolution of 6 µm, to measure pores in a range of 20�80 µm and

thresholded to separate pores and solid surfaces. By measuring the values across a large

area of the material, a reasonable value for permeability was obtained without need for

standard experimental or destructive testing [17]. Experimentally measured permeability

was found to be within a factor of 2 of the value predicted via image analysis based calcu-

lations [17].

Finally image analysis was applied to the relationship between pore size and manufacturing
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parameters of gallium nitride semiconductors. Two di�erent parameters for current density

used during the etching of porous semiconductors, 50 and 75 mA cm−2, were investigated in

the study alongside an as-grown specimen for control. For each of the samples manufactured

at the three values, image analysis was used to quantify the pore size distribution, i.e. how

many pores of each size within a range were produced during the fabrication process,

captured using SEM. These distributions were then used to relate the number of pores,

porosity, and pore size within the material to the changing parameters for current density,

to better understand and control the manufacturing process [132]. The analysis showed an

increased current density to increase the porosity of the etched material measuring values

of <2, 24 and 51% for the unetched, 50, and 75 mA cm−2 specimens respectively. The

modal pore size was also shown to increase with current density from 100 to 250 and then

to 600 nm, detectable via the image analysis [132].

2.3.3 Alternative Methods of Image Analysis

Having described the most signi�cant methods for quantifying objects and structures within

images some more complex and recently developed tools, potentially suitable for the ap-

plication of quantifying the structural shape of porous material are presented. The two

methods, machine learning via neural networks and image decomposition, may be applied

to the classi�cation of porous objects, in particular the design or manufactured shape, to

allow variation over time to be tracked with respect to the material output. By assigning

values to the shape of a porous material, two or more components could be compared for

di�erences in their geometry that simpler measurement techniques would not be able to

demonstrate.

Machine Learning for Image Metrology

A method of image classi�cation that has grown in popularity is machine learning through

the application of arti�cial neural networks. Neural networks are systems that are designed,

atleast partially, to replicate the behaviour of biological brains in that they pass informa-

tion between di�erent groups of `neurons'. Neurons in the sense of neural networks simply

transform or process the data they receive in a speci�ed way, dependent on the required
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task, and send it to the next set of neurons. Di�erent neuron groups can be designed to

interact in di�erent ways, processing the data they are presented with so as to preform

operations more complex then an individual neuron could achieve [141,142].

One of the most fundamental bene�ts of neural networks is their capacity for learning.

Neural networks can be taught over time to recognise and classify speci�c objects within

images and perform complex tasks with reduced error and rejection of variation in images

compared to standard techniques [141, 142]. In terms of application to analysis of porous

material, neural networks could in principal be taught the ideal design and shape that a

manufactured components should take. It could then compare specimens being inspected

with this ideal form and quantify errors, potentially in more depth than algorithmic analy-

sis alone. Neural networks are additionally capable of intelligently segmenting and �ltering

images to more accurately represent the object being imaged than existing algorithmic

based methods [141,142].

Although incredibly powerful tools applied in a wide range of �elds, including image pro-

cessing and analysis, neural networks show most suitability when applied to object recogni-

tion in complex images taken in unpredictable conditions, with altering light and contrast.

For the purposes of analysing porous components, that would be captured in controlled

and consistent conditions during the inspection process, the additional complexity and

analysing power that a neural network would introduce would be redundant compared to

use of existing or more simple methods.

Image Decomposition and Moments Descriptors for Metrology

Image decomposition allows images to be deconstructed to the most fundamental shapes

comprising the objects and structures within, known as moment descriptors. When analysing

1D signals or polynomials, it is possible to use techniques such as Fourier transforms to

break down the waveform into simpler components such as sine waves of di�erent fre-

quencies. These sine waves represent the most fundamental shapes available comprising

a waveform and, through their superposition, the original signal can be recreated. By
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interpreting images as 2D signals, similar techniques can be used to describe the shapes

of structures within using fundamental 2D polynomial shapes, i.e. the moment descrip-

tors. These shapes are assigned weighting depending on how prominently they describe the

shapes within an image. This weighting can subsequently be used to classify the funda-

mental shape of an object for recognition purposes [143�146]. Example moment descriptors

used in image decomposition are shown in Figure 2.17.

Figure 2.17 The First Twelve Fundamental Moment Descriptors Used in Image Decom-
position, Adapted from [146]

Theoretically, each individual image of a porous structure should have di�erent weightings

applied to each moment. By comparing the histogram showing the weightings of each

moment, the similarity, particularly of identically designed materials, can be assessed and

quanti�ed to measure the variation in the structure. Additionally moments can be used for

existing image processing and analysis tasks such as edge and corner detection, and seg-

mentation [145,147]. A number of di�erent methods for calculating moments are available

however the two most common used in image analysis are Tchebichef and Zernike. Whilst

both capable of producing moment descriptors for images, Zernike describes moments in

polar coordinates, limiting the application to circular areas without additional projection

to a rectangular �eld, [146]. Tchebichef on the other hand is better suited to rectangular

image shapes, using Cartesian coordinates to describe moment shapes [143�145].

Although image decomposition may show potential for the comparison of structures within

images such as those of porous material, the application of the process, compared to other

64



existing methods is relatively complex. For intricate shapes, like those of the solid surface

within porous components, large numbers of moments would be created as a result of the

decomposition. Having such a large number of descriptors would make direct comparison

between porous components di�cult, requiring a large amount of processing and investiga-

tion of the data. It is also not known if this analysis would produce meaningful di�erences

between samples varying by the small amount seen in AM porous material any more than

the simpler methods of measurement previously described.

2.3.4 Discussion

Review of the current literature has outlined the requirements for an image based analysis

system in terms of required hardware, image processing, and methods of producing mea-

surements. Most image analysis described in the literature used grey-scale images that were

subsequently binarised to black and white using techniques such as thresholding. Although

many measurement methods were then applied to these binarised images, algorithmic local

thickness in particular was shown to automatically quantify complex shapes in there en-

tirety. CCD based camera technology has been shown to approach the range of resolution

used in porous AM analysis, with images possessing pixel sizes of 10 µm, indicating suit-

ability for metrology.

The application of image analysis in the study of quantifying a range of porous material has

also been presented. These materials presented a wide range of geometries and scales imaged

by a range of methods including SEM, optical microscopy, and scanning systems. Image

analysis allows standardisation of measurement methods and opens up new avenues such

as quantifying additional properties and predicting functional properties of materials that

other techniques have not yet applied to AM. These measurements can be carried out in a

non-contact, non-destructive way, allowing for use with fragile materials and in-line quality

control of components. Currently this method has been applied to small scale measurements

of simple AM porous lattices, using local thickness analysis to measure the di�erences in

strut thickness compared with expected output of the manufacturing processes. In addition

to simply quantifying components in this way, image analysis has also shown use in process
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control, property estimation, and localised measurements. These additional techniques may

therefore be used to expand the options available when analysing porous AM surfaces and

production methods.
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3 Materials and Methods

This chapter describes the materials and methods used in experimentation throughout the

course of this work. This covers the theory of AM porous component design and generation,

test specimen design and machine input data generation, manufacturing equipment and

operation, methods of additively manufacturing test specimens, post processing, specimen

test methods, statistical test methods, and software development and application.

3.1 Additive Manufacturing Design Generation

Before additive manufacturing can take place input data representing the required design

and melting locations for the components, must be generated. For a Realizer SLM machine,

as used in this study, this is in the form of a propriety F&S (Fockele & Schwarze) �le. Input

data generation for porous and solid parts of the component, starts with two separate CAD

models, produced in the design software Creo Parametric (PTC, US), converted to the STL

�le format. Following creation of these models, porous and solid manufactured material

requires di�erent methods of correctly producing the data used by the AM process.

Porous Material Generation

Porous production requires a design to be generated, suitable for input into the AM ma-

chine. This is performed using a unit cell approach as described in literature to produce a

repeating structure with adjustable geometry [2, 7, 47].

Unit cells represent cubic volumes that can be placed in a 3D array and be manipulated

individually or as a group, using speci�ed conditions to produce the required porous struc-

ture. In this way the design process can be simpli�ed and automated whilst still enabling

overall complexity in the �nal product. Unit cell based porous materials can be produced

from simple geometries placed inside each unit cell that although individually unremarkable,
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when linked together produce a complex structure with properties suitable for advanced

engineering applications. When generating a design, unit cells must be placed adjacent to

one another to produce a continuous regular structure. The alignment of cells, as shown in

Figure 3.1, is required to use this regular adjacency to ensure the design produced for the

porous material is continuous.

Figure 3.1 Adjacency constraints of Patterned Unit Cell Arrays with Coloured Faces
Showing Required Placement, Adapted from [47]

As well as adjacency in the unit cells, the basic shape in each cell comprising the porous

structure, must also allow for continuity in the material, usually connecting at the edges or

corners of the cube. This ensures a successful design will be generated independent of the

component shape or cell size used.

Designing structures in this way allows for the individual shapes within the unit cells to be

altered using simple rules, through processes such as randomisation that go on to a�ect the

porous material as a whole. Manipulating the fundamental data in the design of a porous

material opens up more freedom in controlling the overall geometry and the properties of

the produced AM component.

As mentioned previously the overall shape of the porous part of a component comes from an
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STL �le produced from a CAD model. Bespoke software, Conformal Surfaces (University

of Liverpool, GB) is able to read in STL �les and introduce the porous structure design

in the required volume . To do this the model is �rstly populated with cubic unit cells

of a speci�ed side length. Unit cells are generated to completely envelop the component

volume in a regular box shaped 3D array. The side length of the cells directly controls the

porosity of the �nal structure by increasing or decreasing the size of the populated shape

that comprises the �nal porous design. Smaller cells therefore create denser material and

larger cells, a more open structure. The unit cell array is then populated with octahedral

shapes, as shown in Figure 3.2, comprised of eight corner nodes and a centre node connected

together with line vectors that will become the struts of the porous material during AM

production [47, 148]. The shapes are connected at the corners of each cell to produce a

continuous structure, as required by the principles of the design method.

Figure 3.2 Left: Schematic of a Single Octahedral Shape Used in Porous Material Gener-
ation, Right: CAD Model of Single Octahedral Shape [148]

The octahedral shapes can the be manipulated to produce the desired properties for the
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component, primarily through randomisation [7]. Porous material randomisation increases

anisotropy of the structure to better resist directional compression and emulate the archi-

tecture of human trabecular bone. Randomisation is performed by moving each node in the

octahedral shape in the X, Y, and Z directions, as in Figure 3.3, by a de�ned percentage

of the unit cell length.

Figure 3.3 Cartesian Limits of the Nodes Forming an Octahedral Shape During the Ran-
domisation Process, Adapted from [47]

The maximum randomisation distance is de�ned by the user, with the translation values for

each node generated through use of a pseudo random number generator. By using pseudo

random number generators as opposed to truly random number generators, porous designs

for speci�c components are able to be identically recreated at any time. Pseudo random

generators use a random seed as a basis to control the output numbers, with each seed

value producing a unique set. The random seed method allows for a pseudo random list of

numbers to be generated that, while appearing to be random from one value to the next,

actually creates an identical set each time the same random seed is used. Each number in
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the generated list controls the movement in one direction of a single node within the gen-

erated unit cell array. These numbers determine the proportion of the maximum allowable

randomisation distance the node will be moved in Cartesian space, with nodes translated

positively or negatively in X, Y, and Z. The use of a di�erent seed value or a di�erent

starting CAD model therefore creates a completely di�erent set of numbers, resulting in

completely di�erent node locations in the generated porous design.

The initial use of a box shaped array of unit cells to produce the porous design means the

structure does not match the required component shape. Therefore, after randomisation of

the node locations, the structure is clipped to conform to the surface of the original STL

model. Clipping removes the struts and nodes from unit cells outside the surface of the input

STL model. The nodes contained in unit cells overlapping the surface of the component

are then moved closer to the surface of the STL, either raised or lowered depending on if

they are inside or outside the model, and vectors connected between them and the existing

structure. This ensures the surface of the porous structure design matches, as closely as

possible, the STL input into the software. This process also adds in extra vectors on the

surface of the structure to prevent manufacture of struts, attached at only one end to the

rest of the component, that could easily break o� during handling. This process is shown

in Figure 3.4 [47].

Figure 3.4 Left: Porous Structure Generated Prior to Conformal Clipping, Right: Porous
Structure Following Clipping, adapted from [47]
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After the structure has been fully generated it is then sliced to allow for use in the layer-wise

AM process. Slicing creates planes representing the material locations to be melted by the

laser during manufacturing. Where strut vectors or nodes intersect with slice planes, points

are placed to create a 2D array of coordinates representing the design of the porous struc-

ture for that manufacturing layer, using the F&S �le format, in which XY coordinate laser

pathways and build parameter data is stored layer-wise. These 2D arrays are stacked to

produce a point cloud, representing the design of the generated porous structure. Handling

the data in this way allows for properties of the manufactured porous material, such as

strut thickness and pore size, to be controlled by the manufacturing properties of the AM

machine as opposed to representing each part of the structure with a 2D cross-section, as

with solid material. Use of the point cloud therefore reduces the use of data in representing

the porous structure which is vital in larger, more complex components.

Solid Material Generation

Solid AM components are produced at near net shape and, as with the porous part of

the component, begin as STL �les exported from the CAD design software. This STL

model is then imported into the Realizer software (Realizer, DE) where it is sliced to create

cross-sections from which the laser pathways are generated, with internal hatch lines and

a bounding perimeter scan. A material �le is also assigned that dictates the values of the

various parameters used in melting material. This material �le controls the process param-

eters for the solid, porous, and support material types. For arrays of multiple components

requiring di�erent manufacturing parameters, a unique material �le is required for each one.

Before manufacture, supports are also added to the base and overhanging geometries of

the STL �les, using Magics (Materialise, BE). This software automatically selects surfaces

that require supporting and exports a �le containing the necessary supports, to be placed

on the component during manufacture. To accommodate these supports, components were

designed to begin manufacture at a Z-height of 3 mm. Between this height and the start

of the build, the supports were manufactured to allow for components to be removed form
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the build plate after production was complete. 3 mm was selected so supports could be

easily removed from the components, without unnecessarily increasing the height of the

build. The type of support used is selected depending on the geometry of the component,

with custom and additional supports, neglected by the algorithms in Magics, generated

as required by the user. For the majority of components used in this study, block type

supports were applied, consisting of arrays of horizontal and vertical lines that provided

suitable adhesion to the plate during production. As with the other material types supports

are also sliced to match the required layer thickness and output in the F&S format.

Combined Solid and Porous Material

For many test specimens both solid and porous were required to be built concurrently within

the same component. For this, the solid and porous parts of the component are designed

as separate CAD models that overlap at any porous-solid interfaces by 200 µm. The two

parts of the component are treated separately, as described above, when generating the

di�erent material types. After slicing both the porous and solid parts to produce F&S �les,

the two parts are brought together in the Realizer software and merged into a single model,

along with the supports. The two models must be aligned correctly when generating the

base STLs to ensure the two parts match up during �nal part merging. This is performed

by designing the parts using the same coordinate system that, when used to align the

two models in the �nal assembly, places the porous and solid parts in the correct location

relative to one another.

3.2 Test Specimen Design

For the studies later described, several di�erent types of test specimen were required for

imaging, compression, and porosity measurements. All types of specimens were designed to

meet relevant standards, �t the required apparatus, and be manufacturable via laser based

AM.
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3.2.1 Imaging Test Specimen Design

To facilitate imaging, samples with large areas of easily viewed porous material, with enough

strength to be repeatedly handled and the ability to be consistently located and orientated

in a jig, were created. Imaging specimens were divided into two types, planar (�at surfaces)

and non-planar (curved surfaces). Each specimen consisted of a solid substrate either

enclosing or coated with porous material, and relevant alignment surfaces.

Planar Specimen Design

Planar specimens were used to develop the process of image analysis used to measure the

porous material and the method for accurately locating samples. Following this the samples

were also used for investigating variation of the AM build process via the imaging system,

and for measuring porosity of the built porous structure manufactured under di�erent

conditions. Samples were designed as 5 mm thick, 20 x 20 mm �at blocks of porous

material, generated using a unit cell size of 600 µm and randomisation of 30%, surrounded

by a 1 mm wall of solid material, as shown in Figure 3.5.

Figure 3.5 Planar Porous Sample Containing AM Material for Use in Photogrammetric
Analysis

A small square was included on one side of the porous block to act as a �ducial marker to

allow for consistent orientation of the specimen. A drawing of the specimen is shown in
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Figure 3.6.

Figure 3.6 Drawing of a Planar AM Specimen Showing Key Dimensions (Dimensions,
mm)

By manufacturing planar specimens following this design, a �at surface was produced to

simplify capturing images of the porous material, with minimal lighting inconsistencies and

no parts of the specimen falling outside the depth of �eld of the camera. The surrounding

solid wall provided strength to the component without interfering with the porous material

and allows for supports to be attached to the part without risk of damaging the porous

structure itself. Additionally the solid border provides a straight, rigid shape suitable for

alignment of the part in a jig and for identi�cation to placed on the top surface. This

identi�cation followed the form BαXβYγ, with α, β, and γ representing the build number

and XY coordinates of the part location on the plate respectively. In all 204 of these spec-

imens were manufactured, with four initial specimens being used for system development

and validation, �ve sets of 25 used for process variation analysis, two sets of 25 used to

determine minimum measurable power change and a single set of 25 being used to quantify

the e�ect of power change on porous geometry and mechanical properties of components.

Non-Planar Specimen Design

Non-planar specimens were designed to duplicate the most common surface shapes found

in orthopaedic implant designs and were used to improve the image analysis system suit-

ability to measure commercial components. Specimens were each designed to represent a

di�erent typical 3D shape an orthopaedic component could be and provide a representative

porous surface for measurement via a CMM (Coordinate Measuring Machine) and image
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analysis. Specimens included: cylinders of three di�erent diameters (10, 25, and 45 mm),

two hemispheres (a dome and cup both 50 mm in diameter), and a cone (height 30 mm).

Each specimen had a 1.5 mm porous coating on the surface generated with a unit cell size of

600 µm and randomisation of 30%, with a 3 mm solid substrate (0.2 mm overlap included.

Additional design requirements of the specimens included:

� being mountable on a CMM base,

� markers to orientate the specimen the same direction every time an image is captured,

� being manufacturable by AM, and

� surfaces for the CMM touch probe to orientate the coordinate axis in X, Y, and Z

directions.

To achieve this, non-planar specimens were designed with �at sides at the base that provided

space for the CMM touch probe during coordinate calibration and a surface to locate the

part in a mount. The solid substrate underneath the porous coating acted as a suitable base

that the porous coating could be built on and supports could attach to. Finally, a �ducial

marker in the form of a notch or solid square on one side of part ful�lled the requirement for

consistent orientation. A cross-section of one specimen and an image of the manufactured

components showing the described designs are shown in Figure 3.7.
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Figure 3.7 Top: Cross-Section Drawing of a Conical Specimen (Dimensions, mm), Bottom:
Non-Planar Specimens Used in Development of Non-planar Photogrammetric Analysis

The three cylindrical specimens produced had markings added indicating their nominal sur-

face diameter for ease of identi�cation and were manufactured normal to the build plate,

with the porous surface coating the sides. All other specimens were manufactured with the

porous surface facing the positive Z-direction, being built onto underlying solid material.

In addition to the fabricated test specimens, mounts designed to attach to a CMM base

table to allow imaging of the whole surface of the porous material, were manufactured using

Fused Deposition Modelling (FDM). The base of each of the manufactured specimens �tted

into these mounts, produced for each individual component, allowing access to the whole
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porous surface for both the CMM touch probe and the mounted camera. For the purposes of

coordinate system alignment the �at sides of the non-planar specimens were still accessible

by the touch probe. An image and drawing of one of the mounts is shown in Figure 3.8.

Figure 3.8 Top: Drawing of a Mount Design for CMM Measurement of a Conical Porous
Specimen (Dimensions, mm), Bottom: FDMManufactured Mount and Fitted Porous Spec-
imen

The design of the specimen mount allowed for each component to be accurately located

on the CMM even with removal and replacement. The orientation marker ensured the

specimen was located at the correct angle so as to prevent inaccurate imaging of the porous

surface. The low height of the mount walls surrounding the specimen ensured the surface

was not obscured from the CMM mounted camera and as much of the porous coating was

visible as possible.
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3.2.2 Compression Test Specimens

For compressive testing of porous material speci�c specimen designs were required. These

specimens were designed to �t both the compressive test machine and comply with the

ASTM E9-09 standard, 'Compression Testing of Metals' [117]. Specimens consisted solely

of a cylinder of 30% randomised porous material with a unit cell size of 600 µm, as shown

in Figure 3.9, to match the porous material coatings of other specimens manufactured for

this study and previous research [2].

Figure 3.9 Compression Specimen Used in Compression of AM Porous Material (Dimen-
sions, mm)

Samples were attached to the build plate using a spiral ribbon support to keep the base of

the specimen as �at as possible, as required by ASTM E9-09, and prevent damage to the

bottom surface during removal. The design of the custom support, created in Magics, is

shown in Figure 3.10.
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Figure 3.10 Support Design Used in Manufacture of Compression Specimens

This design allows for the porous material to be su�ciently supported whilst minimising the

amount of material bonded to the base of the porous specimen that, when removed, may

cause unwanted defects. Since the porous specimens could not be individually marked for

identi�cation as this would a�ect values for compressive strength, each part was placed in

an individual sample bags marked with the specimen number and plate location to ensure

traceability. In total 25 test specimens were manufactured in the same build, in the same

locations as the 25 planar porous specimens sets.

3.3 Manufacturing Equipment

To manufacture the specimens described a Realizer Selective Laser Melting (SLM)250 ad-

ditive layer manufacturing machine (MCP Tooling Technologies, GB) was employed. This

machine uses a high power laser to melt metallic powder speci�ed to have an average sphere

diameter of 45 µm. This method of manufacturing is based on the deposition of 50 µm

thin layers of metallic powder onto a substrate followed by melting of cross sections of the

digitally sliced 3D component model. Subsequent layers are melted on to one another until

a complete part is created, matching the net shape of the input CAD model. A schematic

showing the key systems of the metallic powder bed layer machine used in this study is

shown in Figure 3.11.
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Figure 3.11 Layout of the Laser Based Powder Bed Fusion Machine [47]

The Realizer machine is formed from several subsystems placed around a central cham-

ber in which the melting process takes place. During manufacturing this build chamber is

kept in an inert argon atmosphere, below 0.3% oxygen and pressurised to 10�13 mbar, for

both safety and to reduce oxidation of material. This atmosphere is continuously �ltered

to remove vaporised material that would otherwise condense on the optics and the other

surfaces of the chamber producing pyrophoric particles, and attenuating the power of the

laser beam. This system consists of a pump to circulate the gas, and a set of two �lters,

the �rst removing large contaminants (down to 1 µm), and the second, smaller contami-

nants, down to at least 0.3 µm. Additionally the in�ow and out�ow of gas into the chamber

is controlled by two manifolds, ensuring consistent and even velocity across the powder bed.

In the centre of the build chamber is a piston that moves in the Z-direction. Screwed onto

this piston at two corners is a �at plate manufactured from a material closely matching
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the selected powder, in the case of this study from CpTi. The plate is 250 x 250 mm in

size, making this the maximum allowable build area in the X and Y direction. The vertical

movement of the piston is limited to 200 mm, again making this the maximum allowable

height of component however, this is further limited for other reasons in practice such as

powder supply. The plate is where powder to be melted is deposited using a mobile deposi-

tor system. This move places piles of powder across the width of the plate at one end, then

uses a silicone rubber cord to wipe the pile across. This produces the thin, even powder

layers required for the AM process.

To melt material a continuous wave ytterbium �bre laser (IPG Photonics, US) with a

wavelength of 1070 nm and maximum power output of 200 W is directed onto the metallic

powder bed to melt the particles into a continuous solid material. The laser is passed

through optics that control the spot size and the location of melting on the powder bed.

The optics consist of a collimator, two mirrors, and a f-theta lens set. The collimator is

used to adjust focus of the laser beam by changing the distance between two convex lenses,

varying the diameter of the beam as it passes through the machine and ultimately the size

of the spot the laser forms on the powder bed. To control the location of the laser spot on

the powder bed the two mirrors act in unison to alter the XY position, controlled by fast

moving galvonometers. The f-theta consists of a set of lenses that alters the focus of the

beam from parabolic to a �at plane to coincide with the powder bed, adjusting the focus

length with respect to the XY position.

3.3.1 Additive Manufacturing Process

The production cycle of the AM process requires several steps before it can be initialised

and melting undertaken. To begin with, after attachment of the metal plate to the piston,

the plate requires levelling. This ensures all powder deposited is placed at the correct Z-

height and lines up with the wiper to produce even, �at beds. It also ensures the melting

process began with the plate at a Z-height as close to 0 µm as possible so parts bonded

from the �rst layer onwards. Following this the optics into the chamber require thorough

cleaning to remove any contaminants that may obstruct the beam using pure ethanol and
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�bre free wipes. The chamber is then sealed to prevent in�ow of oxygen into the system

during manufacturing and argon introduced. The layer-wise LPBF process is then carried

out until all required components are manufactured.

Unused powder was removed from around the component and sieved through an 80 µm

aperture mesh to extract contaminants and sintered particles, to be used in future builds.

Components were then carefully removed from the build plate using a hammer and chisel

to break supports. Any remaining supports were broken o� the components, that were

then taken for post processing.

3.3.2 Post Processing of Porous AM Components

Following laser melting, all components required post processing to remove powder remain-

ing inside the porous material and lightly sintered on particles that could become detached

during handling and experimentation. Porous can retain powder internally due to the ran-

dom, complex, and narrow pore network of the structure. To remove this, prior to removal

of components, the build plates were placed upside down and the reverse side hammered

to dislodge the loose powder which was then discarded.

After removal from the plate parts are then sonicated using a Kerry Ultrasonic Bath

(Guyson, GB) in distilled water for 30 minutes at 60 ◦C, to remove lightly sintered on

powder from the surface, then left to dry completely in air.

3.3.3 Machine Power Validation

Prior to experimentation the AM machine was validated to calibrate power output by the

laser at the bed of the chamber. To perform these measurements a laser power meter,

Fit 200-H(LaserPoint, IT), was placed centrally at the base of the build chamber and the

beam aligned to strike the measurement surface. The laser was defocused to the limit

of the Realizer machine to prevent localised heating of the power meter that have may

caused damage. Measurements were then taken by exposing the laser at the meter, heating

the detecting surface until a steady state temperature was reached, as indicated by the
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apparatus. The device then converted these temperature measurements to a value for

power in Watts. Measurements of true laser power were plotted against selected values

at intervals of 10 W to determine the error in output between 20 an 200 W. Between

measurements the beam dump was allowed to cool before testing the next power level.

Measurements recorded are shown in Figure 3.12.

Figure 3.12 Comparison Between Selected Beam Powers and Measured Beam Powers at
the Bed of the Build Chamber

Measurements showed laser power at the bed to be lower than the power set as the output.

As set power increased up to 200 W, the absolute error between actual beam measurements

and those expected increased with a maximum error of 22.5 W however, at these higher

values the error in power was lower in terms of percentage di�erence between desired and

measured output.

3.4 Test Specimen Manufacture

Specimens required for experimentation and measurement of properties were created from

either solid material, porous material, or a combination of both that altered the speci�c

manufacturing method accordingly. All specimens were manufactured using Grade 1 Com-
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mercially Pure Titanium (CpTi), processed by the Realizer SLM 250 machine.

3.4.1 Solid Material Specimen Manufacture

Solid specimens were formed of near fully dense material melted by the laser beam and

closely resembling subtractively machined components. Solid material was used in con-

junction with porous material to provide strength during handling and prevent thin porous

structures from breaking.

During processing solid material cross sections were created through the melting of single

tracks overlapped with one another, referred to as hatches. Each hatch line was in turn

produced from a number of points that linked together to form the track. The geometry

and laser settings used to produce these hatches can be adjusted and are optimised to

produce material as close to 100% dense as possible. Following melting of solid material

a border was added around the component using parameters optimised for surface �nish

quality. The geometric parameters and design of hatching pathways are shown in Figure

3.13.

Figure 3.13 Geometric Parameters Used in Manufacturing of Solid AM Material

Point distance controlls the distance between individual points within the melt track form-
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ing the hatch line. The spacing between the centres of hatch lines are dictated by the

parameter for hatch distance. The hatch o�set was set to a value to allow room for the

contour scan, with slight overlap between the two. The boundary o�set value is selected

so as to ensure the outside edge of the boundary scan matches the required location of

the surface of the component. Additional parameters controll the energy density of the

laser spot with power setting the output of the laser, exposure time dictating the length

of time the laser spot stayed at each point in a hatch line and focus o�set controlling the

size of the laser spot. The laser spot size, set at 51.6 µm, is de�ned as the diameter in

which 86% of the Gaussian distribution of beam energy lies, between points of 1/e2 the

peak intensity value [149]. Parameters used for the production of internal solid material

and the outer boundary are shown in Table 3.1. All solid material used in experimentation

was manufactured using these parameters.

Table 3.1 Machine Parameters Used in Manufacturing Solid AM CpTi Material

Manufacturing Value (Hatching) Value (Boundary)
Parameter
Power (W) 180 200

Exposure Time (µs) 50 325
Point Distance (µm) 70 150
Hatch Spacing (µm) 100 -
Boundary O�set (µm) 50 -
Hatch O�set (µm) 50 -
Focus O�set (µm) 1533 1593

Between layers the direction of hatching was altered by 90° reducing residual stress relative

to melting identically orientated hatches each layer, preventing the likelihood of deformation

[47].

3.4.2 Porous Specimens Manufacture

Unlike the hatching regime used for solid material melting, porous production uses single

point exposures of the laser at each of the locations in the 3D array generated by the

Conformal Surfaces software. At each layer the laser was directed to the point locations

of the corresponding slice to melt a pool of material which then solidi�ed and fused to the
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underlying part to form the individual struts comprised of the solid phase that forms the

porous structure, as shown in Figure 3.14.

Figure 3.14 Layer-wise Layout of Melt Pools Comprising AMManufactured Struts Within
a Porous Material

The location of pools of material in the XY plane are dependent on the angle of the struts

and the number of pools in each strut, a result of the unit cell size used in generating the

material, determined during the design phase of the material. As a result of the point wise

nature of the process, depending on manufacturing parameters struts below certain angles

from the XY plane fail to build, with melt pools unable to fuse together due to excessive

separation.

Melting parameters directly control the geometry of the produced porous material, in�u-

encing strut thickness, node thickness, and pore size, in conjunction with unit cell size and

level of randomisation. Parameters used in the manufacture of porous material include

laser power, exposure time, and focus o�set, shown in Table 3.2.
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Table 3.2 AM Machine Parameters Used in Manufacturing Porous AM Material

Manufacturing Value
Parameter
Power (W) 83

Exposure Time (µs) 410
Focus O�set (µm) 1593

For this study, and commonly in orthopaedic porous material, the parameters used in

melting the pools forming the structure were optimised to create the thinnest possible

struts and nodes whilst retaining near fully dense solidi�ed material. During set-up of the

material �le assigned to each built component is require to contain the parameters for both

the manufacture of solid material and porous structures as in Tables 3.1 and 3.2.

3.4.3 Part Location

Some sections of the study required components to be manufactured in speci�c locations

on the build plate. Speci�cally, the sets of 25 planar porous specimens used in variation

analysis to quantify �uctuations with respect to build location and in power variation

analysis to reduce the e�ect of build location through randomised placement. The location

of these 25 specimens in each build was based on a 5 x 5 grid, with the centres of each

specimen spaced 44.5 mm apart in the Y direction and 48.75 mm in the X direction to

space them evenly and as distant from each other as possible across a 200 x 200 mm build

area. The locations of the 25 samples across each build plate are shown in Figure 3.15.
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Figure 3.15 Locations of 25 Sample Set Used in the Study (Dimensions, mm)

Each of the planar parts were built vertically, with the porous surface to be imaged and

containing the �ducial marker, facing in the positive X direction, towards the �ow of the

argon gas, to maximise �uctuation in the geometry as a result of build environment. This

build orientation also ensured no porous structures required supports, instead building o� of

the underlying solid wall, and that friction with the silicon wiper blade was minimised. To

match build conditions of the planar specimens as closely as possible, the 25 compression

test specimens were built centred in the same locations, with the circular cross-section

parallel to the XY plane of the powder bed. All other specimens, namely the four initial

planar specimens used in development and the non-planar specimens were built grouped in

the centre of the chamber.
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3.5 Porous Material Geometric Quanti�cation

As part of system development, various standard methods of assessing porous geometry

were applied. These systems are already available to industry and include Scanning Elec-

tron Microscopy (SEM) and Focus Variation (FV). The di�erent systems were applied to

measuring material thickness, pore size or a combination of both. Additionally an image

based method was used to measure both material thickness and pore size however, as this

method is not established and is the subject of this study it is omitted from this section

and is described in detail in Chapter 4.

3.5.1 Scanning Electron Microscopy Measurement

Scanning Electron Microscopy was used to analyse both strut diameter and pore size at

the top surface of planar porous materials. SEMs operate on the principal of using electron

beams to raster scan the surface of a material and detect the change in signal of emit-

ted electrons. This voltage value is proportional to the topography of the material and

is converted into an image by the microscope, allowing acquisition of images with higher

resolution and higher detail than an optical based system.

To perform geometric measurements, specimens were mounted using conductive tape to

attach them to a conductive resin block, and placed within the vacuum chamber of a JEOL

JSM-7001F �eld emission FEG-SEM (JEOL GmbH, DE). The specimen was then put

under vacuum and the electron beam set to scan the surface using an accelerating voltage

of 15 kV. The surface of the porous structure was then brought into focus and images

captured at a magni�cation of 25X, allowing a minimum resolution of 1 µm. Following

scale calibration, chord length measurement lines were manually drawn on the image along

the width of struts and the length and width of pores to quantify their size. Lines were

drawn across the visibly widest part of the pore or strut, selected by the user, measuring

a number of di�erent structures across the area of the image. A SEM image, with lines

drawn across pores, is shown in Figure 3.16.
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Figure 3.16 Output from Manual Placement of Measurements on an SEM Image to Mea-
sure Pore Size

For both pore size and strut diameter twelve lines were drawn across the images of four

specimen creating a list of 1D values, in µm. The values were logged and used to calculate

the mean and standard deviation for both strut diameter and pore size.

3.5.2 Focus Variation Measurement

Focus Variation measurements were taken using an Alicona In�nite Focus SL (Alicona

Imaging GmbH, AT). This system uses a vertically swept focus plane, at a resolution of

10 nm, to create a 3D model of the upper surface of a porous structure, as described in

Chapter 2 [103, 150]. Models were generated for four porous specimens of a small number

of solid struts at the surface. From this model a cylinder was �tted to individual struts

to allow mean diameter to be quanti�ed. This method was able to extract the diameter

along the entire length of a strut from the generated 3D model to an accuracy of 1 µm and

calculate the mean value, taking 5-10 minutes per sample. FV imaging is shown in Figure

3.17 along with a �tted cylinder around a measured strut.
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Figure 3.17 Output from Focus Variation Imaging of a Porous Sample with a Strut
Analysed for Diameter

Due to the limitation of the FV system to only construct models of the visible surface of the

porous material, pore size was prevented from being accurately determined. The number

of struts measured was also limited as a result of the requirement to individually assess

each one. FV measurements of the four planar specimen used in system validation were

measured by external vendor Alicona Imaging GmbH.

3.6 Statistical Methods

Throughout experimentation a number of statistical methods were used to determine the

minimum number of measurements to be sampled from a porous specimen during analysis,

and to examine the existence of signi�cant di�erences between manufactured specimen

groups.

3.6.1 Sample Number Determination

Minimum required sample numbers were determined using the margin of error equation.

This equation determines the quantity needed to satisfy statistical signi�cance based on the

required maximum error in measurements and the con�dence level required. The margin

of error is shown in Equation 3.1 [151].

n =
z2σ2

E2
(3.1)
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Here, E, represents the maximum error selected, σ, the standard deviation of measurements,

taken from a pilot study analysing the specimens, z, represents the con�dence interval for

signi�cance to be achieved, and n, represents the number of samples required to meet the

desired values [151]. For investigations, where the margin of error equation was applied,

a con�dence interval of 95%, the standard measure of signi�cance, was used alongside a

margin of error of 1 µm. Applying measurements made of planar porous specimens, using

the image based method, to the margin of error equation determined the minimum number

of samples needed to achieve signi�cance was four.

3.6.2 ANOVA Testing and HSD Testing

Analysis of Variance (ANOVA) and Honest Signi�cant Di�erence (HSD) tests were applied

to investigations requiring the determination of signi�cant di�erences between two or more

groups of measurements, usually of di�erent test specimens.

These two techniques allow sets of measurements from di�erent samples to be directly com-

pared and statistically analysed to determine whether changes in the AM process, either

environmental or deliberate, cause changes to the manufactured parts or if these changes

are a result of statistical variation in the measurement of geometries. Both techniques rely

on determining whether the means of two or more normal distributions are separated in

value by enough, dependant on their standard deviation and the required degree of cer-

tainty, to be signi�cant.

ANOVA analysis determines the existence of signi�cance by calculating the F value for a

number of groups of samples values. F , referred to as the test statistic, is calculated using

Equation 3.2, where: MSB, is the Mean Square Between groups, and MSW, is the Mean

Square Within groups [151].

F =
Variance between samples
Variance within samples

or
MSB
MSW

(3.2)
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MSB and MSW are subsequently calculated using Equations 3.3 and 3.4 respectively where:

SSB is the Sum Square Between groups, SSW, is the Sum Square Within groups, k, is the

number of sample groups, and, n, is the number of samples values.

MSB =
SSB
k − 1

(3.3)

MSW =
SSW
n− k

(3.4)

Finally, SSB and SSW are calculated using Equations 3.5 and 3.6 respectively where: T , is

the total sum of a group of samples.

SSB =
(T 2

1

n1
+
T 2
2

n2
+
T 2
3

n3
+ . . .

)
−
(∑

x
)2

n
(3.5)

SSW =
∑

x2 −
(T 2

1

n1
+
T 2
2

n2
+
T 2
3

n3
+ . . .

)
(3.6)

Having calculated a value for F the signi�cance of the results are then measured by use of

the Fcritical. This is a value, taken from a look up table, that determines whether there is

signi�cant di�erence between the sampled groups. Fcritical requires: α, a value taken from

the con�dence interval selected (for a 95% interval, α = 0.05), k, and df , the degrees of

freedom in the analysis, calculated using Equation 3.7 [151].

df = n− k (3.7)

If the value calculated for F is less than that of Fcritical then there is said to be no signif-

icant di�erence. If the value of F is equal or higher then signi�cant di�erence is present

between one or more of the group means in the study. ANOVA is only capable of showing

the existence of signi�cant di�erences and is unable to determine which groups demonstrate

this.

To resolve this, following ANOVA, a HSD analysis is performed to distinguish which pairs
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of sample groups exhibited signi�cant di�erence between one another. HSD is calculated

using Equation 3.8, for each pair combination within the ANOVA study, where: q, is the

test statistic of the sample groups being compared, x̄i and x̄j are the means of the two

sample groups, and SE, the Standard Error. During calculations the highest value group

mean is set as x̄i and the lowest x̄j [152].

q =
| x̄i − x̄j |

SE
(3.8)

Standard Error of all samples taken is calculated using Equation 3.9.

SE =

√
MSW
n

(3.9)

Calculated Values for q are compared to values for qcritical, found using look-up tables re-

quiring: α, k, and, df , as with Fcritical.

Following calculations of q and look-up of qcritical, the two values are then compared to

determine whether the sample group pair being compared are statistically di�erent or not.

If q is greater than qcritical then the two groups are said to be statistically di�erent within

the con�dence interval selected. If q is less than qcritical, the two groups are not statistically

di�erent.

3.7 Software

Several software packages were used throughout the investigation with a wide variety of

applications and capabilities. These applications included: CAD model design and manip-

ulation, control of equipment, data acquisition, and programming and automation.

3.7.1 Creo Parametric (PTC, US)

Creo Parametric was the primary application used for the design, visualisation, and al-

teration of CAD models required for test specimens and equipment fabrication. Creo is

capable of outputting �les in the STL format that can be read by other software and is the
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primary �le format for AM. Creo was also used for the creation of technical drawing for

manufacturing purposes.

3.7.2 ImageJ/FIJI (National Institute of Health, US)

FIJI is an image processing tool-kit and was used for the majority of image analysis and

processing development within the project. FIJI contains a wide range of tools for image

manipulation and quanti�cation, in addition to plug-ins designed to carry out more speci�c

tasks, such as local thickness analysis of image structures. FIJI is capable of opening a large

range of image types including TIFs and RAW slice data. It is also possible to automate

processes in FIJI using macros for processing and analysis of large numbers of images.

3.7.3 Python 2.7

Python, a programming language, was used for certain task requiring automation or manip-

ulation of data, such as processing of images. Python has a wide range of versatile modules

that allow for its application in many tasks however of most interest to this project was

OpenCV, an image processing tool-kit. This module contains many features available in

ImageJ, often with the capacity for more control over individual processes. Python also pos-

sessed features allowing for Graphical User Interfaces (GUIs) to be included in the creation

of software, reducing complexity of carrying out large amounts of repeated operations.

3.7.4 Matlab (MathWorks, US)

Matlab was used for complex mathematical operations required for the study including

compressive yield o�set and voxelisation of the F&S porous structures. Matlab contains

large numbers of modules capable of a wide variety of maths focused applications. These

capabilities extend to manipulation of large arrays of data, such as voxelisation of point

clouds, with scripting and high level language that ease automation of complex tasks.

3.7.5 Magics (Materialize, BE)

Magics is a software used in creation of machine input data for AM applications. Primarily

Magics is used for the generation and output of supports and, when required, the repair
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of incorrectly compiled STL �les. Magics is also capable of transformations on STL �les,

such as translation or rotation, addition of markings to STL surfaces, and direct output of

F&S �les following slicing and contouring, for use in Realizer SLM machines.

3.7.6 Realizer (Realizer, DE)

Although Magics is capable of producing part data, Realizer was the preferred software for

slicing and contouring STL models for use on the Realizer Machines. This software is also

responsible for combining solid, support, and porous input data into a single component,

and assigning material manufacturing parameters. Realizer allows for components to be

located on the build plate and for a �nal `build �le' to be output. Finally Realizer software

controls the operation of the SLM machine including: stepper motor functions, argon

supply, beam power, beam location, and beam focus.

3.7.7 Conformal Surfaces (University of Liverpool, UK)

The �nal software package used in generation of AM components was conformal surfaces.

This application is used to generate the porous structure used in test specimens and or-

thopaedic implants and allows for manipulation of the design including unit cell size, ran-

domisation, and surface clipping. When required, the software could also create single strut

supports for manufacture of structures too delicate for regular supports. The software out-

puts porous data, in the form of a sliced point cloud, as F&S �les that can be read directly

by the Realizer software.

3.7.8 Mimics/3-Matic (Materialize, BE)

This software pair is designed to manipulate, among other �le types, sliced CT and RAW

image �les. Slices can be imported and interpolated into a 3D surface that can be exported

as an STL �le for manufacture or alteration, or have CAD structures added directly. 3-

Matic possesses the capability to control mesh properties used to generate the model surface

to either increase or decrease accuracy to the original images, increasing or reducing data

usage respectively. The softwares were used primarily for the conversion of voxelised porous

material, output from Matlab, into STL models that could be manipulated in Creo.
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3.7.9 Bluehill (Instron, UK)

The Bluehill software package controlled the universal test machine used in compressive

yield testing and acquire data from the various sensors used during the process. Once loaded

into the machine, Bluehill automatically controls the performance of tests on specimens,

based on user input parameters, speci�cally strain rate and displacement. Recorded data

is displayed throughout testing and output for analysis upon completion.
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4 Development and Validation of Imaging Analysis

System

This chapter outlines the design, development and validation of both the hardware and

software systems used in the photogrammetric analysis of AM porous structures. A cam-

era was chosen to capture images of the surface of �at porous specimens, alongside the

development of a compatible imaging rig to consistently capture images. Once a method of

imaging was developed, image processing was investigated to remove noise and di�erentiate

the pores and solid material from one another within the image. Two methods of analysis

were then developed to quantify the geometric properties of the porous structure. Once

developed, the analysis system was validated for minimum measurable feature size, and the

ability to measure simple geometric shapes, before comparison to existing porous analysis

techniques.

4.1 Design of Image Analysis Systems

When designing the image capturing system a number of features and requirements need

to be taken into account for successful analysis to occur. Firstly, a system must contain the

necessary subsystems in order to successfully capture images suitable for analysis. Several

types of hardware are needed to create a functioning capture system. This hardware and

the photographs it takes must meet certain criteria to allow meaningful information to

be extracted. Image capture must then be followed by image processing to prepare the

objects and structures within for measurement. Processing requires several steps designed

to distinguish objects within the image from each other and the image background, and

ensure an even and accurate representation of a component to measure.
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4.1.1 Image Capturing Hardware

Porous products are now produced in tens of thousands of units a year and therefore a

rapid, and low complexity method of capturing and analysing images was required to meet

the research gap identi�ed in the literature survey. An o�-the-shelf DSLR camera and lens

pair, combined with a custom made jig designed to repeatably locate specimens and capture

images of �at porous surfaces, was employed. This jig mounted the camera vertically so

samples could be easily placed below and was adjustable for use with di�erent lens and

camera con�gurations, and di�erent specimen sizes.

Design of the Image Capturing Jig

The capturing system and jig had several requirements for it to be suitable for imaging the

surfaces of specimens for porous structure measurement and machine variation quanti�ca-

tion applications. These included being able to:

� repeatably locate imaging specimens in the jig.

� align the centre of the specimen with the centre of the camera lens.

� allow adjustment of the distance between the lens and the top surface of the specimen

for maximum magni�cation while retaining focus.

� remain stable when capturing images to prevent damage to the camera and resist

vibrations.

The design of the imaging jig is shown in Figure 4.1. The frame was constructed from

aluminium extrusion to ensure enough rigidity that the camera and lens could be supported.

The specimen plate, containing an indent designed to �t the square porous specimens,

was manufactured via Fused Deposition Modelling (FDM), along with a custom bracket

to mount the camera vertically and attach it to the frame. The camera and plate were

mounted on a slider such that �ne adjustment of the location was possible when necessary.
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Figure 4.1 Left: Schematic of the Jig Used in Capturing Images (Dimensions, mm), Right:
Jig Used to Capture Images of Porous Samples

Camera Selection

Initially, to begin to develop the imaging and processing methodologies, a Canon 350D

camera body and standard EFS 18�55 mm lens (Canon, JP) were used to capture im-

ages. This combination of hardware however, was only able to produce images with a pixel

resolution of 11 µm, which proved insu�cient to provide enough detail for accurate mea-

surements. This set-up was therefore replaced by a Canon 70D DSLR camera and Macro

EF 100 mm lens (Canon, JP) that had a higher de�nition CCD and higher magni�cation

(1x over 0.34x). This camera and lens con�guration possessed a minimum pixel resolution

of 8 µm at the image plane, calculated from measurement of scaled images in FIJI. The

camera was positioned 181 mm from the top surface of the test specimen, the minimum

focusing distance of the lens. Images were captured using the parameters in Table 4.1.
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Table 4.1 Settings Applied to the DSLR Camera for the Capturing of Images of Porous
Samples citecanon10

Setting Value
ISO Speed 1000
Image Format RAW
Shutter Speed 6000 (µs)
Aperture f16
Shooting Mode Timer/Remote

Using these settings and ceiling mounted lights for constant, ambient illumination, images

of the �at porous specimens were able to be repeatably and consistently captured, as shown

in Figure 4.2.

Figure 4.2 A Captured Image of a Porous Sample Prior to Processing

During capture a high ISO speed and long exposure time were used to ensure high contrast

between the solid structure and pores, as can be seen in Figure 4.2, with solid material

possessing a bright, even intensity and pore areas shown to be darker. At lower exposures

only the very top of struts and nodes were highlighted, causing pores and solid material to

be incorrectly separated during processing due to the high intensity level compared with

the rest of the image.
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4.2 Image Processing Methodology

Images were processed to extract geometric features for analysis. This is performed by

altering the image using a number of di�erent algorithms and techniques, removing super-

�uous areas and information and adjusting the data to maximise suitability for the required

application, i.e. photogrammetry. Images required several steps to be su�ciently processed

including thresholding and �ltration. This methodology resulted in a black and white im-

age separating the areas of solid material and pore components of the structure. Prior to

processing, images were converted from the RAW format, output by the Canon camera, to

TIF (to prevent loss of data under �le compression), cropped to remove the solid wall and

orientation square of the specimen so only the porous structure remained, and converted

to 8-bit grey scale. A typical image is shown in Figure 4.3.

Figure 4.3 An Image of Porous Material Following Cropping of the Surrounding Solid
Material

The cropped image no longer contains solid parts of the specimen that may otherwise skew

results, focusing analysis on a smaller, entirely porous area of the part. Neglecting to remove

these solid parts would introduce relatively large areas of continuous material, compared

to the width of struts, that would increase the mean of any geometry measurements. This

therefore requires all solid material to be excluded when analysing components either before,

through cropping, or after, through limiting of maximum measurement values. Following

cropping, the grey values are also encoded in only 8-bits, reducing and simplifying the
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amount of data within the image and allowing more processing options to be applied.

4.2.1 Thresholding

Next, images were split into black and white regions, representing pores or solid material

respectively, through a process called thresholding. Darker pixels were made entirely black

(an 8 bit value of 0) or lighter pixels completely white (an 8 bit value of 255). Whether

pixels were made black or white was decided by Otsu Binarisation [153]. This analyses the

histogram of the 8-bit grey scale image and selects the optimum value to separate the two

di�erent areas, darker pores and lighter material, of the image. The algorithm used in Otsu

Binarisation is shown in Equation 4.1 [139,154�156].

σ2B(k∗) = max
0≤k≤L−1

σ2B(k) (4.1)

Here: σ2B is the between class variance, k∗, is the optimum threshold value, k is the current

threshold value.

The binarisation algorithm works by assessing each 8 bit value for k to reduce σ2B to its

minimum. By altering the location of k on the image histogram, dividing it higher and lower

greyscale values, the standard deviations of the dark and light distributions are altered. At

the point exactly between the two light and dark distributions there will be no overlap

and both distributions will have their maximum deviation, or minimum variance. This

minimum point indicates the location of k∗ between 0 and 255 on the grey scale of an

image [139]. The value selected for k∗ is then applied to Equation 4.2 to divide pixels into

white and black sets [139].

g(x, y) =


1 if f(x, y) > k∗

0 if f(x, y) ≤ k∗
(4.2)

Here each pixel in f(x, y), the original image, is assessed and the 8-bit grey scale value

compared to the previously calculated value for k∗ for that image. Pixels with a value
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greater than k∗ are changed to white, i.e. their grey scale value is changed to 255, in the

segmented image, g(x, y), and pixels with values equal to or less than the k∗ are changed to

black, i.e. their 8-bit value changed to 0. The results of thresholding an image of a porous

structure are shown in Figure 4.4 [139].

Figure 4.4 A Cropped Image Following Thresholding

The resulting image is therefore seen to be binary, with white representing areas containing

material and black areas that are pores, or lacking in material, allowing each to be processed

and analysed separately.

4.2.2 Filtering

Thresholding separates images into white and black pixels representing solid material and

pores respectively however, due to the random nature and rough surface of the additively

manufactured porous structure, images contain large amounts of noise. This noise reduces

continuity of the pores and material areas of the image, causing inaccuracy during local

thickness analysis (�tted measurement circles are smaller than the actual material or pore

area as shown in Figure 4.5).
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Figure 4.5 The E�ect of Noise on the Diameter of Local Thickness Measurements When
Measuring with Noise (Left) and Without Noise (Right)

Figure 4.5 shows how the inclusion of pixel noise in an image limits the size of the measure-

ment circles, with the perimeters prematurely reaching a pixel of value 0, interpreted as

the edge of the geometry by the local thickness algorithm. Removing the noise, as shown

in the �gure above, allows the local thickness circles to reach the maximum width of the

geometry producing a true measurement of the width.

A pre existing open/close �lter was applied to the image to remove this small pixel noise

and improve accuracy of measurements. Open/close �lters dilate (adds pixels to the edge)

or erode (removes pixels from the edge) the white or black areas of an image to close up the

small pixel noise in each structure type. Applying closing requires dilation of white areas

followed by erosion, as in Equation 4.3 [139,154�156].

f ◦ b = (f 	 b)⊕ b (4.3)

Here, image, f , has a closing �lter applied, indicated by ◦, dependent on the shape of

structuring element, b. The shape of this structuring element, contained within a speci�ed

kernel size (a subset area of pixels which processes or algorithms are applied to), controls

where pixels are added to the perimeter of structures within the image during dilation and

where they are subsequently removed during erosion [139]. The algorithm shows closing to
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be formed from both a dilation operation, indicated by 	, followed by an erosion of white

structures within the image shown by ⊕, both controlled by b.

Dilation causes small black areas of the image to be closed up or absorbed by the white

areas if they exist close enough to the perimeter of a structure. When an opposing erosion

process is applied, the absorbed or closed up areas do not return. This process is refereed

to as closing and is shown in Figure 4.6 [139].

Figure 4.6 Top Left: Example Pixel Structure With Open Gaps Representing Noise
Within a Thresholded Image, Top Right: Dilated Image with Added Pixels Represented
in Grey, Bottom Left: Eroded Image Removing Pixels from the Perimeter of White Struc-
tures, Bottom Right: The Resulting Image Following Closing in Which Pixel Noise has
Been Removed

The opposite opening process is then applied, in which white areas are eroded to absorb

and close up white pixel noise, followed by dilation. The algorithm controlling the opening

of an image is shown in Equation 4.4 [139].

f ◦ b = (f ⊕ b)	 b (4.4)

This algorithm is identical to that of the closing �lter except for the erosion and dilation

operation symbols are reversed, showing the requirement for the order of operations to be
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the opposite way around. A previously thresholded image, �ltered using the opening and

closing morphologies is shown in Figure 4.7.

Figure 4.7 Image of a Porous Sample Following Cropping, Conversion to 8-bit, Otsu
Binarisation, Left: Before Filtering, Right: After Filtering

As can be seen from the image, the noise in both the white and black areas has been reduced

ensuring better continuity, improving accuracy of analysis results by preventing arti�cially

small measurement circles from being introduced during local thickness analysis.

The processing of images was automated in Python code to allow TIF images, taken from

the camera, to be rapidly prepared for analysis, taking a few seconds per image when

processed in batches. This bespoke software was able to process large batches of images in

a few seconds, performing conversion to 8-bit, cropping, thresholding, and �ltering, before

saving the �nal version.

4.3 Image Analysis and Photogrammetry

Once processed, images were analysed in one of two ways to extract and quantify di�erent

geometric features. These were material thickness, and pore size analysis, measured through

application of automated local thickness, circle �tting algorithms.
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4.3.1 Material Thickness Measurements

Material thickness analysis uses local thickness quanti�cation algorithms, applied through

FIJI, to measure the size of struts and nodes comprising the porous structure, represented

by white areas in processed images. Values are extracted by measuring the sizes of all

white structures within an image using several distinct steps reslting in circles being �tted

to these structures, the diameters of which provide measurements of the thickness at dif-

ferent points. Initially a distance map is produced for the image. This assigns a value to

each pixel equal to its distance from a black pixel with an 8-bit value of 0 [157,158].

The highest values within the distance map are then used to produce a distance ridge,

showing the centres of the white structures within the image. This locates the pixels that

are taken as the centre-points of circles used in quantifying the thickness at each point of

the structure. Using the pixels in the distance ridge, as opposed to the entire image, vastly

cuts down on computation time of the analysis as only the required centre-point pixels

are used, removing only super�uous data and reataining all point required for accurate

measurements to be made [157]. A distance ridge of a porous structure is shown in Figure

4.8.

Figure 4.8 Distance Ridge of the Solid Material Within a Porous Structure, Generated in
FIJI

The distance ridge shown in Figure 4.8 produces a skeletonised version of the structures

within an image, indicating all possible location that thickness measurements should be
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taken from i.e. the centre points of circles �tted to the structure.

Following the creation of the distance ridge, circles are located on each pixel in the ridge.

The circles are given a radius equal to the the distance map value, calculated previously, of

that speci�c pixel. The circle, equaloing the largest possible diameter of each part of the

structure, is the thickness of the structure at that location, assigning a measurement value

to each point. This is represented by Equation 4.5 [154�156,158].

τ(p) = 2 · max
q∈X(p)

(Dmap(q)) (4.5)

Here, Local Thickness, τ , is calculated at every location within the set X(p), a set including

all pixels in the calculated distance ridge, applying values from the Distance Map, Dmap,

as the diameter of the �tted circle. Circles are only valid if they have a centre point in set

X(p) and are entirely contained within the structure, Ω, i.e. only pixels contained in set p

and none within set q.

X̃(p) = x ∈ ΩR | p ∈ sph(x,Dmap(x)) (4.6)

This equation shows the requirements for a pixel to be a circle centre point, denoted by

X̃(p). Pixels in the set X̃(p) must also be contained within the set ΩR, the distance ridge of

the structure being measured, and included in set p, all points within the measured struc-

ture. Applying this equation and only �tting circles to points within the distance ridge and

within the structure being measured ensures that relevant centre points, where diameters

touch the perimeter of the structure, q, are used [158].

A generic implementation of the local thickness method, showing the di�erent parameters

of the structure used in the previous equations, is shown in Figure 4.9
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Figure 4.9 Local Material Thickness Measurement of Structure Ω, Adapted from [158]

A completed analysis of an imaged porous structure is shown in Figure 4.10. The circles,

�tted to the structures within the image can be seen, with colours corresponding to the

thickness measured. The frequency of di�erent measurement values is taken from the

analysis and used to create a histogram, showing the complete data set of the image, and

the distribution of material thickness.

Figure 4.10 Left: Material Width Analysis of Solid Material Within a Randomised Porous
Structure Generated in FIJI, Right: Accompanying Histogram of the Material Width Anal-
ysis

Local thickness analysis produces results in pixels, which then needs to be converted to µm

using Equation 4.7 where: Tlength, is the thickness in micrometres (or another selected unit

of length), Tpixel, is the thickness in pixels, and C, is the Scale Factor calculated from the
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image.

Tlength = Tpixel ×
1

C
(4.7)

From the histogram data, the mean material thickness is calculated. Raw data contains

a large amount of �0 µm" values produced by performing the local thickness analysis on

black pixels with distance map values of 0. These are removed before calculating the mean

to prevent large skewing of the �nal calculated value.

4.3.2 Pore Size Measurements

Pore size measurements are taken in the same way as material thickness measurements

however, instead of analysing the white areas of an image, the black areas of the image

are used. A pore width analysis is shown in Figure 4.11 along with the accompanying

histogram [154�156,158].

Figure 4.11 Left: Local Thickness Analysis of Pores Within a Porous Structure Generated
in FIJI, Right: Accompanying Histogram of the Pore Width Analysis

As before, local thickness measurements can be seen in the form of circles �tted within the

areas of the pores, with the frequency of each measurement shown in the accompanying

histogram in Figure 4.11.
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4.4 System Measurement Validation

Following design of the imaging hardware and development of the processing and analy-

sis methodologies, the system was validated using several methods investigating a range

of properties and capabilities. These included: resolution testing, mesh measurements,

comparison to a voxelised model, and comparison to existing methods.

4.4.1 Resolution Graticule Measurements

To test the minimum resolvable feature size, accuracy, and lines per mm resolution of

the photogrammetric system when measuring simple line structures, a NBS 1952 3" x

1" resolution test graticule (Thorlabs, US) was imaged and analysed using the material

thickness methodology. The graticule consisted of multiple sets of three lines of width and

spacing between 208 and 6 µm, with each size having a horizontal and vertical set, sputter

coated onto a glass slide. The graticule was designed to determine the ability of the system

to resolve features of di�erent sizes and to quantify how accurately measurements of each

line group was made. The graticule used is shown in Figure 4.12.

Figure 4.12 Resolution Test Graticule Used in Validation of the Photogrammetic System
[159]

During image capturing of the graticule, to prevent shadowing around the lines that would

reduce the accuracy of measurements, a back-light was placed below a translucent base,

�tted to the jig in place of the specimen locator. This caused the under surface of the

graticule to be eliminated, removing shadows caused by the small gap between the top of
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the slide, where the measurement lines were, and the baseplate. Images taken using the

jig, with and without back-lighting are shown in Figure 4.13

Figure 4.13 Left: Imaged Test Graticule Without Back Lighting, Right: Imaged Test
Graticule With Back Lighting

By analysing the line groups of the graticule, it was seen which could be resolved by the

photogrammetric system, and which were too close together for detection. Additionally

these measurements were used to quantify accuracy of the measurements made of each

line group, performed by comparing them to the quoted values and calculating the error.

Measurements using the local thickness method on images of the graticule are shown along

with the accompanying histogram, Figure 4.14, following erasing of the labelling for each

line group in FIJI, which would otherwise interfere with testing.

Figure 4.14 Left: Local Thickness Analysis of a Resolution Test Graticule, Generated in
FIJI, Right: Associated Histogram of the Local Thickness Analysis
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The photogrammetric system is able to detect distinct lines of di�erent widths when

analysing the graticule, shown by the di�erent colours in the local thickness analysis and

high frequency lines in the histogram. Where measurements made are close to the res-

olution limit of the system, values may be rounded di�erently to neighbours, as seen in

patches of di�erent coloured pixels in Figure 4.14. The results for graticule measurements

are shown in Table 4.2 and are compared to expected results.

Table 4.2 Comparison Between Expected and Measured Values of Resolution Test Gratic-
ule [159]

Expected Line Width, TE , µm Measured Line Width, TM , µm Di�erence, ∆T , µm

208 208 0
177 174 3
147 151 4
124 127 3
103 104 1
89 92 3
74 69 5
63 58 5
52 Not Distinguished -
45 46 1
42 Not Distinguished -
37 35 2
31 Not Distinguished -
29 Not Distinguished -
25 Not Distinguished -
21 23 2
18 12 6
15 Not Distinguished -
13 Not Distinguished -
10 Not Distinguished -
9 Not Distinguished -
7 Not Distinguished -
6 Not Distinguished -

Resolution graticule analysis showed the system to be capable of accurately measuring all

lines of width and spacing between 208 and 63 µm. All values in this range were measured

within 5 µm of the predicted value, with an mean error of 3 µm. When the di�erence

between line width groups dropped below the minimum pixel resolution of the analysis

system, 8 µm it became more di�cult to distinguish between them. This value is a result

of limitations of the hardware being used in the analysis, namely the camera resolution and
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lens magni�cation. As thickness values are calculated on a per pixel basis, measurements

falling between these 8 µm intervals must be rounded either up or down.

As a result of this, the system grouped measurements for similarly sized line groups with

those above or below them, as seen in Table 4.2. Despite this the minimum resolvable

feature size was 18 µm, equivalent to a resolution of 28 lines per mm. This minimum

measurable feature size is well below the average size of powder particles, 45 µm, from

which the porous components are manufactured, indicating the system to be suitable for

analysis of LPBF produced porous structures previously described in Section 3.1.

4.4.2 Wire Mesh Measurements

Before measurements of complex and randomised porous structures, a representative ma-

terial in the form a precision wire mesh (Locker Wire Weavers, GB) was analysed to in-

vestigating the ability of the photogrammetric system to quantify simple geometric shapes

of known dimension for both wire thickness and aperture size (the gaps between wires).

The wire mesh, possessing a quoted wire diameter of 200 µm and aperture size of 308

µm, was analysed using both the material thickness and pore size local thickness methods.

Both a single mesh and overlapping meshes were imaged and measured. During imaging a

dark material was placed underneath the mesh to ensure su�cient contrast between wire

material and apertures.

Measurement of a Single Wire Mesh

A single layer of the precision mesh was imaged and analysed using the material width

described previously, removing and replacing the mesh between images. The photogram-

metric analysis of the mesh is shown in Figure 4.15.
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Figure 4.15 Top Left: Image Captured via DSLR Camera of the Precision Mesh, Top
Right: Processed Image of the Precision Mesh, Bottom Left: Local Material Width Anal-
ysis of the Wire Comprising the Mesh, Bottom Right: Local Pore Width Analysis of the
Apertures Comprising the Mesh

The values obtained for material thickness and aperture size from twenty measurements of

the mesh were compared to the predicted values to determine accuracy of the measurements

made by the photogrammetric system. The results of this analysis are shown in Table 4.3.

Table 4.3 Material Thickness and Aperture Size Measurements of a Wire Mesh Obtained
from Photogrammetric Analysis

Geometry Nominal Thickness, Standard Di�erence,
Type Values T , µm Deviation, σ, µm ∆T , µm

Material Thickness 200 226 3.9 26
Aperture Size 308 290 1.8 18

The image analysis system demonstrated over-measurements of 26 µm, or 13% of the ex-

pected wire thickness value. Alongside inaccuracies due to the resolution limit of the system,

one cause of this over-measurement was due to the larger thickness of areas where two wires

cross over as shown in Figure 4.16.
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Figure 4.16 Causation of Di�erent Measured Thickness Values from Crossover of Wire
Strands

While the diameter of a single strand of mesh wire is 200 µm the nodes where they cross

over within the material are higher, calculated at 282 µm across the diagonal. This larger

diameter causes over measurement of the entire structure by 26 µm. This observation is

con�rmed when examining the histogram of an analysed mesh as in Figure 4.17.

Figure 4.17 Histogram from Local Material Width Analysis of a Wire Mesh of Known
Geometry

It can be seen in the histogram that the mesh measurements produced two distinct peaks,
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located at 195 µm and 266 µm. The di�erence calculated previously, between the mean of

all histogram data and quoted wire thickness, was compared with the mean values sepa-

rately calculated for the individual peaks. The error in measurements of the two thickness

dimensions of the mesh wire were seen to be lower, at 5 and 16 µm di�erence from the

200 and 282 µm values expected. The percentage deviation for each peak was therefore

calculated as 2.5% and 5.6% respectively. For the majority of the mesh, where wires did

not overlap, the mean of measurements made deviated by less than the pixel resolution

of the system, indicating high accuracy of the imaging system and methodologies when

measuring simple 3D geometries.

Measurement of aperture size showed higher deviation from the quoted value of 308 µm,

with a calculated error of 18 µm. This measurement was 5.8 % lower than the expected

value but demonstrated a low standard deviation of 18 µm, indicating the system to produce

highly consistent measurements. This high repeatability was also seen for measurements

of the mesh wire, with a standard deviation of 3.9 µm, despite removal and replacement of

the mesh between capturing images.

Measurement of Overlapping Meshes

To validate the measurements made of more complex geometries, and the e�ect of depth

on repeatability on the photogrammetric system analysis, overlapping meshes were inves-

tigated. As with previous mesh measurements a precision mesh of 200 µm wire thickness

and 308 µm aperture diameter was used however, two of these meshes were layered on top

of one another, with one rotated by 45° relative to the other to ensure visibility of underly-

ing wire material. The overlapped mesh layers were placed in front of a dark background

material, to ensure high contrast between material and openings, and processed using the

photogrammetric system, as shown in Figure 4.18. Twenty measurements of the overlap-

ping meshes were taken, removing and replacing the upper mesh layer between each image

captured, maintaining the location 45° angle as closely as possible for each photo using a

plate, mounted on the jig.
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Figure 4.18 Left: Image Captured of Two Overlapping Meshes for Geometric Analysis,
Right: Processed Image Showing Material and Aperture Locations

Measurements were then taken of material thickness and aperture size across the area of

the mesh using local thickness algorithms, as with the single mesh. Mean material thick-

ness and pore size values for all measurements were calculated, along with the standard

deviation to quantify variation. Results of this analysis are shown in Table 4.4.

Table 4.4 Material Thickness and Aperture Size Measurements of Overlapping Wire Mesh
Obtained from Photogrammetric Analysis

Geometry Type Nominal Values Thickness, T , µm Standard Deviation, σ, µm

Material Thickness 200 307 9.6
Aperture Size 308 185 2.1

When compared to results taken from analysing a single mesh, it can be seen that values for

material thickness and pore size were measurably di�erent. Material thickness was seen to

be much higher at a value of 307 µm, compared with 226 µm for a single mesh. This higher

measurement value follows expectation as overlapping two meshes increases the number of

cross over nodes, that have a maximum thickness above that of the single wire strands. It

also introduces the possibility of wires from the top and bottom layers being close enough in

an image to be indistinguishable and therefore being measured as a single structure during

local thickness analysis.

Similarly, the di�erence seen in pore size measurements, 185 µm compared to 290 µm of the

single mesh, also follows expected outcome. Due to the 45° angle, used to give the majority

120



of the two mesh structures distinct locations from one another, the majority of top layer

apertures had wire strands running underneath them that the imaging system was able to

detect. This reduced the maximum visible aperture size in images, consequently reducing

the mean measurements.

Adding another mesh layer had the additional e�ect of increasing homogeneity in the imaged

structure, more closely representing the complex and randomised nature of the porous AM

material. This a�ected the histogram associated to the structure, resulting from local

material thickness analysis, shown in Figure 4.19.

Figure 4.19 Histogram Produced from Local Material Thickness Analysis of Two Over-
lapping Meshes

As can be seen from the histogram in Figure 4.19 the two distinct peaks from analysis of

a single mesh were replaced by a single, large peak, closer to what would be seen from a

randomised structure, such as that of a porous material.

The measurements taken of this more complex layered mesh set-up showed the photogram-

metric system was able to retain a low standard deviation across the twenty images analysed

(9.6 µm and 2.1 µm for material thickness and aperture size respectively). This low devia-

tion indicated the suitability of the system to repeatably measure more complex structures

and to accurately represent when material thickness or pore size change either through de-
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liberate alteration, as with the overlapping meshes, or through unwanted changes in an AM

build environment. By measuring meshes and not just printed test graticules, the e�ect of

lighting and depth changes across the surface were also examined and shown not to a�ect

repeatability with the methodology used.

4.5 Comparison to Voxelised Model

Validation for measurements of porous specimens collected by the photogrammetric system

was carried out through comparison to a voxelised model, generated directly from the data

used in the manufacture of the porous structure. The voxelised structure represents an

ideal version of the porous structure, created directly from the previously generated point

cloud. As a result, measurements of this model produce a nominal value for strut and

pore geometry sizes that built components should align with. These measurements may

also be used to validate a measurement system as analysis of both the ideal model and the

fabricated component should return similar geometry values, if the technique is valid.

To create this voxelised model the F&S (Fockele & Schwarze) point data generated by

Conformal Surfaces was converted to spheres at each point in the 3D array, with a selected

diameter of 200 µm, the ideal strut diameter for manufacture. This voxelised model was

then subsequently sliced into a series of RAW �les, one for each layer of the AM build,

both operations using a previously available Matlab script developed by Dr. Sheng Yue

(University of Manchester). Using the RAW �le format is a common way of storing slice

data and is readable by a wide array of commercial and open sources software. This slice

data was imported in Mimics and interpolated into a 3D model, identical to that of the

original generated porous material, as shown in Figure 4.20.

The porous structure is displayed by a rendered surface with the solid phase represented

by grey coloured struts and nodes that appear bright on the surface. Although individual

struts can be made out, the similarity in grey-scale intensity between the surface and deeper
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Figure 4.20 3D Voxelised Model of the Porous Material Representing the Ideal Manufac-
tured Structure

material (as a result of the lighting of the virtual model), makes de�ning pores di�cult.

The absence of solid material in the upper right corner of the structure coincides with

�ducial marker, allowing the voxelised structure to be accurately orientated.

The voxelised model was exported from Mimics as an STL �le to allow alterations and CAD

components to be added to the model. Once imported, the model was made to resemble,

as closely as possible, the images captured of the porous structure. To achieve this, a mask,

in the form of a black cuboid, was placed over the majority of the structure, leaving only

the material close to the surface of the model, imitating the material visible by the DSLR

camera. This mask is shown in Figure 4.21 alongside a view captured normal to the surface.
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Figure 4.21 Left: Box Mask Used in Removing Material Below the Surface of the Vox-
elised Structure, Right: Image Captured of the Surface of the Voxelised Structure After
Application of the Mask

The image of the top surface of the masked structure was then processed in an identical

manner to images taken of physical components, to exactly replicate the methodology.

Processed images of the two structures, voxelised and physical, are shown in Figure 4.22.

124



Figure 4.22 Top Left: Processed Image of the Voxelised Model of the Porous Structure,
Top Right: Processed Image of the Physical Porous Structure, Bottom: Location of Image
Captured of Physical Structure With Respect to the Voxelised Model

As can be seen from the topmost images in Figure 4.22, the processed voxelised and built

structures look similar in design and ratio between the pores and solid material. The pri-

mary visible di�erences between the two images are the smoother edges of the solid material

in the ideal structure, compared to the rougher physical. This comes as a result of addi-

tional powder particles being sintered on to the built material, and thermal deformation,

in the AM process.

Following processing, the ideal structure was measured using the algorithmic local thickness

method to determine mean values for material thickness and pore size. These measurements

were compared to data collected from the four porous specimens and the 125 specimens
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used in variation analysis, discussed later in Chapter 5. Measurements are shown in Table

4.5.

Table 4.5 Measurments Obtained from Local Thickness Analysis of Voxelised and Physical
Porous Material for Material Thickness and Pore Size

Structure Mean Material Thickness Mean Pore Size
Type T , µm S, µm

Voxelised Model 354 175
Physical Material 360 155

Table 4.5 shows values from the voxelised model and test specimens were close to one

another, with a di�erence of 6 µm between the two structures. Similarly, pore size mea-

surements were also close, but di�ered more, by a value of 20 µm. Pore size measurements

however, are more likely to vary with respect to the depth of the mask used with the vox-

elised model. Measurements taken of the voxelised model act as a nominal value from which

it may be possible to develop a go/no go inspection procedure as well as demonstrating the

validity of the values for imaged specimens. Measurements for both geometry types, taken

from the large population of 125 components, aligned closely to those for the ideal model

indicating the photogrammetric system accurately represents the porous structure during

analysis.

4.6 Comparison to Existing Analysis Systems

The �nal method of validation was to directly compare the photogrammetric system to

the two existing commercial methods of non-destructive, open cell, porous analysis namely:

Scanning Electron Microscopy (SEM) and Focus Variation (FV). For the analysis, four

planar samples were manufactured using porous material with a unit cell size of 600 µm

and randomisation of 30%. These samples were analysed by the photogrammetric, SEM,

and FV systems.

4.6.1 Material Thickness System Comparison

For material thickness analysis the photogrammetric system was compared to the SEM

and FV methods of material thickness measurement. The SEM system methodology takes
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twelve measurements, from one each the four samples, as described in Chapter 3, to de-

termine a mean material thickness (speci�cally by measuring strut diameter) and pore size

distribution.

Focus Variation analysed the diameter along the length of a single strut at the surface of

the porous material for each of the four specimens, as described previously, and took the

mean of measurements as material thickness.

Finally, the photogrammetric method captured and analysed the material thickness of

twelve images, also for each of the four specimens, using the local thickness algorithms

described in Section 4.3.1.

A comparison of the output of the three analysis systems is shown in Figure 4.23.
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Figure 4.23 Top: SEM Based Analysis of Porous Material, Centre: FV Based Analysis of
Porous Material, Bottom: Image Based Analysis of Porous Material

The results taken for the three systems capable of analysing material thickness are shown

in Table 4.6.
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Table 4.6 Material Thickness Measurements Obtained from Photogrammetric, SEM, and
FV Analysis of Four Porous Samples

Measurement Sample Mean Material Thickness, Standard Deviation,
Method Number T , µm σ, µm

Photogrammetric 1 417 9
2 412 7
3 428 5
4 431 6

SEM 1 206 12
2 178 13
3 220 14
4 219 12

Focus Variation 1 184 11
2 185 15
3 221 16
4 252 14

The majority of material thickness measurements taken by the SEM and FV systems

matched the expected strut diameter of 180�220 µm range for AM porous structures manu-

factured using the parameters in Chapter 3, whereas those of the photogrammetric system

were measured well above this range, between 412 and 431 µm. This large value was primar-

ily due to the inclusion of nodes within the analysis, in addition to the struts measured by

the SEM and FV systems. Measurements made by the photogrammetric system however,

showed the smallest range of measurements taken and a lower standard deviation than that

of the SEM method. The photogrammetric method was also able to measure a larger area

of the material within the component (up to 196 mm for the image based analysis and 25

mm for SEM) and completed analysis at a much faster rate relative to the other systems,

at most 5 minutes per specimen, though faster rates were possible with batch processing

and automation.

4.6.2 Pore Size Comparison

To validate the ability of the photogrammetric system to measure pore size of AM porous

material, generated using 600 µm unit cell sizes, measurements made were compared to

those of SEM imaging. As with material thickness, for photomogrammetric analysis twelve

images were measured for each of the four samples and for SEM analysis twelve measure-
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ments made of pores, again for each sample. The results for pore size analysis for all three

systems are shown in Table 4.7.

Table 4.7 Pore Size Measurements Obtained from Photogrammetric and SEM Techniques

Measurement Mean Pore Size, Standard Deviation,
Method S, µm σ, µm

Photogrammetric 157 2
SEM 450 110

Measurements made using photogrammetry showed a mean pore size of 157 µm, with a

deviation of 2 µm between the four samples analysed. Measurements using SEM analysis

showed the mean pore size to be 450 µm with a standard deviation of 110 µm. Results

deviated between the two systems primarily due to the methods of selecting measurement

areas. SEM and photogrammetry di�ered due to the former measuring the length and

width of pores with single measurements, whereas photogrammetry measured the width

of pores where the largest circle could be �tted to the gaps between material. For SEM

the high magni�cation and manual method of selecting measurement locations meant the

edges of pores were not always clearly de�ned, relying on the users judgement, rather than

repeatable algorithms and area selection methods. As in material thickness measurements,

for pore size measurements the photogrammetry system was able to acquire �nal results

much more rapidly and at a lower cost than the SEM system. The system could also

simultaneously measure a larger sample area, compared to that of SEM.

4.7 Discussion

A system capable of rapidly analysing material thickness and pore size was developed to

measure porous material components at larger volume and lower cost than existing SEM

and FV methods. This system was subsequently validated using several methods to de-

termine its capability, precision and accuracy. Following development of the hardware, for

capturing, image processing, and measurement methodologies, the system was validated

for resolution, minimum measurable feature, measurements of known geometry, and com-

parison to existing system measurements and deviation.

130



4.7.1 Capturing Hardware and Image Analysis Development

To allow for accurate measurement of porous geometry, images were required to be re-

peatably captured of component surfaces and rapidly processed and analysed. To do this

both hardware and software parts of the system were developed in conjunction to meet the

requirements for photogrammetric analysis. The volume of images also required automa-

tion of the processing and analysis methodologies as much as possible to ful�l the intended

applications.

Image Capturing Methodology

A high de�nition camera was selected to image the surface of �at porous material. This

camera, combined with a macro lens for magni�cation of close up objects, was able to

produce images at a pixel resolution of 8 µm. Along with the camera, a jig for repeatably

locating test specimens, to align with the central axis of the lens and ensure the distance

between the camera and the specimen was equal to the minimum focusing distance to max-

imise magni�cation, was designed and manufactured.

Camera settings were selected to partially over-expose the solid material comprising the

porous structure to help di�erentiate between that and areas where pores were located,

during the image processing stage. A timer setting was used to capture images to prevent

unwanted vibrations in the jig, made by the user, that may have reduce the quality of

images.

When capturing multiple images of the same sample, components were removed and re-

placed to duplicate any potential location variations seen during application in inspection

processes and therefore to ensure the system could accurately locate samples closely enough

to the same position every time. Once located, specimen surfaces were imaged and exported

in the RAW �le format to prevent lossy compression. Both the high de�nition camera and

lens selected, and the design of the rig, allowed large numbers of images, suitable for anal-

ysis of the required structures, to be captured in a rapid, repeatable way, with minimal
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capital output or equipment complexity.

Image Processing and Analysis Methodology

Captured images required processing to separate the solid material and pore components of

the structure in a way suitable for local thickness measurements. To do this multiple pro-

cesses were applied to images to meet requirements and produce a suitable and compatible

image for the algorithms used. Images were �rstly converted to the TIF �le format to make

them readable by both Python and FIJI. This was followed by conversion to grey-scale to

allow thresholding to be applied. This application of thresholding splits images into black

and white areas, representing pores and solid material respectively, allowing measurements

of both structure types individually. To complete processing, and to ensure the require-

ments for accurate measurements were met, noise was removed and the white and black

structures within the image made as continuous as possible. To do this an open and close

�lter was applied to close up small areas of pixel noise. If left this pixel noise would limit

the maximum diameter of the circle that could be �tted during local thickness analysis,

preventing representative measurements.

By applying this processing method to captured images prior to analysis, accurate, reli-

able results and interpretations of geometric measurements could be ensured, and solid and

porous structures quanti�ed separately. This processing methodology was automated in

Python OpenCV, reducing the time needed to ready each image for analysis to just a few

seconds, and allowing batch operations.

The �nal requirement of the system design was the ability to measure the geometry of the

thickness of solid material and pore size of the AM porous material. This was performed

through algorithmic analysis of the processed images. Using local thickness analysis, the

system was able to produce measurements quantifying the geometry of a porous specimen,

and output this data in the form of histograms, showing frequency of each measurement

size, for both structure types. This data was subsequently analysed, after the removal of

unwanted `0 µm' measurements that skewed the data, to calculate the mean measured value
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for material thickness and pore size for each porous component, from which components

could be validated during go/no go inspection and changes in material properties tracked.

4.7.2 System and Methodology Validation

Key to demonstrating the viability of the system for use in the industrial inspection pro-

cesses for porous material was validation of the system. To achieve this three methods were

used to test the limitations and accuracy of the system through measurement of a resolution

test graticule, precision wire mesh, and comparison to existing commercial systems used in

analysis of AM porous materials.

Resolution Graticule Validation

To determine minimum resolvable feature size and the accuracy of measurements made

by the photogrammetric system, a resolution test graticule was imaged, processed, and

measured. Imaging and measurement of twenty three line groups between 6 and 208 µm

determined the minimum measurable feature to be 18 µm, equivalent to 28 lines per mm,

as in Table 4.2. Lines were analysed for thickness and compared with expected dimen-

sional values, with the lowest measured value, for both horizontal and vertical line groups,

taken as the minimum resolvable feature. Any line groups unable to be separated due

to limitations of the capturing, processing or measurement methodologies, and therefore

showing higher than expected values, were deemed to be unresolved. Whilst line groups

above width and spacing of 63 µm were all resolved correctly, line groups di�ering from one

another by a value below the minimum pixel of the resolution, 8 µm, were grouped with

measurements above or below the expected value, causing them to appear unmeasured.

A minimum measurable feature size of 18 µm lies within the required capabilities of the

system, below both the diameter of struts comprising the porous structure, between 180

and 220 µm, and below the average powder particle size, 45 µm, used in manufacturing of

the material.

In addition to quantifying minimum measurable feature size, measurements of the simple

geometric lines on the graticule, of known dimensions, were also used to test the accuracy of
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the photogrammetric system. Values measured using local thickness analysis were compared

to the expected values of the graticule and the di�erence for each group quanti�ed. From

this, a maximum error of 6 µm was seen for measurements of the 18 µm line groups, and a

mean di�erence in measurements of 3 µm calculated. The low deviation of measurements

from the expected values demonstrated the imaged based systems ability, when analysing

simple geometric shapes, to produce accurate results over a wide range of values at or close

to the actual level.

Precision Wire Mesh Validation

The next step in validation of the system required analysis of simple three dimensional struc-

tures. This was in the form of a precision woven mesh of known wire diameter and aperture

width. Images were captured of the surface of the mesh, removing and replacing the sample

between each one. These were then processed and analysed in an identical manner to the

resolution test graticule with measurements made of both the white areas of the image,

representing wires, and black areas representing apertures. Measurements values were then

compared to the quoted values. Measurements of the mesh wires showed a high di�erence

in value to those expected, of 26 µm, equivalent to a 13% over-measurement. Examination

of the measurement histogram showed the cause of this to result from two distinct peaks,

equating to two di�erent thickness values within the mesh; the wire diameter and the longer

diagonal length at wire crossover points. The mean values for these peaks, when isolated

from one another, were calculated at 195 and 266 µm (Figure 4.17). These measurements

were closer to the expected values of 200 µm for wire diameter and 282 µm for the diag-

onal crossover length, with a percentage under-measurement of 2.5% and 5.6% respectively.

For aperture measurements, a value of 290 µm was measured. Compared to the expected

value of 308 µm this was an 18 µm, 5.8% under measurement, caused by pixel resolution

limitations.

All measurements made of the di�erent areas of the wire mesh showed high levels of ac-

curacy, and additionally very low standard deviations in the twenty measurements made,
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indicating high repeatability. Measurements of wires within the mesh showed a deviation

of 3.9 µm and aperture measurements a deviation of 1.8 µm. These low deviations validate

the ability of the system to consistently measure more complex geometric shapes and to

extract these measurements from a 3D structure using the processing and measurement

methods described previously. As analysis is to be performed The measurements made,

within 6% of the expected value, also showed high enough accuracy for to show the pho-

togrammetric system can be applicable to analysis of 3D geometries, in particular for go/

no go inspection and variation tracking.

Following thickness analysis of a single mesh layer, validation of analysis of intricate struc-

tures, similar in scale and design of porous material, was performed through measurement

of two overlapped meshes, angled at 45° to one another. Measurements showed an increase

in mean material thickness, at 307 µm, aligning to the expected increase as a result of

a higher number of wire cross-over nodes and bottom layer wires merging with top layer

wires in the captured image, making them indistinguishable to the local thickness algo-

rithms. Along with this, it was seen that measurements for pore size were lower than those

made for a single mesh, with a value of 185 µm. Again, this was due to the additional layer

of mesh adding additional material that crossed through the apertures of the upper layer,

leaving smaller gaps through which the dark underlying material could be viewed. These

smaller apertures seen in the structure were re�ected in the measurements made by the

photogrammetric system.

The use of overlapping meshes better represented the complex and random structure of

an orthopaedic AM porous material in terms of both size, complexity, and depth. This

was further indicated by the values for material thickness and aperture size re�ecting more

closely, values measured for both a voxelised model and built porous material from later in

the study. Despite the di�erences between the structures of the single mesh and overlapped

meshes, and the addition of depth and lighting variation e�ects, the system was still able to

measure the thickness of both material and pores with little deviation (speci�cally 9.6 and

2.1 for material thickness and aperture size respectively). This small deviation, even mea-
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suring the more intricate structures of the overlapping material, demonstrated suitability

of the system for measurement of AM porous material.

Comparison to Voxelised Model

To validate accuracy of results produced by the photogrammetric system when measuring

porous material and the ability to extract and precisely represent the rough AM produced

structure, an ideal voxelised model was generated from the F&S point data output by Con-

formal Surfaces. This simpler model, with fewer errors and sources of noise, demonstrated

the systems ability to cope with and remove the imperfections present in AM porous mate-

rial. Results acquired from measurement of the voxelised model aligned closely with those

of built test specimens (6 µm and 20 µm (Table 4.5) error for material thickness and pore

size respectively) following identical analysis of the structure. The close alignment demon-

strates the capability of the system to accurately extract the geometric properties of the

structure and also provides nominal values from which inspection can be carried out.

These nominal values of the structure provide a benchmark from which allowable deviation

in measured material thickness and pore size could be set and quanti�ed, demonstrating

the accuracy of the manufacturing process and error of produced structures from the ideal.

Such close alignment of analysis of manufactured specimens and those of the voxelised

structure display the ability of the developed photogrammetric system to cope with the

unpredictable and highly variable nature of the laser-based AM process.

Cross System Validation

To �nalise validation of the photogrammetric system, comparison between measurements of

manufactured porous specimens made by three other commercial analysis systems, capable

of non-destructive geometric analysis and currently used in industry, was carried out. The

three systems compared to the photogrammetric system were FV and SEM. Of the systems

tested only photogrammetry and SEM were able to analyse both material thickness and

pore size. The FV system was only able to measure material thickness through analysis

of the length of a single strut. All systems were able to measure either material thickness
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or pore size were compared to one another after analysis of a set of porous specimens to

determine di�erences in measurement values and standard deviation along with qualitative

advantages and disadvantages.

When measuring material thickness the photogrammetric system showed higher values of

431 µm after 12 measurements of four porous specimens, compared to values of 220 µm

and 252 µm for the SEM and FV system measurements of the same four samples. These

di�erences are a result of how material thickness is de�ned by each system. While SEM

and FV focus measurements on small areas of the structure, assessing only a small selection

of strut diameters or an entire single strut, photogrammetry measures the entirety of the

structure over several millimetres square including the nodes where multiple struts join

together. Measurement of these nodes cause the mean of thickness measurements to be

larger when compared to other systems, but provides a more holistic analysis of the entire

porous structure.

Despite higher values compared to other systems, photogrammetry was shown to have a

lower standard deviation compared to measurements made by SEM analysis of 7 µm and

18 µm respectively (Table 4.6). The photogrammetric system showed lower deviation due

to the automation of image processing and analysis, consistent locating of specimens in the

imaging jig, and a larger analysis area used in measurements. This low deviation shows

the processing and analysis methodologies are able to reject small variations when imaging

similar specimens, such as would be required in inspection of porous coated components.

In contrast SEM requires manual selection of strut measurements across a smaller sam-

ple area, resulting in higher deviation. SEM analysis is usually only performed on one or

a few images, from which measurements are manually taken, again increasing the over-

all deviation. While the number of images could be increased, this is made di�cult by

the time taken to manually measure each one. Automation may be able to circumvent

this however the low contrast and complex nature of both the porous structure and the

surface of the material reduce the e�ectiveness of image processing and analysis techniques.
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For pore size analysis photogrammetry and SEM measurements were compared. Measure-

ments made by the photogrammetric system were found to be lower than those of the other

systems, with a mean of 240 µm compared to a mean of 450 µm for SEM. The di�erences

seen between the two measurement systems is a result of the di�erent methods in which the

pores are de�ned. Photogrammetry uses the dark areas in images, where no struts on the

surface of the structure are located, as the representation of pores. From this the processing

and analysis performed determine where the edges of these pores are located. SEM uses

manual selection to locate pore edges from where to draw measurement lines across both

the length and width of a pore, from which size is taken. This can cause pore size to be

measured at a larger value, as edges may be selected even if there are underlying struts

that would reduce size in photogrammetric analysis. Measurement of pore lengths in SEM,

rather than the largest �tted circle or sphere, cause in�ation of the mean measurement

further, compared to the photogrammetric system.

As with material thickness measurements, pore size analysis via photogrammetry showed a

lower standard deviation than SEM analysis (Table 4.7). Photogrammetry was calculated

to have a deviation of 2 µm compared to 110 µm for SEM. The large deviation for SEM is

caused by the implementation of manual measuring and the high variation between where

thickness lines are placed, both along the length and across the width of pores. The random

nature of the porous material causes high variation in size and shape of pores which, when

analysing small sample areas or performing small numbers of measurements, increases the

calculated deviation.

Despite disagreement in measurement values due to discrepancy in methods of selecting

measurement areas in all four of the tested systems, the highly consistent, low devia-

tion measurements made by the photogrammetric system demonstrates a suitability for

analysing large volumes of porous structures. In addition the system posses advantages

over other systems currently used in terms of speed (requiring only several minutes to im-

age and analyse samples entirely), cost (with a capital investment of approximately ¿2000),

automation through application of FIJI macros and Python scripts to ensure repeatable
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processing and analysis, and a larger measurement area (up to 196 mm with the set-up

described).

The photogrammetric system is capable of performing measurements at speeds and costs

required for practically assessing a large number of components. It is able to perform these

actions whilst retaining good accuracy, precision, and low deviation. Although potentially

limited in its application for thorough, high precision measurements of entire porous struc-

tures in 3D, when compared to available methods, the photogrammetric system opens up

new avenues and applications in the inspection and investigation of the AM manufactur-

ing process. These avenues may include: go/no go inspection, intra batch analysis using

identical samples, inter build analysis using identical samples, inter machine analysis us-

ing identical samples, and time dependant analysis (days, weeks, months, years between

builds) to measure process drift. In these comparative studies using identically designed

components the image based system is highly suited.

4.8 Conclusion

In this chapter the work carried out to develop a rapid, easy to apply, and highly consis-

tent method for analysing planar porous components was described. This work primarily

included development of the image capturing rig, design of suitable test specimens, devel-

opment of the image analysis code, validation against simple and known geometries, and

comparison to existing porous analysis systems. Through this work the following objectives

of the project were met:

� Designed and manufactured a jig capable of capturing images of planar porous com-

ponents, via an o�-the-shelf DSLR camera, in a consistent and repeatable manner.

� Developed a methodology to process captured images and subject them to geometric

analysis to quantify pore size and the thickness of the solid surface based on automated

algorithms to reduce error and bias.

� Validated the capabilities of the measurement system by analysing simple resolution
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test targets, simple geometries and comparing capabilities to established pore analysis

methods.

By completing these objectives a suitable method of analysing large volumes of porous

components was created.
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5 Analysis of Manufacturing Variability via Pho-

togrammetric Analysis

Following the development and testing of the photogrammetric system, the ability to mea-

sure large volumes of porous components was applied to quantifying the variation observed

in additively manufacturing components. As discussed in additive manufacturing processes

in Chapter 2, there are a number of causes of build process variation that can alter the

geometry of manufactured porous parts. To measure this variation �ve builds of identi-

cal planar porous specimens were manufactured and measured using photogrammetry. By

analysing the changes in material thickness and pore size geometries it was possible to

quantify the amount of variation seen in the manufacturing process a�ecting the porous

structure. Variation was quanti�ed for both components within builds (intra) and between

builds (inter) to view the consistency of both conditions. Additionally the sensitivity of

the photogrammetric system to laser power variation, a parameter likely to change as a

manufacturing laser ages, and which is likely to signi�cantly a�ect the material process

to create porous components, was also investigated. Measurements of specimens manufac-

tured at di�erent laser powers was used to quantify the minimum measurable power change

the photogrammetric system could detect and the level of variation in the porous geometry

of a component as a result of the power being deliberately altered. This chapter discusses

the methods used to quantify the e�ects of machine parameter variation on porous material

and the results obtained from experimentation.

5.1 Intra Build Variation Analysis

To quantify build variation, 125 identically designed planar porous samples, spread across

�ve builds (25 on each), were manufactured using the same material parameters described

in Chapter 3, 3.4.3, built on a Realizer 250. Porous designs were generated using a unit cell

size of 600 µm, randomised by 30%. Each sample was analysed using the photogrammet-
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ric system, to extract values for material thickness and pore size. Following manufacture,

each sample was imaged four times, to achieve signi�cance according to Equation 3.1, and

analysed using the local thickness method described in Chapter 4, to extract mean values

for material thickness and pore size.

To quantify the level of variation across the build chamber, geometry variation with respect

to specimen build location was investigated. Both material thickness and pore size with

respect to the 25 component locations were investigated to determine the variation at each

point of the plate. Each set of 25 samples was then analysed to reveal if the measurements

made for any build location varied signi�cantly from any others. Each of the 125 built

specimens were analysed for both material thickness and pore size. These measurements

were then grouped with respect to build, for inter build variability measurements, and

location on the plate, to measure intra build variability. These groups were statistically

compared though the use of ANOVA testing to determine whether any signi�cance existed

followed by a HSD test to specify which groups showed this signi�cance, both described in

Chapter 3.

5.1.1 Intra Build Material Thickness Variation

The �ve builds of specimens were analysed via local thickness analysis for mean material

thickness, and the variation at each build location determined from the range of measure-

ments made. The range of variation at each build location is shown in Table 5.1.
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Table 5.1 Variation of Intra Build Pore Size Across Five Builds

Build Mean Material Thickness, Standard Deviation, Material Thickness Range,
Location T , µm σ, µm ∆T , µm

1 360 25 72
2 350 21 52
3 342 24 67
4 338 28 86
5 338 26 81
6 353 40 106
7 356 38 102
8 358 37 100
9 370 37 95
10 356 46 124
11 352 38 103
12 364 41 111
13 379 52 150
14 375 46 133
15 360 45 135
16 377 66 200
17 362 44 136
18 371 53 164
19 366 54 161
20 362 56 161
21 350 42 126
22 357 43 126
23 361 45 130
24 362 44 134
25 370 52 151

The range values were subsequently turned into a contour plot, with respect to location,

to investigate whether any speci�c areas of the build chamber varied between builds more

or less than others, as shown in Figure 5.1. For ease of understanding, data is displayed

as a contour plot showing the locations of the centres of the manufactured components,

produced via Minitab 17 (Minitab Ltd., UK).
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Figure 5.1 Mean Material Thickness Measured at 25 Locations Between Five Builds

From Figure 5.1 and Table 5.1 it can be seen that the maximum measured di�erence in

material thickness, of 200 µm, was seen in position 16 (0 mm X, 133.5 mm Y) and the

minimum di�erence of 52 µm, located at position 2 (48.75 mm X, 0 mm Y). The calculated

mean di�erence between the �ve builds was 20 µm with a deviation of 34 µm. ANOVA

testing, comparing the sets of measurements from each of the 25 build locations, showed

intra build variation to not be statistically signi�cant at any place across the 200 x 200 mm

centre of the plate.

5.1.2 Intra Build Pore Size Variation

As with material thickness, pore size variation was calculated from the analysis of �ve

components at each of the 25 build locations. The mean pore size, range of measurements,

and standard deviation at each build location were determined. The results of this are

shown in Table 5.2.
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Table 5.2 Variation of Intra Build Pore Size Across Five Builds

Build Mean Pore Size, Standard Deviation, Pore Size Range,
Location S, µm σ, µm ∆S, µm

1 159 6 15
2 159 6 14
3 158 6 15
4 160 7 19
5 158 7 19
6 155 8 20
7 154 8 19
8 154 9 24
9 154 10 26
10 155 10 28
11 156 7 20
12 155 9 22
13 154 8 20
14 155 8 21
15 153 7 18
16 157 8 21
17 154 7 21
18 154 8 22
19 154 9 24
20 152 8 21
21 155 7 20
22 152 10 26
23 151 8 19
24 151 6 16
25 151 8 20

The data taken from pore size analysis was plotted against build location to determine the

existence of any particular areas of the build that produced higher or lower variation. This

analysis is shown in Figure 5.2.
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Figure 5.2 Mean Pore Size Measured at 25 Locations Between Five Builds

From the data in Figure 5.2 and Table 5.2 it was shown the maximum range measured

between builds was 28 µm, located at position 10 (195 µm X, 44.5 µm Y) and the minimum

measured range at position 2 (48.75 µm X, 0 µm Y) with a value of 3 µm. ANOVA testing

showed pore size to not vary signi�cantly when comparing measurements made at each of

the 25 build locations.

5.2 Inter Build Variation Analysis

Data collected for the 125 specimens was also used to determine the amount of variation

between each of the �ve builds performed, with respect to the range of measurements made

and the percentage deviation from the calculated mean value. This was in turn used to

identify if any speci�c builds showed particularly high variation and whether mean geome-

try measurements were signi�cantly di�erent from other plates.

Variation across each of the �ve builds, calculated from analysis of the 25 components for

each of the plates, was determined separately for both material thickness and pore size.

Analysis of Variance was carried out on the results of the photogrammetric analysis to

determine if any builds varied statistically signi�cantly from any others.
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5.2.1 Inter Build Material Thickness Variation

The material thickness variation for each build plate, numbered 1-5, was calculated through

photogrammteric analysis. After analysis of a build plate the mean material thickness,

standard deviation, and range of measurements were calculated. From these it was seen

which builds had the highest levels of variation (the mean variation of the Realizer SLM

machine) and if any build varied signi�cantly from any others. The results of measurements

made of the porous specimens for each build are shown in Table 5.3.

Table 5.3 Variation of Inter Build Material Thickness Across Five Builds

Build Material Thickness, Standard Deviation, Material Thickness Range,
Number T , µm σ, µm ∆T , µm

1 383 31 119
2 356 19 75
3 414 30 137
4 344 8 31
5 301 21 66

The mean calculated value for material thickness from all measured samples was 380 µm

with a deviation of 38 µm. Build 3 was shown to have the highest variation, with a mea-

sured range of 137 µm. The mean values of all �ve builds varied across a range of 85 µm,

equal to 12 % above or below the mean thickness value.

ANOVA testing of each of the build plates showed the existence of signi�cant di�erences

in inter build mean values. Speci�cally, post-hoc HSD analysis showed all �ve builds to be

signi�cantly di�erent from all other builds except when comparing build 2 and 4, which

were not signi�cantly di�erent from one another.

5.2.2 Inter Build Pore Size Variation

As with material thickness analysis, variation of inter build pore size was also investigated

through photogrammetric analysis of 25 samples across each of the �ve build plates. Vari-

ation of each build, and all �ve as a total, was then calculated to determine pore size

deviation in the additive manufacture of porous material by the Realizer SLM machine.
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The results for pore size measurements across each of the �ve builds are shown in Table

5.4.

Table 5.4 Variation of Inter Build Pore Size Across Five Builds

Build Pore Size, Standard Deviation, Pore Size Range,
Number S, µm σ, µm ∆S, µm

1 147 6 24
2 155 5 18
3 147 2 9
4 160 3 10
5 165 3 8

The mean pore size observed from all �ve builds was 155 µm with a deviation of 7 µm.

The highest range seen for pore size deviation was 24 µm, seen in build 1. The mean range

across all builds was 13 µm, equal to a deviation of 4% above or below the mean measured

pore size.

ANOVA testing of the mean pore sizes measured across the �ve builds showed there to

be signi�cant di�erences between them. HSD analysis showed all build means to be sig-

ni�cantly di�erent from all others aside from build 1 and 3 that, when compared to one

another during analysis, showed no statistically signi�cant variation.

5.3 Controlled Power Variation Study

Alongside analysis of variation using identical manufacturing parameters to fabricate porous

components, deliberate variation in laser power level was undertaken to investigate the sen-

sitivity of the photogrammetric system to indicate changes of this type in the manufacturing

process and the e�ect these variations have on the geometry of the porous structure. To

perform this, the minimum measurable power change of the imaging system was iteratively

determined through reduction of power intervals between specimens, beginning with inter-

vals between 20 and 5 W (above the nominal value to ensure viable porous structures were

manufactured) and then reducing this interval to 1 W, as shown in Figure 5.3.

The diagram shows how minimum measurable power change was determined based upon
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Figure 5.3 Methodology for Determining Minimum Measurable Power Change by the
Image Analysis System

which specimen power values show signi�cance, using two studies, each consisting of a single

25 part build. The �rst determines the location of signi�cance down to a precision of 5 µm

and the second down to 1 µm. This was followed by multiple samples being manufactured

at intervals matching the determined minimum change, and these specimens analysed to

investigate the e�ect of power change on material thickness and pore size.

5.3.1 Minimum Measurable Power Change

Minimum measurable power detectable by the imaging system was quanti�ed through the

manufacture of several sets of porous specimens at reducing intervals. For each interval,

geometric values of samples manufactured at the �ve di�erent laser power levels were com-

pared to measurement of an 83 W set (the nominal manufacturing power value). This

comparison was used to determine the di�erence in measured mean material thickness,

pore size between the di�erent manufacturing parameters. ANOVA and HSD analysis was

also performed to determine what the smallest required power change to cause statistically

signi�cant variation in the porous structure needed to be.
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20, 15, 10, and 5 Watt Interval Power Change Analysis

To narrow down the possible value for minimum measurable power change of the pho-

togrammetric system, components at 20, 15, 10 and 5 W intervals, along with a set of

samples all manufactured at the nominal manufacturing power of 83 W, were analysed.

Each set of samples were manufactured starting at 83 watt and incrementally increased

by the required value, up to 163 W for 20 W intervals. Each sample was then imaged

four times by the photogrammetric system to determine the value for material thickness,

and this value compared to the measurements made of the 83 W components. Aside from

alterations to power, all other manufacturing parameters remained the same for each com-

ponent and all designs for the porous structures were identical. The measurements made

for all 25 samples are shown in Table 5.5.
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Table 5.5 Material Thickness Measurements of Porous Samples Under Changing Beam
Power Values at Intervals of 20, 15, 10, 5, and 0 W

Power Interval Power, Mean Material Standard Deviation, Di�erence from
∆P , W P , W Thickness, T , µm σ, µm 83 W Sample, ∆T , µm

20 83 373 27 -
103 383 6 10
123 446 1 73
143 502 13 129
163 579 1 206

15 83 359 10 -
98 393 7 34
113 433 4 74
128 493 14 134
143 532 4 173

10 83 366 9 -
93 398 1 32
103 447 11 81
113 465 15 99
123 507 1 141

5 83 379 7 -
88 381 7 2
93 407 10 28
98 430 8 51
103 429 4 50

0 83 354 3 -
83 365 6 -
83 376 3 -
83 368 7 -
83 384 7 -

From Table 5.5 it can be seen that the system is able to detect changes in power, potentially

at intervals as low as 5 W, however to determine the point where the measured change in

material thickness became statistically signi�cant, to a con�dence level of 95%, ANOVA

testing was employed. Each set of �ve samples, from each interval, was tested together to

investigate the existence of signi�cant changes within the group. The results of ANOVA

testing for all �ve sets are shown in Table 5.6.

151



Table 5.6 Collation of ANOVA Testing of Material Thickness Measurements Under Chang-
ing Beam Power Values at Intervals of 0, 5, 10, 15, and 20 W

Power Interval, ∆P , W F p value Fcritical MSW
20 159.9 4.18× 10−12 3.06 183.82
15 278.2 7.14× 10−14 3.06 71.98
10 141.0 1.05× 10−11 3.06 30.12
5 45.2 3.41× 10−8 3.06 54.30
0 17.0 1.91× 10−5 3.06 28.92

ANOVA testing showed that all �ve sets of samples showed signi�cant di�erence between at

least one pair of means. To better understand the extent of signi�cant di�erences between

the �ve samples in each group HSD testing was also undertaken, comparing each pair of

components in the set. The values used in calculating q for each sample pair are shown in

Table 5.7.

Table 5.7 Values Used in Calculating HSD for 0, 5, 10, 15, and 20 W Interval Samples

Equation Factor Value
n samples 4
df within 15
k number 5

α 0.05
qcritical 4.37

Using the values in the above table and the statistical methods described in Chapter 3 the q

values for each of the sample pairs (10 unique pairs for each specimen set) were calculated.

Through this analysis, groups with di�erences between 0 W and 50 W were observed for

statistically signi�cant change, the results of which are shown in Tables 5.8 to 5.12 for each

interval value.
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Table 5.8 q Values Following HSD of Material Thickness Measurements Under Changing
Beam Power Values at Intervals of 0 W

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
(83 W) (83 W) (83 W) (83 W) (83 W)

Sample 1 (83 W) - 4.09 8.12 5.10 10.87
Sample 2 (83 W) - - 4.03 1.01 6.78
Sample 3 (83 W) - - - 3.02 2.75
Sample 4 (83 W) - - - - 5.77
Sample 5 (83 W) - - - - -

Table 5.9 HSD of Material Thickness Measurements Under Changing Beam Power Values
at Intervals of 5 watt

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
(83 W) (88 W) (93 W) (98 W) (103 W)

Sample 1 (83 W) - 0.74 7.68 13.98 13.60
Sample 2 (88 W) - - 1.36 13.24 12.86
Sample 3 (93 W) - - - 6.30 5.92
Sample 4 (98 W) - - - - 0.38
Sample 5 (103 W) - - - - -

Table 5.10 HSD of Material Thickness Measurements Under Changing Beam Power Values
at Intervals of 10 W

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
(83 W) (93 W) (103 W) (113 W) (123 W)

Sample 1 (83 W) - 6.80 17.15 21.19 30.12
Sample 2 (93 W) - - 10.35 14.39 23.32
Sample 3 (103 W) - - - 4.04 12.97
Sample 4 (113 W) - - - - 8.93
Sample 5 (123 W) - - - - -

Table 5.11 HSD of Material Thickness Measurements Under Changing Beam Power Values
at Intervals of 15 W

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
(83 W) (98 W) (113 W) (128 W) (143 W)

Sample 1 (83 W) - 7.89 17.35 31.53 40.67
Sample 2 (98 W) - - 9.47 23.64 32.78
Sample 3 (113 W) - - - 14.18 23.32
Sample 4 (128 W) - - - - 9.14
Sample 5 (143 W) - - - - -
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Table 5.12 HSD of Material Thickness Measurements Under Changing Beam Power Values
at Intervals of 20 W

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
(83 W) (103 W) (123 W) (143 W) (163 W)

Sample 1 (83 W) - 1.45 10.79 18.98 30.29
Sample 2 (103 W) - - 9.34 17.54 28.84
Sample 3 (123 W) - - - 8.19 19.50
Sample 4 (143 W) - - - - 11.31
Sample 5 (163 W) - - - - -

HSD results were further analysed, with respect to the di�erences in manufacturing power

between specimens, to determine at which point the amount of statistically signi�cant

changes in mean material thickness increases, indicating the likely range in which the

minimum measurable power is located. The data for the HSD testing is collated in Table

5.13.

Table 5.13 Collation of Power Intervals HSD Testing Showing Signi�cant Di�erences

Power Di�erence, Signi�cantly Not Signi�cantly Total
∆P , W Di�erent Di�erent Comparisons

0 5 5 10
5 1 3 4
10 6 1 7
15 5 1 6
20 8 0 8
30 5 0 5
40 4 0 4
45 2 0 2
60 3 0 3
80 1 0 1

From the collected data and statistical analysis it could be seen that at 10 W intervals,

counts of signi�cant di�erence between mean pairs were higher than the number of non-

signi�cantly di�erent comparisons. This was shown through the majority of components

manufactured 10 W apart, to have separate mean values, as measured by the photogram-

metric system. This indicated the minimum measurable power level to be at or below 10

W in value. In contrast 5 W interval components showed very few signi�cantly di�erent

counts when compared, at 25% signi�cant to 75% non-signi�cant, indicating the minimum
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measurable power level to be greater than this. 0 W comparisons were neglected due to the

similarity of mean values indicating high numbers of signi�cant di�erences than for wider

distribution measurements.

1 Watt Interval Power Change Analysis

To determine more accurately the minimum measurable power change value, a further 25

components were manufactured at 1 W intervals along with 83 W nominal samples. Specif-

ically, the build contained �ve 83 W and four each of: 89, 90, 91, 92, and 93 W specimens

arranged as in Figure 3.15, randomised to reduce location e�ects. Each manufactured

sample was then measured using the photogrammetric system for material thickness. The

results of this analysis for all specimens are shown in Table 5.14.
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Table 5.14 Material Thickness Measurements of Porous Samples Under Changing Beam
Power Values at Intervals of 1 W

Build Power, Mean Material Standard Deviation, Di�erence from
Location P , W Thickness, T , µm σ, µm 83 W Sample, ∆T , µm

3 83 403 7 -
7 83 396 6 -
15 83 405 2 -
19 83 392 5 -
21 83 378 3 -
1 89 426 2 31
8 89 436 17 41
17 89 387 3 8
25 89 424 3 29
5 90 434 4 39
14 90 418 20 23
16 90 405 7 10
22 90 398 6 3
9 91 443 4 48
12 91 412 3 17
20 91 430 6 35
23 91 410 21 15
4 92 435 1 40
10 92 431 2 36
11 92 413 14 18
18 92 434 10 39
2 93 434 3 39
6 93 435 2 40
13 93 427 8 32
24 93 434 4 39

Using this acquired data, ANOVA was again carried out to determine the existence of

statistically signi�cant di�erences between the 83 W nominal specimens and the groups

of higher manufacturing power. The lowest interval size still showing signi�cant di�erence

between mean groups was taken to be the minimum measurable change in the processing

parameter. The results of the ANOVA are shown in Table 5.15.

156



Table 5.15 ANOVA of Material Thickness Measurements Under Changing Beam Power
Values at Intervals of 10, 9, 8, 7 and 6 W

Interval, ∆P , W F p value Fcritical

6 4.51 7.14× 10−2 5.59
7 4.53 7.08× 10−2 5.59
8 10.80 1.33× 10−2 5.59
9 22.61 2.07× 10−3 5.59
10 43.26 3.10× 10−4 5.59

From Table 5.15 it can be seen that both 6 and 7 W intervals do not produce signi�cant

di�erences between the groups of measured means, indicated by the F value being less

than the Fcritical value. Once the interval increases to 8 W, or higher, the F value increases

above the Fcritical value, showing signi�cant di�erence between the 83 W set of samples and

the 91, 92, and 93 W sets. The 91 W specimens therefore showed the smallest measurable

power change to be 8 W.

5.3.2 E�ect of Power Change on Structure Geometry

Having determined the minimum measurable power change of the photogrammetric system,

the e�ect of changing power on the porous structure was determined. To quantify geometric

change with respect to power 25 specimens, at �ve di�erent power values, at the minimum

measurable interval of 8 W were manufactured. These samples were then analysed to

calculate mean values for material thickness and pore size, to show the level of variation of

this geometry as a result of altering manufacturing power. From this investigation it would

be possible to use measured geometries of inspected components to detect any variation in

the laser power manufacturing parameters in an additive manufacturing process without

the need for constant beam power measurements.

Power Change E�ect on Material Thickness

The e�ect of power change on geometry of the porous material was �rst investigated through

measurement of material thickness. Planar specimens were manufactured in randomised

locations, at a range between 83 and 99 W and then measured using the photogrammetric
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system to calculate mean pore size for each. Results of analysing the 25 specimens are

shown in Table 5.16.

Table 5.16 Power Settings and Material Thickness Measurements of Porous Specimens

Build Power, Mean Material Thickness, Standard Deviation,
Location P , W T , µm σ, µm

3 67 346 36
10 67 316 11
12 67 325 6
19 67 329 10
21 67 335 2
2 75 343 3
6 75 349 4
13 75 352 3
20 75 349 6
24 75 339 5
1 83 365 4
9 83 343 4
15 83 359 18
17 83 353 4
23 83 360 2
5 91 375 7
8 91 354 3
14 91 393 3
16 91 377 2
22 91 363 2
4 99 380 32
7 99 398 7
11 99 393 3
18 99 387 14
25 99 383 33

The data taken from each of the specimens was then collated, for each of the �ve manufac-

turing power levels, so that each level had a mean material thickness value and standard

deviation from 20 measurements of �ve samples across the build plate. The results of the

collation of the data are shown in Table 5.17 and plotted in Figure 5.4.
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Table 5.17 Collation of Power Settings and Material Thickness Measurements of Porous
Specimens

Power, P, W Mean Material Thickness, T, µm Standard Deviation, σ, µm

67 330 11
75 347 5
83 356 8
91 372 15
99 388 7

Figure 5.4 E�ect of Power Change on Photogrammetrically Measured Material Thickness
of 25 AM Specimens

From the graph in Figure 5.4 it can be seen a linear trend between measured material thick-

ness and manufacturing power was observed, possessing a calculated correlation coe�cient

of 0.996 (1 representing a perfectly linear trend). The upper limit, manufactured at 99 W,

was measured at 388 µm and the lower limit, manufactured at 67 W, 58 µm lower in value.

From this graph it would be possible to predict potential manufacturing power used based

upon measurements made of the material thickness of the porous structure at the surface of

the component, or detect excessive variation in manufacturing power by tracking changes

in measured thickness that fell outside the expected values for the process.
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Power Change E�ect on Pore Size

Alongside material thickness measurements of the 25 specimens manufactured at �ve beam

power levels, pore size measurements were also taken to again compare manufacturing

power to measured pore size to detect �uctuations in the AM process. Measurements made

by the photogrammetric system, of the 25 specimens, are shown in Table 5.18. Each sample

was imaged and analysed four times and the mean value and standard deviation calculated.

Table 5.18 Power Settings and Pore Size Measurements of Porous Specimens

Position Power, P, W Mean Pore Size, S, µm Standard Deviation, σ, µm

3 67 168 1
10 67 167 1
12 67 165 1
19 67 164 1
21 67 170 0
2 75 162 1
6 75 164 1
13 75 160 1
20 75 160 1
24 75 160 0
1 83 156 0
9 83 160 1
15 83 158 2
17 83 157 1
23 83 158 1
5 91 156 1
8 91 155 1
14 91 153 1
16 91 156 1
22 91 158 1
4 99 155 1
7 99 152 1
11 99 154 1
18 99 152 1
25 99 150 2

The measurements made of the pore size of the components were then collated for each

power level used in manufacturing, shown in Table 5.19 and the two variables plotted

against one another, as in Figure 5.5 to determine the relationship.
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Table 5.19 Collation of Power Settings and Pore Size Measurements of Porous Specimens

Power, P , W Mean Pore Size, S, µm Standard Deviation, σ, µm

67 167 3
75 161 2
83 158 2
91 156 2
99 153 2

Figure 5.5 E�ect of Power Change on Photogrammetrically Measured Pore Size of 25 AM
Specimens

The data calculated showed that between manufacturing powers of 67 and 99 W, pore size

varied by 14 µm with a maximum value of 167 µm at 67 W and a minimum of 153 µm at

99 W. The graph is observed to have a linear trend, with a negative gradient of coe�cient,

-0.977, from which variation in measured pore size can be used to detect the existence of

unwanted manufacturing power changes in the build process during inspection of compo-

nents. By measuring pore size of a porous component, the corresponding value of power

could be read from the graph, which would increase in accuracy as more measurements

were made, and any deviation from acceptable parameters deduced.
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5.4 Discussion

The photogrammetric system methodologies of material thickness and pore size analysis

were applied to variation measurements of the AM system measuring changes occurring

as a result of both uncontrollable �uctuations in the manufacturing process and deliber-

ate alteration of power parameters to duplicate potential unwanted shifts in laser output

reaching the powder bed.

5.4.1 Intra and Inter Build Analysis

The results presented for intra build variation analysis quantify the baseline in the additive

manufacturing of open cell porous material, from which variation tracking and go/no go

inspection can be carried out, and the capabilities of the fabrication equipment to consis-

tently reproduce identical parts quanti�ed.

Intra build comparison showed some variation for both material thickness and pore size mea-

surements. Material thickness of the 125 manufactured specimens possessed a mean value

of 360 µm, imaging and measuring specimens four times each. A range of 8 µm was seen in

the measured values, equivalent to 12% above or below the mean diameter. ANOVA testing

showed none of the 25 locations within the 200 x 200 mm build area produced components

of a signi�cantly di�erent mean material thickness. Pore Size analysis showed a mean value

of 155 µm. The mean range of measured values was 13 µm, 4% above or below mean pore

size. As with material thickness measurements pore size showed no signi�cant di�erence

in measured values at any of the 25 plate location when investigating intra build variability.

Unlike intra build analysis, inter build analysis did show signi�cant di�erences between

builds for both material thickness and pore size. The maximum measured range in mate-

rial thickness for inter build analysis was 120 µm, indicating up to a 16% variation above

or below the mean material thickness. Similarly, pore size analysis showed a higher mean

range for inter build analysis with a value of 21 µm, 6% variation above or below the mean,

indicating a larger variation in the measured size of the structure. ANOVA analysis com-
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paring the mean value and deviation for components grouped by each of the �ve builds

showed the existence of signi�cant di�erence, at a con�dence interval of 95%, for both ma-

terial thickness and pore size. Subsequent HSD testing showed all builds to be signi�cantly

di�erent from all others, excluding builds 2 and 4 for material thickness and builds 1 and

3 for pore size.

This outcome of higher deviation between builds compared to within follows expectation as

all components within a build are subjected to the same or similar conditions whilst being

manufactured simultaneously. Inter build components however, are much less likely to be

built under identical conditions having been manufactured at di�erent times, accounting

for the higher variation in both material thickness and pore size.

Contour plots generated from intra build data (Figure 5.1 and Figure 5.2) also show areas

of peak similarity or dissimilarity between components. In particular the lower left area

of the build shows the least di�erence between measured means whereas the upper left,

upper right, and lower right all show a higher range where analysed structures vary the

most. This localisation of variation may be caused by �uctuations in conditions that di�er

more between builds in particular areas of the platform such as inert gas �ow, rather than

across the entire chamber. When compared to the contour plot of porosity with respect to

location (Figure 5.6) in the gas �ow study performed by Ferrar et al. it can be seen that

areas of low intra build variation correlate with areas of low porosity as a result of changes

in the gas �ow.
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Figure 5.6 Top: Variability of Material Thickness with Respect to Build Location, Bottom:
Porosity with Respect to Build Location as a Result of Changes in Gas Flow within an AM
Build Chamber [11]

This indicates that it is primarily the gas �ow that causes the changes seen in material

thickness and pore size within the AM build as detected by the photogrammetric system.

The porosity seen by Ferrar and the low variation both align with the lower left corner

of the build chamber where the �ow as a result of the inlet of argon gas is lowest. This

therefore suggests that it is the �ow of gas that causes variation in porous components and

not an uneven �ow rate.

The methods demonstrated in this investigation can be applied to both the tracking of

variation over time, of additively manufactured open cell porous structures, and go/no go

inspection where more complex or time consuming methods would be impractical. By build-

ing duplicate components the photogrammetric values for material thickness and pore size
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can be used to determine if any changes have occurred in the build parameters or environ-

ment that would negatively a�ect the manufacture of the porous structure. Measurements

taken can be compared to a baseline determined previously, such as the one presented in

this study, which provides a value of expected variation for a machine or even speci�c build

layouts or components. A measured component falling outside accepted variation tolerance

would indicate the need for service or adjustment to the manufacturing process.

Likewise, when applied to go/no go inspection of large volumes of individual components,

measurements taken can again be compared to a known baseline or a predetermined min-

imum or maximum value for material thickness or pore size. Any component structure

outside of the required range would fail inspection and potentially indicate problems with

the AM build. This baseline can also be used to view if any changes made to the build

process cause an increase or decrease in measured variation and therefore the performance

of the AM machine.

5.4.2 Power Variation Study

The e�ect of deliberately altering manufacturing parameters, speci�cally power of the laser

beam, on measured values for material thickness and pore size was determined to quantify

the minimum change the photogrammetric system could detect. Initially the minimum

measurable power change detectable was determined through measurement of components

manufactured at larger intervals of 5, 10, 15, and 20 W, measuring each for statistically

signi�cant di�erences. This was followed by manufacturing and measuring of components

at 1 W intervals for more precise quanti�cation. ANOVA analysis of these components

showed the minimum di�erence between a nominal porous material manufactured at 83 W,

and the closest component that was signi�cantly di�erent in mean value, was 8 W.

Having determined the minimum measurable power change, 25 components were manu-

factured at �ve di�erent powers between 67 and 99 W, with intervals at the minimum 8

W, to determine the e�ect of power variation on measured material thickness and pore

size. The intention of these measurements was to later indicate any changes in laser power
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during a manufacturing process, which is likely to vary with the age of the laser and other

process conditions, and determine what acceptable level of power variation still produces

acceptable porous material geometries.

Collation of the 100 measurements of the 25 specimens into each of the �ve manufacturing

powers (Table 5.17) showed material thickness geometry measurements of the solid compo-

nent of the porous structure varied by 58 µm with a power variation of 24 W. A minimum

value of 330 µm was measured at a manufacturing power of 67 W and the maximum mea-

sured thickness of 388 µm at 99 W.

When plotting manufacturing power against material thickness a positive linear correlation

was seen with increasing manufacturing power causing an increase in material thickness,

aligning with expected outcome.

Pore size measurements were also taken for the 25 test specimens and collated into their

respective manufacturing powers (Table 5.18). Between 67 and 99 W, a measured change

of 14 µm was seen in pore size with the highest mean, of 167 µm, belonging to specimens of

67 W. The minimum measured mean was seen at 99 W with a value of 153 µm. When plot-

ting power against pore size, a negative linear correlation is seen between manufacturing

power and pore size. These measurements follow observations made of material thickness as

increased beam power causes thicker material to be produced, due to the increased energy

applied. Pores are in turn closed up and causing smaller measurements to be produced by

the photogrammetric system.

From measurements made it would be possible to predict potential manufacturing power

based upon values of material thickness or pore size of the porous structure at the sur-

face of the component. Excessive variation in manufacturing power could also be detected

by tracking changes in measured thickness that fell outside the expected values. The

photogrammetric system using the described method can be applied to estimating man-

ufacturing outcomes in terms of material geometry based upon a selected manufacturing
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power during development processes and to determine a maximum level of accepted power

variation over the lifetime of a laser, based upon accepted values for material thickness and

pore size to pass inspection, and when machine servicing may be required, without the need

for frequent beam measurements.

5.5 Conclusion

In this chapter the work carried out to quantify variability in the AM process when build-

ing porous components was described. This work primarily included manufacture and

measurement of high volumes of identical specimens, statistical analysis performed both

intra and inter build, and quanti�cation of the minimum measurable change in laser power

used in manufacturing that the photogrammetric system could detect. Through this work

the following objectives of the project were met:

� Intra build variability of AM produced porous components quanti�ed.

� Intra build variability of AM produced porous components quanti�ed.

� Minimum measurable laser power variability via photogrammetry quanti�ed.

By completing these objectives the ability of the AM process to produce truly identical

components was determined.
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6 Correlation of Photogrammetric Measurements to

Porous Structure Properties

To further examine potential functionality of the photogrammetric analysis method and the

process of measuring geometry at the surface of a porous structures, the relation to physical

properties of the material were examined with the aim of using the data to allow estimation

of all inspected components without the need for destructive testing. This comparison was

performed for both material thickness and pore size measurements, manufactured across a

range of beam powers, and their relation to the compressive yield strength and porosity of

porous parts; two key properties tested during component inspection. This chapter exam-

ines the measurement and processing of specimens for both compressive yield strength and

porosity, and how these two properties relate to surface measurements of images captured

and analysed by the photogrammetric system.

6.1 Compression Testing of Open Cell Specimens

One of the primary physical properties of interest in analysis and inspection of porous com-

ponent is the compressive yield strength. Compressive yield strength quanti�es the ability

of a porous material to withstand compressive loads before failure begins to occur and the

structure is no longer viable. To carry out this testing, purpose designed porous specimens

were manufactured and tested in a compression test machine before comparing logged and

calculated values to measurements taken via photogrammetric analysis of the two geometry

types, material thickness and pore size.

The 25 compression specimens were manufactured, as described in Chapter 3, 3.4.3, in a

single build using identical locations to the power variation study in Chapter 5. This ensured

randomised placement, reducing localised variation e�ects on the structure produced, whilst

allowing direct comparison to the planar porous test specimens, tested for porosity and
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geometry size.

6.1.1 Collection of Compressive Yield Strength Data

Following manufacturing, samples were taken o� the build plate and the spiral supports

removed. Specimens were then cleaned and prepared for compression testing. Compression

testing was carried out complying with the ASTM E9-09 standard [117]. To determine the

mechanical strength of manufactured porous materials, compressive testing was carried out

to calculate the yield point. This required cylindrical test specimens to be compressed at a

constant strain rate by a universal test machine, to a predetermined displacement, whilst

the force imparted on the sample was logged. From this logged force and displacement

data the compressive yield strength of the material was calculated using the 0.2% o�set

method. Testing was carried out using a 3369 Dual Column Universal Testing Systems

(Instron, GB) and the compressive test specimens described previously. A strain rate of

0.15 mm/mm ·min and a displacement of 10 mm was used in line with the ASTM E9-09

standard and previously performed testing [2, 117]. During set-up, specimens were placed

centrally between two �at plates mounted on the testing machine. The surfaces of the

plates were oiled to prevent friction e�ects skewing the results. The upper compression

plate was then lowered until it touched the top surface of the specimen and the measured

load just began to rise. This set up is shown in Figure 6.1.
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Figure 6.1 Compression Test Experimental Apparatus

The top compression plate was then gradually lowered at the selected strain rate to de-

form the porous specimen. Strain rate and data collection were automatically controlled

by the Bluehill software (Instron, GB). Testing was stopped when the maximum allowable

displacement was reached by the machine.

For calculation of compressive yield strength stress-strain curves were created. As the

transducers on the universal test machine only measured force and displacement, the data

acquired form compressive testing was therefore converted to stress and strain. From the

stress-strain curves produced for each compressed specimen, the 0.2% yield o�set was cal-

culated to determine the value for yield strength of the structure in a standardised way,

as in ASTM E9-09 [117]. This was performed by o�setting a line running parallel to the

gradient of the Young's modulus line (A in Figure 6.2) of the data (the initial gradient of

the stress-strain curve) by 0.2% of the total strain. Where the drawn line (n) intercepted

the stress-strain curve (r) the stress value at that point was taken as the compressive yield

strength (R). A diagram of a stress-strain curve with a 0.2% o�set measurement is shown

in Figure 6.2.
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Figure 6.2 Stress-Strain Diagram for Determination of Yield Strength by the 0.2% O�set
Method, Adapted From [117]

The calculated 0.2% o�set yield strength provided a measure of the porous specimens ability

to resist the compressive forces applied using a standard, repeatable method. The task of

precisely calculating the 0.2% o�set was automated using a Matlab script. A typical stress

strain curve produced from the compression of the porous test specimens and subsequent

calculation of values from data output from the universal test machine is shown in Figure

6.3.
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Figure 6.3 Stress-Strain Graph Produced from the Compression of Cylindrical Porous
Specimens

The graphs produced follow the expected stress-strain curve for a porous material under

compression, with stress rising quickly at �rst, with relatively little increase in strain, until

the structure begins to gradually buckle (at around 35 MPa for the 83 W specimen shown),

at which point strain begins to increase at a much faster rate relative to stress, indicating

failure and collapse of the material [118]. The shapes of the graphs produced match closely

ideal trends established by Ashby et al. for the compressive testing of porous materials, as

shown in Figure 6.4, validating the collected data [112].
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Figure 6.4 Ideal Data of a Uniaxial Compressive Test on Compressive Material [112]

The compressive data was generated for each of the 25 test specimens before determining

the 0.2% o�set strain. The calculated values for compressive yield strength for each of the

�ve manufacturing powers, taken from the mean of �ve test specimens, are shown in Table

6.1.

Table 6.1 Compressive Yield Strength Calculated Via the 0.2% Strain O�set Method for
Five Manufacturing Beam Powers

Power, Mean Young's Standard Mean Compressive Standard
P , W Modulus, E, GPa Deviation, σ, GPa Yield Strength, σ, MPa Deviation, σ, MPa

67 0.3 32.0 9.3 0.7
75 0.6 102.5 15.5 1.5
83 0.9 144.4 21.3 1.4
91 1.3 101.7 29.4 2.0
99 1.6 172.1 34.1 2.8

The calculated values for compressive yield strength and corresponding manufacturing

power were then plotted to determine the relationship between power variation and com-

pressive strength, between 67 and 99 W as shown in Figure 6.5.

The graph of compressive yield strength against manufacturing power showed a linear

relationship between the two variables with compressive yield strength increasing with a
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Figure 6.5 E�ect of Power Variation with Compressive Yield Strength of AM Produced
Porous Material

positive correlation coe�cient of 0.998 to power. These results followed expectation as, with

the application of more power, more material would be melted and subsequently solidi�ed.

Although the same cross section is used for all specimens when evaluating stress, for ease

of calculation, in reality the increase in melted material at higher power also increases the

cross section area within a specimen which the force of the universal test machine acts

upon, reducing the stress applied to the porous structure. This reduced stress appears as

a higher compressive yield strength in components manufactured at higher laser power,

due to use of the same cross sectional area in all calculations, despite no other change to

material other than more metal to withstand applied force.

6.1.2 Comparison of Compressive Yield Strength to Photogrammetric

Measurements

Following testing, the relationship between material geometries of the porous component,

measured at the surface of the porous structure using the photogrammetric system, and

the compressive yield strength derived was determined. This was examined by comparing
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values for compressive strength to both material thickness and pore size, for each of the

�ve manufacturing powers.

Compressive Yield Strength and Material Thickness Correlation

The relationship between measured material thickness values and compressive yield strength

was examined, through the analysis of 50 specimens; 25 compressive test samples and 25

planar porous samples. The data used in power variation analysis in Chapter 5 was used

as values for photogrammmetric material thickness. These specimens and the compressive

test samples previously analysed were both manufactured at the same location on the build

plate using the same laser beam powers and identical parameters. The values obtained for

each of the �ve power levels, for the 50 specimens, are shown in Table 6.2. Comparison

of the two material properties focused on investigating the possibility of using rapid non

destructive measurements to estimate whether compressive strength lies within acceptable

parameters via image capture of the surface of a specimen during inspection and use of a

look-up graph.

Table 6.2 Compressive Yield Strength and Material Thickness Measured for Specimens
Manufactured at Di�erent Laser Powers

Power, P , W Mean Compressive Yield Strength, Mean Material Thickness,
σ, MPa T , µm

67 9.3 330
75 15.5 347
83 21.3 356
91 29.4 372
99 34.1 388

Compressive yield strength with respect to measured material thickness was then plotted

to observe the relationship between the two material properties across deliberate alteration

of the beam power parameter, as in Figure 6.6.

The plot of compressive yield strength and material thickness showed a positive linear cor-

relation coe�cient of 0.994 between the two variables. This relationship follows expectation

as an increase in material within the porous structure as a result of the increased manu-

facturing power would allow a compressive test specimen to withstand higher stress. From

this data, an image of a porous specimen or component could be photogrammetrically anal-
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Figure 6.6 Relationship Between of Measured Material Thickness and Compressive Yield
Strength of AM Produced Porous Material

ysed, and the corresponding yield strength read from the graph, with a higher measured

material thickness indicating a higher compressive yield strength. As more data is collected

from photogrammetric measurements and routine compressive yield tests, estimations of

strength would become more accurate, precise, and reliable.

Compressive Yield Strength and Pore Size Correlation

As with material thickness, surface measured pore size was also investigated for its relation

to compressive yield strength. Values taken for pore size from the 25 planar porous test

specimens, for each of the �ve laser powers, were again taken from Chapter 5. This aimed

to provide another method through which to non-destructively predict compressive yield

strength through measurement of pore size via image analysis. The measurements made

for compression and pore size are collated in Table 6.3.

176



Table 6.3 Compressive Yield Strength and Material Thickness Measured for Specimens
Manufactured at Di�erent Laser Powers

Power, P , W Mean Compressive Yield Strength, σ, MPa Mean Pore Size, S, µm

67 9.3 167
75 15.5 161
83 21.3 158
91 29.4 156
99 34.1 153

The compressive yield strength and pore size values in Table 6.3 were subsequently plotted

to investigate the correlation between the two collected datasets, shown in Figure 6.7.

Figure 6.7 Relationship Between of Measured Pore Size and Compressive Yield Strength
of AM Produced Porous Material
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From the graph in Figure 6.7 pore size is shown to have a negative linear correlation

coe�cient of -0.971 with respect to compressive yield strength, following the trend seen

in comparison to material thickness. This is to be expected as a reduced amount of open

space, indicated by a small pore size, would limit areas in the structure unable to withstand

compressive forces. From the �t produced by the compression and pore size data, compres-

sive yield strength could be estimated rapidly and non-destructively and determined to be

within the required tolerance, via measurements of geometry during the photogrammetric

inspection of a porous component. As all parts of the porous structures within a compo-

nent are produced using identical parameters and intra build variation is shown to not be

signi�cant, it can be assumed the density of part is uniform throughout, though this may

vary locally due to the randomised nature of the design. The measurement of geometry

and compressive strength across a number of components reduces the likelihood of process

errors, and therefore it may be assumed the values measured are accurate.

6.2 Porosity Testing of Open Cell Structures

A second primary property of porous material important to orthopaedic applications and

tested during inspection is open cell porosity. This describes the ratio of solid material

to open space within open cell structures and is able to a�ect both compressive yield

strength of the component and the ability for osseointegration of bone after implantation

in orthopaedic applications. The relationship between measured porosity and the values

for geometry taken by the photgrammetric system are therefore investigated in a similar

way to compressive yield strength.

6.2.1 Collection of Porosity Data

Porosity was measured for each of the �ve manufacturing powers, 67�99 W, through anal-

ysis of the 25 specimens used in power variation analysis. Porosity of each specimen was

quanti�ed using gravimetric analysis, determining the mass of the material within a porous

structure and its ratio to the mass of a solid component of identical volume. For measure-

ments made, planar test specimens, also used in the collection of material thickness and
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pore size values, were used.

To quantify the porosity of the porous materials manufactured, i.e. the ratio of solid phase

to gas phase in the structure, gravimetric analysis was performed on the planar specimens

described previously. This analysis used the mass of porous samples, relative to the mass

they would possess if they were fully dense, to determine the amount of open space within

the structure. For these measurements, samples were weighed using a Nimbus NBL 254i

micro balance (Adam Equipment, GB). Samples were placed onto the plate in the centre

of the balance and the enclosure closed. The value for the mass was then allowed to settle

and remain stable, at which point it was logged. The specimen was then removed and the

balance tared to return the starting mass to 0 g for the next specimen. From the mass

of the whole part the mass of the porous material within the sample was calculated using

Equation 6.1 which removed the mass of the solid border and �ducial marker where: Vp is

the volume of porous material in the specimen, Vt, is the total volume of the component,

and, Vs, is the volume of solid material in the specimen (both the outer wall and the

orientation square).

Vp = Vt − Vs (6.1)

Porosity was then calculated by dividing the mass of the porous structure with the mass of

the material if it was fully solid, calculated using Equation 6.2 where: ms is the theoretical

mass of fully dense solid material, and ρ is the density of CpTi, taken as 4503 kg m−3.

ms = Vpρ (6.2)

This value represented the volume of material in the porous structure, which was then

converted to a percentage and subtracted from 100 to determine the amount of open space,

or porosity in the specimen, as in Equation 6.3, where: mp, is the mass of the porous

material measured via micro-balance.
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φ = 100−
(mp

ms
× 100

)
(6.3)

These calculations ultimately produced an accurate value for the percentage porosity within

the porous block part of the planar test specimen. The porosity of material for each

manufacturing power level used, calculated from the mean of �ve specimens, is shown in

Table 6.4.

Table 6.4

Power, P , W Mean Porosity, φ, % Standard Deviation, σ, %

67 77 0.5
75 73 0.8
83 69 0.8
91 66 1.6
99 63 1.0

Porosity measurements with respect to manufacturing power were then plotted to observe

the relationship between the two properties as shown in Figure 6.8.

Figure 6.8 E�ect of Changing Power on the Porosity of AM Produced Porous Material
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The porosity and manufacturing power of specimens were shown to correlate linearly and

negatively, with a coe�cient of -0.997, showing increased power producing a less porous

structure. This is due to the same causes that produce higher compressive strength at

higher powers, with the laser melting more powder into melt pools, which subsequently

solidi�es, reducing the the amount of open space within the material.

6.2.2 Comparison of Porosity to Photogrammetric Measurements

Porosity measurements taken of the 25 test specimens were directly compared with mea-

surements made using the photogrammetric system of the same samples, previously applied

to power change e�ect analysis. Calculated values for the porosity of the porous material

within the test specimen was plotted against material thickness and pore size to observe

the relationship between the di�erent structure properties.

Porosity and Material Thickness

Porosity analysis was compared to measurements made for material thickness to investi-

gate the existence of a relationship between the two material properties for the potential

application of non-destructive prediction of component parameters by use of photogram-

metry. Measurements taken of the 25 specimens, manufactured at the �ve di�erent power

intervals, were collated for both material properties. The collected data for porosity and

material thickness is shown in Table 6.5.

Table 6.5

Power, P , W Mean Porosity, Φ, % Mean Material Thickness, T , µm

67 77 330
75 73 347
83 69 356
91 66 372
99 63 388

The relationship between the two datasets was then observed by plotting them against one

another as in Figure 6.9.
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Figure 6.9 Relationship Between of Measured Material Thickness and Porosity of AM
Produced Porous Material

Following the same trend as when compared against power, porosity was shown to reduce

with increasing pore size in a linear fashion, having a correlation coe�cient of -0.990. This

outcome was expected as a larger material thickness is in line with a lower porosity, with the

additional material, caused by a higher beam power and measured by the photogrammetric

system, reducing the amount of open space, interpreted as porosity within the open cell

structure. As with compressive yield strength, the data gathered in the comparison of

porosity and material thickness and a range of manufacturing materials could potentially

allow for this material property to be estimated through non-destructive means at the same

point of inspection as compressive yield strength, during material thickness measurements.

Porosity and Pore Size

Porosity values were additionally compared to measurements of pore size produced via the

photogrammetric system. The mean values for both material properties were collated for

each of the �ve manufacturing powers. The data acquired is shown in Table 6.6.
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Table 6.6

Power, P , W Mean Porosity, Φ, % Mean Pore Size , S, µm

67 77 167
75 73 161
83 69 158
91 66 156
99 63 153

The two datasets were then plotted against one another to investigate the relation between

the properties, shown in Figure 6.10.

Figure 6.10 Relationship Between of Measured Pore Size and Porosity of AM Produced
Porous Material

As would be expected, with an increase in measured pore size, porosity of the material

also increases. The photogrammetric system was able to detect an increase in pore size

with increasing power and demonstrate a positive linear trend (correlation coe�cient 0.987)

between these measurements and gravimetrically calculated porosity. These measurements

could therefore be used as a method of estimating porosity of built material during the

inspection of components simultaneous to photogrammetric analysis of geometry.
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6.3 Discussion

The relationship between mechanical material properties of the porous structure and ge-

ometric measurements made at the surface using the photogrammetric system was inves-

tigated. This analysis aimed to determine the existence of a correlation between surface

geometry and physical properties of the material, with focus on non-destructively predicting

these parameters during inspection of the component and therefore whether a component

is within tolerances required for application. This investigation was performed for both

compressive yield strength and porosity, two primary properties tested for in orthopaedic

implants, comparing them against measurements made for material thickness and pore

size. Specimens were manufactured at �ve di�erent power levels, at integers of the mini-

mum measurable power change, 8 W (determined in Chapter 5), to deliberately alter the

porous structure and ensure changes to all four measured properties would be included.

6.3.1 Compressive Yield Strength and Porous Geometry Analysis

The compressive yield strength, i.e. the ability to withstand compressive stress, of porous

material manufactured at various manufacturing powers between 67 and 99 W was mea-

sured through compressive testing to produce stress-strain data from which the 0.2 % yield

strength was calculated. This data was plotted against the manufacturing power to de-

termine the e�ect of changing power on this material property, as shown in Figure 6.1.

This analysis showed compressive yield strength to increase linearly with laser power. This

comparison of properties followed the expected outcome, with a higher laser power caus-

ing more material to be melted during manufacture of the porous structure. With thicker

material, more stress is able to be withstood before yield of the structure under compression.

Following collection of yield strength data, a comparison was made with measured material

thickness captured from planar porous specimens. Both compressive and planar specimens

were manufactured with the same laser power, and in the same location on the build plate,

to match parameters, and therefore structures, as closely as possible. The values measured

via the photogrammetric system was plotted against those from compression testing to
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investigate potential correlation between these material properties. Graphs showed a linear

relationship between the two (Figure 6.6), with increasing material thickness correlating

with increased compressive strength. As discussed previously, this is caused by the increase

in melted material at higher beam powers increasing the cross sectional area of the porous

structure. This translates as a larger measured material thickness and, with the increased

area, the parts are able to withstand higher stress before failure relative to one another.

Similarly compressive yield strength was compared to data taken for pore size measure-

ments by the photogrammetric system through analysis of planar specimens manufactured

at identical laser powers. Compressive data was plotted directly against pore size to deter-

mine the relationship between the two properties of the porous structure. Graphs showed

a negative linear correlation existed (Figure 6.7), indicating a smaller pore size caused an

increased compressive yield strength. This aligns with the analysis of material thickness,

with a reduced pore size minimising the amount of space in the structure unable to with-

stand applied stress.

Across the 36 W laser power range used to manufacture specimens, a compressive yield

strength of 9.3 to 34.1 MPa was measured (as in Table 6.1), agreeing with previous studies

looking at cellular titanium structures under compressive load and covering the required

range for in-growth materials [2,11,64,68,112,113,160]. With respect to Young's modulus

the value measured in this study was similar to those seen previously, at 1.6 GPa, but just

below the speci�c expected range of 2�4 GPa [2, 113,160].

By using the minimum measurable power of the photogrammetric system as the manufac-

turing interval the equivalent minimum measurable change in compressive strength could

be determined. The mean of intervals between compression yield strength for the �ve spec-

imens was 6 MPa, indicating this to be the statistically signi�cant change in the property

detectable by the photogrammetric method and equipment used. It can also be determined,

from mean calculations of the change in material thickness and pore size, that this mini-

mum measurable change in compression yield strength is equivalent to a measured change

185



of 14.5 µm and 3.5 µm respectively. As a result of this larger di�erence in measured ma-

terial thickness proportional to changes in compressive strength, it would be preferable to

use values for this geometry to predict material properties, due to the reduced potential for

error if measured values vary by ± 1 µm, and higher sensitivity.

6.3.2 Porosity and Porous Geometry Analysis

Measurements of porosity were examined for their correlation with surface geometric prop-

erties. Porosity measured the ratio between solid metal and open space volumes within

the porous structure, key to controlling the rate of osseointegration with an implant and a

contributor to the strength and �exibility of the material. Measurements made gravimet-

rically of porosity values for each of the �ve manufacturing powers, 67�99 W were plotted

to investigate how the changing of power a�ected the structure, producing porosity values

between 63�77% (Table 6.4), again matching the requirement for in-growth [2,67,75]. This

data could be applied, as with compressive yield strength, to setting an acceptable variation

in power in which the porosity would still lie within required speci�cation for the porous

material during inspection. Plots showed the relationship between power and porosity to

be linear, with a negative correlation. As power increased the porosity was seen to reduce,

due to the melting of more material into the structure during manufacture, in line with

measurements made of compressive yield strength.

Porosity values were then compared to data collected for both material thickness and pore

size geometry with the aim of predicting porosity non-destructively for every manufactured

component based upon surface geometry. Material thickness and porosity values for each

power level were plotted against one another and the relationship observed, as in Figures

6.9 and 6.10. Graphs showed a linear relationship between material thickness and porosity,

with an increase in the former correlating to a reduction in the latter. These results follow

expectation as a larger amount of material within the porous structure would reduce the

amount of open space, thus reducing measured porosity.

Porosity data was additionally compared to pore size to observe correlation between the
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two values. The analysis showed a linear relationship between the two material proper-

ties, with the increase in porosity with pore size falling in line with the data collected for

material thickness and compressive yield strength previously. By measuring porosity at

intervals equal to the minimum measurable power change by the photogrammetry system,

the equivalent minimum change in porosity could also be calculated. The value obtained for

this was 3.5%, equivalent to measured changes of 14.5 µm and 3.3 µm for material thickness

and pore size respectively. As with compressive yield strength, it would be preferable to

use material thickness measurements to non-destructively estimate porosity, as rounding or

measurement errors would translate as a smaller changes in the correlated material prop-

erty values compared to using pore size.

Through data measuring both compressive yield strength, porosity and analysis of geometry

at the surface, collected via the photogrammetric system, relationships between physical

properties of the material were determined. Through these relationships measurements of

material thickness and pore size made during inspection of components or test specimens,

physical properties could be non-destructively estimated to ensure compliance with accept-

able tolerances for porous material. Data collected for compressive yield strength, porosity

and equivalent geometric properties could be added to over time through routine testing

of specimens, alongside manufactured components, to make estimations more accurate and

precise, thereby reducing the error.

Although measurement of geometry and correlation to compressive yield strength and

porosity could be performed by existing systems, use of these would make it slow or ex-

pensive to collect the amount of data required to accurately estimate material properties.

Due to the inability to measure large volumes of components during inspection after man-

ufacturing, it would also not be feasible to perform non-destructive, in-line estimation of

physical properties for every component whilst simultaneously determining material geom-

etry, except by application of the photogrammetric system.
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6.4 Conclusion

In this chapter the work carried out to compare measured geometry and key mechanical

properties of porous components was described. This work primarily included manufac-

ture and measurement of compressive and porosity specimens at a range of laser powers

in identical locations and parameters. From this data the correlation between measured

geometries and mechanical properties of the porous components was analysed for the pur-

pose of non destructive estimation during inspection. To achieve this the the following

objectives of the project were met:

� Compressive yield strength and porosity determined for porous components built at

multiple laser powers.

� Investigated the e�ect of deliberate changes in laser power with respect to compressive

yield strength and porosity, and the equivalent geometry changes measured by the

image analysis system.

� Correlated values measured for geometry of AM porous material by the imaging sys-

tem with mechanical properties key to orthopaedic implant production, compressive

yield strength and porosity, for non-destructive estimation.

By completing these objectives the use of the system to estimate mechanical properties

through non-destructive inspection of geometry was established.
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7 Analysis of Curved Porous Surfaces

Work carried out on development and testing of the photogrammetric system primarily

focused on planar test specimens from which the majority of the upper surface could be

imaged in a single photo, with the whole image in focus and orthogonal to the axis of

the lens. Whilst a large number of production components are coated in planar porous

material, similar to the test specimens previously used, many contain curved or angled sur-

faces that may cause complications during metrology. This therefore required investigation

into applying the photogrammetric analysis to these curved components and developing

methodologies to adjust for the variable surface. This Chapter details experimentation

using a CMM (Coordinate Measuring Machine) mounted camera to image the surface of

non-planar, curved specimens and application of image adjustment methods to overcome

issues speci�c to these designs. The application of image stitching, to increase the size of

the measured area, and histogram equalisation to account for variable lighting conditions

were also investigated.

7.1 Image Analysis of Curved Components via CMM

Due to the deliberately basic design of DSLR based system, the surfaces of the curved

specimens were unable to be easily imaged with the existing set-up, with the location

and orientation of components lacking the required accuracy. To overcome this issue of

acquiring images through use of the DSLR camera and jig, images were instead captured

using a CMM mounted camera. These were initially processed and measured using the

existing method, previously described in Chapter 4. To capture images a REVO-2 RVP

VM11 probe (Renishaw plc, GB), mounted to a Aberlink Azimuth 1500 CMM (Aberlink,

GB), was used. Use of this system, in conjunction with the speci�cally designed mounts,

allowed any area on the surface of the porous components to be imaged directly without

need to move the specimen. By also using the the touch probe attachment for the CMM
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prior to imaging, it was possible to �t an ideal shape to each specimen in the CMM control

software, the coordinates of which could be used to locate the camera on the surface of the

specimen in very speci�c and repeatable locations. To image the surface of a specimen the

following steps were followed:

1. mount the test specimen in a clamp attached to the CMM bed.

2. select and attach a touch probe to the CMM head.

3. use the touch probe to align the coordinates of the measuring system using vertical,

�at and cylindrical surfaces.

4. �t the shape to be imaged (cylinder, sphere, cone, etc.) to the surfaces measured

previously.

5. select and attach the REVO probe to the CMM head.

6. select points on surface of the specimen to image and the direction of camera normal

to the surface.

7. image the surface in the selected locations at an appropriate exposure level, dependent

on light level, to provide high contrast between material and pores.

Using this method, any part of the porous surface of the components was able to be im-

aged automatically, with the coordinate orientation, probe switching, and image capturing

carried out using a single script by the CMM control software. Images captured were then

processed and analysed using previously described local thickness methodologies in Python

and FIJI to extract material thickness and pore size geometries. Prior to analysis of the

manufactured curved test specimens, the properties of the REVO camera system with re-

spect to resolution, minimum measurable feature size, and the measurements taken for a

set of specimens previously analysed by the DSLR system were quanti�ed.

7.1.1 Comparison of DSLR and REVO Properties

Images were captured via the CMM camera to determine the capabilities of the system

and to directly compare properties to those of the DSLR system through imaging of the
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resolution test graticule and four �at porous specimens. This analysis was previously carried

out for the DSLR system and allowed for quanti�cation of minimum measurable feature

size, accuracy of simple geometries, and comparison of measurements made of material

thickness and pore size.

Analysis of Resolution Test Graticule

To determine resolution of the system and minimum measurable feature size possible using

the CMM system the Resolution Test Graticule, measured previously, was analysed. This

glass slide was placed onto a clamp facing upward and the camera positioned, in focus,

directly above, pointing downward in the Z direction and orientated to the measurement

lines as accurately as possible. An image of the Graticule was captured as shown in Figure

7.1. Due to the smaller �eld of view of the REVO camera compared to the DSLR camera,

the lowest most set and top measurement lines were excluded from the image.

Figure 7.1 Left: Image Captured and Processed of the Resolution Test Graticule via
REVO Probe, Right: Local Material Thickness Analysis of the Graticule With Darker
Colours Indicating Small Radii of Measurement

As with the DSLR system the Graticule image was then processed and analysed using

the local thickness algorithms, identical to previous specimens, and the histogram output

observed for peaks matching expected line widths. The results from measurement of the

Graticule are shown in Table 7.1.
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Table 7.1 Comparison Between Expected and Measured Values of Resolution Test Gratic-
ule [159]

Expected Line Width, TE , µm Measured Line Width, TM , µm Di�erence, ∆T , µm

208 215 7
177 172 5
147 151 4
124 129 5
103 108 5
89 86 3
74 Not Distinguished -
63 64 1
52 Not Distinguished -
45 43 2
42 Not Distinguished -
37 Not Distinguished -
31 Not Distinguished -
29 Not Distinguished -
25 Not Distinguished -
21 20 1
18 Not Distinguished -
15 Not Distinguished -
13 Not Distinguished -
10 Not Distinguished -
9 Not Distinguished -
7 Not Distinguished -
6 Not Distinguished -

Results collected were compared to those from the DSLR system to observe the relative

abilities of the two sets of hardware. The properties of the both are shown in Table 7.2.

Table 7.2 Comparison Between Expected and Measured Values of Resolution Test Gratic-
ule [159]

System Property DSLR Camera System REVO Camera System
Pixel Resolution (µm) 8 11

Minimum Feature Size (µm) 18 21
Mean Measurement Error (µm) 2.7 3.4

Field of View (mm) 32.0× 21.3 11.9× 9.5

The comparison shows the REVO system possesses less ideal properties for image capturing

than the DSLR based system, with lower resolution, a higher minimum measurable feature

size, higher measurement error and a smaller �eld of view. However, whilst these four

parameters are measurably worse than for the DSLR system, the di�erence between the

values for the two system is small, indicating the REVO systems should be capable of
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acquiring measurements of porous specimens. The �exibility gained from mounting the

REVO probe to a CMM arm also improves the suitability of the system for the purpose of

analysing non-�at porous material.

Analysis of Planar Porous Specimens

Alongside quanti�cation of the capability of the REVO system to measure the resolution

target, measurements of four planar porous specimens, used in prior system validation and

system comparison, were also analysed. Each specimen was placed onto the top of a clamp

attached to the CMM base table and the camera positioned directly above, aligned with

�ducial orientation square to match locations of previous images. A captured image of a

�at porous specimen is shown in Figure 7.2. As can be seen in the image, when compared

to an image captured by the DSLR system the �eld of view is smaller, measuring a reduced

area of the porous structure. Whilst struts are highly exposed, and close to the white end

of the grey-scale, as in DSLR images, pores are much brighter in parts, which can cause

thresholding issues, due to poor contrast, and reduce resolvability of the system [125].

Figure 7.2 Left: Image Captured Using the DSLR Camera, Right: Using the REVO Probe
and CMM System of a Planar Porous Specimen

These four structures were imaged four times and then processed and analysed for material

thickness and pore size to compare directly to previous measurements by the DSLR system.

Results of measurements from both systems are shown in Table 7.3.
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Table 7.3 Material Thickness and Pore Size Measurements of Four Planar Porous Speci-
mens Made via REVO Probe

Sample No. Mean Material Standard Deviation, Mean Pore Standard Deviation,
Thickness, T , µm σ, µm Size S, µm Size, σ, µm

1 413 29 223 22
2 391 17 212 3
3 391 4 215 3
4 397 5 218 1

Mean 399 9 217 4

Analysis of planar porous specimens via the REVO probe produced a mean value of 399 µm

for material thickness and 217 µm for pores size. These values were compared to previous

measurement for the same four �at porous structures, produced via the DSLR system,

speci�cally 422 µm for the mean material thickness and 157 µm for mean pore size. It

was seen that measurements for material thickness via REVO probe were lower than those

taken by the DSLR system, di�ering by 23 µm, with occurring errors due to the lower

resolution of the system, the smaller �eld of view of the camera and the poorer contrast

seen in images between pores and solid material. Pore size was correspondingly higher

than the DSLR based system, with a di�erence of 60 µm. Although measurements between

the two systems di�ered, particularly for pore size measurements, the REVO probe was

still able to capture images that produced measurements with low standard deviations,

despite removal of specimens between captures. This low deviation indicates the REVO

system to be suitable for the application of geometry measurement due to the high level of

consistency in producing values for material thickness and pore size of porous specimens. As

long as the methods of image capturing and processing remains the same, measurements

made of specimens are directly comparable, with any change indicating variation in the

manufacturing or processing environment.

7.1.2 Analysis of Curved Porous Test Specimens

Following validation of the system properties, images were captured using the CMM REVO

camera, processed and analysed, for each of the manufactured curved test specimens. Val-

ues measured for material thickness and pore size were then compared to values previously

acquired from planar porous structures to determine whether analysis of the curved struc-
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tures were shown to be similar. Images were captured from several locations using the

previously described methodology with the camera angled normal to the surface, selected

and controlled in software, of each specimen mounted on the CMM base. Images from

each of the specimens taken are shown in Figure 7.3. The analysis initially focused on

analysing three cylinders of di�erent diameters, a hemispherical cup (imaged internally), a

hemispherical dome (imaged externally), and a cone.

Figure 7.3 Images Captured of Curved Porous Specimens Using a REVO Camera Probe
and CMM, Top Left: 10 mm Cylinder, Top Middle: 25 mm Cylinder, Top Right: 45 mm
Cylinder Bottom Left: Cup Bottom Middle: Dome Bottom Right: Cone

Each specimen image was then processed as before, to separate the solid material and

porous components of the image. The processing of each image is shown in Figure 7.4.
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Figure 7.4 Processed Images of Curved Porous Specimens, Top Left: 10 mm Cylinder,
Top Middle: 25 mm Cylinder, Top Right: 45 mm Cylinder Bottom Left: Cup Bottom
Middle: Dome Bottom Right: Cone

Images were measured to determine the thickness and pore size of the material seen within

the image, using local thickness algorithms. Output of the local material and pore width

measurements for each specimen are shown in Figure 7.5 with darker coloured circles indi-

cating a smaller thickness and lighter coloured circles a larger one.

Figure 7.5 Local Thickness Measurements of Images of Curved Porous Specimens, Top
Left: 10 mm Cylinder, Top Middle: 25 mm Cylinder, Top Right: 45 mm Cylinder Bottom
Left: Cup Bottom Middle: Dome Bottom Right: Cone

Results of measured material thickness were then compared to those taken of �at porous
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specimens during variation analysis (Chapter 4) to observe how closely values matched.

Results of the local material and pore width analyses are shown in Table 7.4. Each specimen

had four images captured, processed, and measured.

Table 7.4 Material Thickness and Pore Size Measurements of Six Di�erent Curved Porous
Specimens Made via REVO Probe

Specimen Mean Material Standard Mean Pore Standard
Thickness, T , µm Deviation, σ, µm Size, S, µm Deviation, σ, µm

Cylinder (10 mm) 266 11 239 17
Cylinder (25 mm) 209 17 269 32
Cylinder (45 mm) 208 25 271 42

Cone 391 3 158 16
Cup 295 29 154 6
Dome 286 6 178 19

When compared to mean values for material thickness (360 µm) and pore size (155 µm)

calculated from 125 planar test specimens, measurements of the six curved specimens via

the REVO probe were shown to vary by a wide range. With respect to material thickness

the two larger cylinders were shown to have the largest error in measurements, in excess

of 100 µm, with the conical specimen showing the least. The three other specimens, whilst

below 100 µm in error, still deviated by tens of microns from the expected value. Pore size

measurements also deviated from the expected value of 155 µm for the three cylinders, in

excess of 100 µm for the two largest diameter parts. The three other specimens measured

closely to the expected value, with the cone and cup within 5 µm. These values however

are not representative due to lighting and depth of �eld issues seen in images and therefore

low errors are likely to be coincidental.

Additionally, a higher standard deviation was seen than for measurements made of �at

porous specimens by the REVO probe, up to 42 µm for pore size measurements of the 45

mm cylinder, indicating less consistent measurements in comparison.

The large deviation in measurements of the curved specimens, whilst partially a result

of lower resolution, �eld of view, and poor contrast, also observed when imaging planar

specimens, primarily comes from the curved nature of the specimens. For small radii in

197



particular, variation in lighting across the surface of components and parts of the porous

structure lying outside the depth of �eld of the camera, preventing a sharp focus, causes

application of global thresholding and �ltering processes to a�ect areas of captured images

di�erently. These e�ects are most apparent, despite having the most similar measurements

to planar specimens, in images of the cone, where the size of local thickness circles are seen

to be noticeably larger towards the top and edges of the part. To ensure imaging of curved

specimens using the probe was a viable method, the e�ects of poor focus and inconsistent

lighting had to be reduced. A further explanation for the dissimilarity between specimens

may be the di�erent structure designs, a result of the pseudo randomisation generating

di�erent number lists for di�erent starting CAD models, although using the same level

of randomisation and unit cell size would be expected to produce porous with similar

properties when measuring a large enough area.

7.2 Analysis of Curved Components Using Compounded Im-

ages

To overcome issues caused by depth of �eld limitations, analysis of curved specimens using

multiple images was investigated. By cropping out of focus areas of the images captured

by the REVO camera, large potions of the areas causing inaccurate measurements are re-

moved. To compensate for the small area left in each image, particularly in components

with small radii where large sections are out-of-focus, multiple images were captured and

analysed. These images, covering the whole of the surface of a porous specimens, were also

analysed following stitching into a single continuous image to better improve continuity

between material and pores in the structure.

Analysis was carried out on three cylinders of di�erent diameter, 10, 25, and 45 mm, for

ease of cropping unwanted areas and to simplify stitching. The location used for capturing

images for each of the three cylinders are shown in Figure 7.5. Locations were selected to

ensure all of the surface of a specimen was captured in-focus and as close to normal to the

surface of the structure as possible to ensure accurate measurements. Images were captured
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in three groups for each cylinder, at three di�erent heights separated by 10 mm between

the centres of images, in the Z direction.

Table 7.5 Locations Used to Image the Entire Surface, in Focus, of Three Porous Cylinders

Specimen Image Number , NI , No Units Separation Angle, θ, °
Cylinder (10 mm) 14 at three levels 25
Cylinder (25 mm) 8 at three levels 51
Cylinder (45 mm) 8 at three levels 51

Each image provided a rectangular slice of the surface of the cylinder from which measure-

ments could be taken. The resulting images were free of both out of focus areas and areas

of the surface too far from normal to the REVO camera lens to produce accurate results.

Following cropping each image was processed using previously described methods, to sep-

arate the material and pore parts of the structure and remove unwanted noise caused by

the rough surface. Cropped and processed images of the three porous cylinders are shown

in Figure 7.6. As with planar specimens, this produced binary images representing solid

material in white and pore spaces in black.

Figure 7.6 Top: Images Captured of Each of the Three Porous Cylinders, 10, 25 and 45
mm, Cropped to Remove Out-of Focus Areas, Bottom:Processed Images of Each of the
Three Porous Cylinders, 10, 25 and 45 mm

Processed images were then individually analysed for material thickness and pore size, with

the mean values for the geometric measurements of all three specimens calculated. Images
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of local material width for each cylinder are shown in Figure 7.7, with �tted circles used in

measurement of the structures within the image observed, similar to planar specimens.

Figure 7.7 Images of Each of the Three Porous Cylinders, 10, 25 and 45 mm, Analysed
Using Local Thickness Algorithms to Determine Material Thickness Values

Collated results from material thickness and pore size analysis of all images captured of the

surface of the three porous cylinder are shown in Table 7.6.

Table 7.6 Material Thickness and Pore Size Measurements of Three Di�erent Porous
Cylinder Specimens Made via REVO Probe Images of the Entire Surface

Specimen Mean Material Standard Mean Pore Standard
Thickness, T , µm Deviation, σ, µm Size, S, µm Deviation, σ, µm

Cylinder (10 mm) 334 78 219 39
Cylinder (25 mm) 251 44 255 38
Cylinder (45 mm) 214 36 282 43

From Table 7.6 it can be seen that measurements made when imaging the entire surface of

the porous specimen were measurably di�erent from the nominal values taken from planar

specimens using the DSLR camera (360 µm for material thickness and 155 µm for pore size).

In particular measurements for the material thickness and pore size of the 25 and 45 mm

diameter cylinder, with measurements being 109 and 146 µm respectively from previous

values for material thickness and 127 µm for pore size. Whilst not as large, some di�erence

was also seen for the 10 mm cylinder, with measurements di�ering by tens of microns from

the nominal. The mean error in measurements for material thickness was 93 µm and for

pore size 97 µm.

7.2.1 Analysis of Curved Components Using Image Stitching

To improve continuity between material and pore areas being measured and to increase

the size of the measurement area, all images captured for each of the three porous cylinder
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specimens were stitched together into a single image of the surface. These three images were

then processed and analysed and acquired values compared with those previously taken for

planar porous structures.

Image Stitching Methodology

Image stitching required the accurate alignment of images next to their respective neigh-

bours to create one continuous image. In order to align images correctly to one another a

custom Python code was written. This code worked by �rst ordering images by layers they

were captured in (for each Z height) and in order around the circumference of the cylinder.

Images were then cropped and pasted into a single image. Spacing was calculated based

on the known location for each image taken and each image placed relative to the images

surrounding it. A stitched image of a cylinder constructed from all images captured of the

surface is shown in Figure 7.8.

Figure 7.8 Stitched Image of Separate Images Captured of the Surface of a Cylindrical
Porous Specimen

Having been stitched together these images were then processed, as with the individual

ones, to separate the structure into material and pores for measuring. An example of a

processed stitched image is shown in Figure 7.9.
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Figure 7.9 Stitched Image of Separately Processed Images Captured of the Surface of a
Cylindrical Porous Specimen

Finally the stitched image was analysed using local thickness algorithms to determine mean

values for material thickness and pore size. The output of both properties for a stitched

cylinder is shown in Figure 7.10.

Figure 7.10 Local Thickness Analysis of a Stitched Image of Separate Images Captured
of the Surface of a Cylindrical Porous Specimen, Top: Material Thickness, Bottom: Pore
Size

Analysis of the histogram of the local thickness measurements was then used to extract

values for material and pore width for the whole surface of the porous cylinder. These

results, for all three of the stitched together cylinders, are shown in Table 7.7.
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Table 7.7 Mean Material Thickness and Pore Size Measurements of Three Cylinder Using
Stitched Images

Specimen Mean Material Thickness, T , µm Mean Pore Size, S, µm

Cylinder (10 mm) 356 245
Cylinder (25 mm) 265 268
Cylinder (45 mm) 229 287

With respect to the nominal values of 360 µm and 155 µm taken from material thickness

and pore size of planar specimens, Table 7.7 show the addition of image stitching produces

a small reduction in the error for material thickness measurements, from 26% to 21 % (a

di�erence of 27 µm), when compared with simply measuring cropped images of the surface.

Pore size however, showed an increase in error with the addition of stitching. The mean error

in measured value showed an increase of 15 µm, equal to 9%. These inaccurate measurement

values, despite improving continuity between the material and pores at the edge of cropped

images, stem from the inconsistent lighting between di�erent locations on the surface of the

curved specimen surface. When imaging the surface of a cylinder by moving the camera,

inevitably the lighting conditions both on the specimen and its background will change,

causing di�erentiation between exposure and contrast in individual images. This results

in variation in the size of the area representing pores and solid material during the image

processing stage which is then translated to the local width measurements made of the

specimens.

Measurements of Curved Material with Histogram Equalisation

To overcome the issue of the large variation seen in lighting conditions for each individual

image, caused by the curvature of the porous specimens, histogram equalisation was investi-

gated in an attempt to improve contrast between the brighter and darker areas. Histogram

equalisation maps the values of the existing histogram across the entire 0�255 value range

through grouping of similarly intense pixels, causing bright areas to become brighter i.e

closer to 255, and dark areas to become darker, i.e. closer to 0. The algorithm depicting

the histogram equalisation process is shown in Equation 7.1 [139,161].
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sk = T (rk) = (L− 1)

k∑
j=0

Pr(rj) (7.1)

Equation 7.1 is used to determine the transformation, T , of the input pixel intensity rk, to

produce an output intensity value, sk. The mapping for each intensity level is based on the

probability density function P , a ratio of the number of pixels at that intensity level (nk)

and the total number of pixels(MN), calculated from Equation 7.2. L represents the total

number of intensity values of the image, 256 in the case of 8-bit grey-scale.

pr(rk) =
nk
MN

(7.2)

Histogram equalisation causes the grey values associated with the lighter solid material

and darker pores to be more discretely separated within the image. This makes it easier to

�nd a suitable optimum threshold value that satis�es all parts of the stitched image during

segmentation and successfully separate the two geometries before measurement occurs.

Histogram equalisation was applied to the images of each cylinder prior to stitching. The

resulting stitched image of one of the specimens is shown in Figure 7.11.

Figure 7.11 Stitched Image of Separate Images Captured of the Surface of a Cylindrical
Porous Specimen After Application of Histogram Equalisation

As can be seen in Figure 7.11, when compared to previous images that were only cropped

and stitched, the intensity of pixels for each of the two geometries are not only more even but

also posses higher contrast between one another, ensure more accurate segmentation of the

image. Following processing of the histogram equalised image, the cylinders were analysed

using local thickness algorithms as shown in Figure 7.12 for both material thickness and
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pore size.

Figure 7.12 Local Thickness Analysis of Stitched Image of Separate Images Captured of
the Surface of a Cylindrical Porous Specimen After Application of Histogram Equalisation

The increase in contrast between the material and pore areas of the structure, and the

evening of intensity between separate images, is again re�ected in the local width analyses.

The image shows consistent distribution of thickness measurements across the entire area,

with little correlation with location.

The histograms of the three cylinders showing measurements made by local material and

pore width analyses, were subsequently used to calculate mean values for the stitched and

equalised images. Results of this are shown in Table 7.8.
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Table 7.8 Mean Material Thickness and Pore Size Measurements of Three Cylinder Using
Stitched and Histogram Equalised Images

Specimen Mean Material Thickness, T , µm Mean Pore Size, S, µm

Cylinder 10 (mm) 310 137
Cylinder 25 (mm) 348 241
Cylinder 45 (mm) 326 208

Implementation of both stitching and histogram equalisation to the images captured of the

surface of each cylinder was shown to reduce the error in measurements, when comparing

values for material thickness and pore size to previously analysed planar specimens. Mean

measurement error after analysis of all three cylinder diameters was shown to be 32 µm

and 52 µm for material thickness of the structure and pore size respectively, equivalent to

9% and 34%. The improvement as a result of implementing these two techniques is most

apparent when comparing the di�erent processing methods for the three cylinders and their

associated errors as in Table 7.9.

Table 7.9 Error in Local Material and Pore Width Measurement of Three Porous Cylinders
of Di�erent Diameter Using Four Di�erent Image Adjustment Methods

Image Adjustment Method Material Thickness Error, ∆T , % Pore Size Error, ∆S, µm

Raw Images 37 68
Total Surface Imaging 26 63

Image Stitching 21 72
Histogram Equalisation 9 34

From the table it is apparent that the combination of image stitching and histogram equal-

isation of the entire surface produces the lowest percentage error when analysing three

di�erent porous cylinders compared to capture of single images, processing, and analysing

the whole surface individually. The end result is shown to reduce the error by over a half

for material thickness and almost a half for pore size, compared to improvement gained by

image stitching alone.

7.3 Discussion

Several methods of imaging and processing curved porous components to extend the ap-

plication potential of the photogrammetric system and to investigate use in commercial
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situations where surfaces of porous components are not always planar in nature. Initially

several test specimens of various geometries were designed and manufactured, along with

matching mounts, to imitate potential shapes that may be encountered. These specimens

were then imaged using a CMM mounted REVO camera, capable of imaging a component

from any location on its surface to allow for imaging on all parts of the surface accurately,

without the need to disturb the part.

7.3.1 Comparison of Image Analysis Systems

Properties of the REVO imaging system were compared directly to the previously used

DSLR Camera by carrying out analysis of a resolution test target and planar porous spec-

imens to determine pixel resolution, minimum measurable feature size and accuracy of

measurement. Analysis of the resolution test target showed the pixel resolution to be 11

µm and the minimum measurable feature size 21 µm. Resolution graticule testing also

showed the mean error when measuring di�erent width line groups to be 3.4 mm. While

these measurements showed to the REVO camera to be minimally worse than that of the

DSLR camera, the small di�erence in capabilities indicates the CMM mounted system to

be suitable for photogrammetric analysis.

To compare the ability of the DSLR and REVO systems to measure porous material, four

planar specimens, identical to specimens previously measured in Chapter 3, were also anal-

ysed. Compared to measurements made previously of the specimens, the REVO system

was shown to produce material thickness measurements 23 µm lower and pore size measure-

ments 60 µm higher. Despite this di�erence in measurement as a result of the small �eld

of view, lower resolution, and lower contrast between the material and pore regions of the

material, the REVO system was still able to produce a low standard deviation. This low

deviation indicates the system to be able to consistently measure porous structures during

inspection, and the application of comparative analysis where the characteristic material

thickness or pore size is tested against an expected nominal value or previously collected

results for an identical part.
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Additionally, use of the CMM and REVO probe for measurements opens up possibilities

and advantages use of a stationary camera lacks. The ability to align the camera anywhere

on the XYZ space of the CMM and to rotate it in two axes to face almost any direction

enables images to be taken at any location on a porous components surface. This mobility

also allows for the potential automated measurement of large numbers of components at one

time, with reduced user input. With a suitable script, numerous parts still attached to the

build plate for ease of location, could be imaged in a single session. A further advantage of

applying image analysis to this technology is that CMM based geometry analysis is already

wide spread in many engineering applications, thus requiring little adjustment to exist-

ing inspection procedures. More in-depth analysis of the porous structure using imaging

methods could be performed concurrently with standard part geometry measurements.

7.3.2 Image Suitability and Measurement Improvement

Although shown to be suitable for the application of geometrically analysing porous compo-

nents through image analysis, the REVO system exhibited unwanted errors in measurement

when analysing curved porous surfaces. The primary causes of these errors were out of focus

areas of the image, small �eld of view, and inconsistent intensity both within and between

images.

Out of focus parts of the image cause issues due to inaccurate measurement of the blurred

areas. This e�ect was most apparent in specimens with small radii curvatures, such as the

25 mm cylinder and the cone. In local thickness analysis of these components it can be

seen that the measurement of material thickness at the edges, as the surface drops out of

the depth of �eld of the camera, is larger than that of the rest of the specimen, shown by

larger diameter measurement circles. The curvature away from the normal camera plane

also has an additional negative e�ect, with parts of the surface more angled away from the

lens, causing inaccurate measurements of the solid material and pores to be made.

The smaller �eld of view of the camera has the e�ect of reducing the number of measure-

ments made of the porous structure. Mean material thickness and pore size are calculated
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from the distribution of measurements, taken from the local thickness histogram. As with

any measurement the fewer values recorded, the less representative of the structure being

measured the �nal mean value will be. Compared to the DSLR system the REVO probe is

only able to capture, at maximum, 1/6th the area in each image. Combined with cropping

to remove out-of-focus and angled parts of the image and the actual area being measured

is much smaller than imaging a planar specimen with a wider �eld of view lens.

The �nal issue, inconsistent lighting, comes as a result of both the curved surface of spec-

imens and the mobility of the camera analysing them. Whereas planar specimens usually

have light strike them in an even manner, curved surfaces can have shadows cast on them

by the shape of the component. Even with consistent, bright lighting covering all the part,

any sort of alteration in the intensity will inevitably cause variation as images are captured

at di�erent locations on the surface. What is more the background, that can also vary in

intensity depending on direction of light and background object colour even when out of

focus, can also a�ect the exposure of the image, with the camera and segmentation algo-

rithms attempting to automatically adjust. This may therefore over or under expose an

image compared to the desired or expected outcome. This results in parts of the image

possessing poor contrast between the material and pores, causing errors in segmentation

and therefore local thickness analysis.

To overcome these issues, three methodologies were applied to images captured of the three

di�erent diameter porous cylinders, prior to processing and measurement. These tools

included cropping, stitching, and histogram equalisation and aimed to reduce error and im-

prove suitability for measurement. Values measured for each of the cylinders were compared

to mean values taken for 125 planar specimens, determined to produce nominal values of

360 µm and 155 µm for material thickness and pore size respectively when manufacturing

material using the methods described in Chapter 3.
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Image Cropping and Entire Surface Analysis

Although cropping was previously applied to planar specimens, this was only to remove

the unwanted solid material that may adversely a�ect material thickness measurements.

For the application of imaging curved specimens, this cropping step had to be more severe

the smaller the radii of specimens, removing any part of the image not in focus or close

enough to normal to the lens. As a result individual images were left covering very little

of the surface area of the component, in some cases less then 2 mm in width. To overcome

this images were captured of every part of the three specimens, ensuring all locations, in

at least one photo, were in-focus and close to an angle normal to the lens. These images

were then cropped and individually processed and measured. Measurements of material

thickness and pore size for each image were then used to calculate an overall mean for the

porous structure surrounding the specimen. When compared to nominal planar specimen

values, imaging of the whole surface produced high errors, 26% for material thickness and

63% for pore size, however, an improvement was seen next to simply imaging and analysing

a small number of locations on the specimens. Speci�cally a reduction of 11% for material

thickness and 5% for pore size.

Image Stitching

An e�ect of cropping the edges of images to produce measurements of small areas of the

surface is that a large number of measurements, as a ratio of the whole image, come from

analysis performed at the edge. Here pores and material are divided into areas smaller

than is truly representative of the structure. This e�ect causes measurements of each im-

age to be skewed. To account for this, images captured were stitched together to form one

single large image of the surface. Instead of using an existing stitching method, in which

an algorithm attempts to match image edges into a mosaic that would be unsuitable for

porous material due to the complex and similar structure across the entirety of each image,

a custom process was coded in Python. This method utilised the known location of photos

captured of the surface of the porous cylinders, relative to one another, and used this to

determine where they should be placed in the resulting image.
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Following stitching this single large image, one for each cylinder, processing and analysis

were performed and the results compared to those of single images of the whole surface.

The application of stitching was shown to reduce, by a small amount, the error in measure-

ment of material thickness. The process however, was shown to deteriorate measurements

in pore size, increasing error by 9%. The image stitching alone, while bene�cial to the

measurements of material thickness, did not reduce the error by a large amount and bring

the values of the porous geometry in line with nominal results.

Histogram Equalisation

The �nal issue observed with imaging and analysing curved porous surfaces was the high

variation in intensity levels of images. As mentioned previously, due to the nature of the

surface, the brightness of lighting changes both between and within images depending on

the location being captured. To overcome this variable, automated intensity adjustment

in the form of histogram equalisation was applied. This method of improving contrast in

poorly lit or over exposed areas of images was selected for a number of reasons. These were

the requirement of very little decision making or input from the user, was fully automat-

able in code, and did not require adjustment to the imaging methods already being used

to capture the surface of curved components.

As can be seen in the processed and measured stitched images in Figures 7.9 and 7.10,

the intensity, particular between images, is highly varied and inconsistent. Images at the

extreme of the intensity range, either too dark or too bright, all show poor contrast, causing

material or pore geometries to be over or under represented during segmentation. Following

application of histogram equalisation the processed and measured images, Figures 7.11 and

7.12, showed the intensity and subsequent measurement sizes to be more evenly distributed,

with reduced localised measurements above or below the mean of the imaged surface. His-

togram equalisation, in tandem with cropping and stitching the whole surface of the three

cylinders, had the e�ect of reducing measurement error to 9% for material thickness and

34% for pore size, equivalent to di�erence of 32 µm and 52 µm respectively, as in Table 7.9.
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This reduced error, particularly for material thickness, brings the REVO probe and CMM

tools in line with the requirements for the application of geometric analysis of porous

material without creating additional steps for the user. As mentioned before, the use

of these tools opens up further possibilities for the image analysis method allowing for

measurement of a range of component shapes, carrying out analysis concurrently with

measurement of part geometry via the touch probe. This type of analysis in particular, is

currently not possible with existing porous inspection methods, especially at the rapid speed

of the REVO probe. Introduction of current analysis methods would require additional

capital and steps to be added to the standard inspection process. Use of a CMM that is

already in use for a large number of engineering applications, or alternatively a low cost jig as

in earlier chapters, would cause minimum disruption to already in place procedures and still

allow for the rapid assessment of AM porous material for every component manufactured,

even whilst still on the build plate. Although capturing images takes more time than using

the camera system described in Chapter 4, the increased automation and ability to measure

any location on one or many components opens up greater potential for the application of

the developed image analysis method.

7.4 Conclusion

In this chapter the work carried out to apply image analysis to non-planar specimens

was described. This work primarily included manufacture and measurement of a range of

typical designs seen in orthopaedic implants. Work additionally included development of

methodologies to compensate for inconsistent lighting and focus. To achieve this the the

following objectives of the project were met:

� Typical component designs manufactured, imaged, and analysed.

� Developed methodologies to apply image analysis techniques to non-planar porous

components designed to emulate commercial orthopaedic implants.

� Applied the image analysis methodology to existing inspection equipment with the
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aim of introducing it to current industrial protocols with minimal disruption.

By completing these objectives the use of the system to measure non-planar specimens,

with reduced error, was carried out.
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8 Discussion

This study aimed to develop a novel method of analysing additively manufactured porous

components in a rapid and low complexity manner using an image based system with

the aim of performing high rate inspection post-production. To achieve this the following

objectives were met.

� Designed and manufactured a jig capable of capturing images of planar porous com-

ponents, via an o�-the-shelf DSLR camera, in a consistent and repeatable manner.

The developed jig is adjustable and capable of mounting cameras and specimens in

near identical locations every time resulting in a low standard deviation of measure-

ments and maximum available zoom.

� Developed a methodology to process captured images and subject them to geometric

analysis to quantify pore size and the thickness of the solid surface based on automated

algorithms to reduce error and bias.

Both material and pore geometries a repeatably extracted from processed images in an

identical, entirely algorithmic manner, to produce consistent thickness measurement

results.

� Validated the capabilities of the measurement system by analysing simple resolution

test targets, simple geometries and comparing capabilities to established pore analysis

methods.

A low measurement error was seen for both the test target and wire mesh, of 3 µm

and as low as 5 µm respectively. All measurements of showed low standard deviations

even with removal and replacement of the specimen, with values of 3 µm for the mesh

(wire and aperture), and 6 µm for the planar porous component (strut and pore).

� Quanti�ed variation in geometry of the porous material as a result of �uctuations in

the build environment of the AM process both intra and inter build.
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Variability of a large volume of components, 125 spread across �ve builds, was quan-

ti�ed and statistically tested for signi�cant variation both intra and inter build. A

variation of ± 12% for material thickness and ± 4% for pore size were observed, with

intra build comparisons showing no signi�cant di�erence unlike inter build which did.

The e�ect of varying power was also analysed, with a minimum measurable power

change of 8 W required to show signi�cant change in geometry values.

� Correlated values measured for geometry of AM porous material by the imaging sys-

tem with mechanical properties key to orthopaedic implant production, compressive

yield strength and porosity, for non-destructive estimation at di�erent manufacturing

powers.

Measurements of beam power, material thickness, pore size, compressive yield strength,

and porosity were correlated to provide a methodology and data for rapid, non-

destructive estimation of mechanical properties via image based analysis between

beam powers of 67�99 W. Values calculated of 9.3�34.1 MPa for compressive yield

strength and 63�77% for porosity align with previous investigations of AM cellular

materials and the requirements for bone in-growth. The change in value of each of

these properties as a result of signi�cant changes in porous geometry was 6 MPa and

3.5% respectively.

� Developed methodologies to apply image analysis techniques to non-planar porous

components designed to emulate commercial orthopaedic implants.

Non-planar components were imaged and the analysis method altered to compensate

for focus and lighting issues throughout the use of stitching and histogram equalisa-

tion. This reduced mean measurement error from 37% down to 9%.

� Applied the image analysis methodology to existing inspection equipment with the

aim of introducing it to current industrial protocols with minimal disruption.

By applying the image analysis methodology using a CMM and mounted camera auto-

matically controlled in software, the technique was further integrated into an existing

industrial process, with little required change. This expanded both the application
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potential of the CMM and Revo probe set-up and the porous analysis method and

furthered the potential for automation and use in an industrial environment.

The system developed to capture images was based around an o�-the-shelf DSLR camera

and macro lens combination combined with a custom made jig to locate the camera and

component accurately and repeatably with respect to one another. Designing a system in

this way brought about the �rst major advantage of this metrology method over existing

methods in that the capital costs were relatively low, around ¿2000. The designed system

was shown to locate and capture images of components consistently, even with removal and

replacement between. A high level of contrast was also achieved between solid material

and pores with the use of high exposure levels, maximising resolvability of the system and

improving the e�ect of image processing.

The subsequent processing was e�ective in taking in captured images and outputting binary

images showing the pores and solid material separately to allow each to be measured indi-

vidually later on. Images were subjected to segmentation via automated Otsu thresholding

and morphological noise removal using open and close �ltration. This produced images

with continuous areas of white solid and black pores to maximise accuracy and reliability

of measurement.

Images were measured using local thickness algorithms that �tted the largest possible circle

to all parts of either the solid or pore areas of the image to produce a frequency distribu-

tion that could then be analysed to calculate values for mean thickness. This method of

analysis allowed for thickness across the entire image to be measured independent of the

shape or angle of the structure. The system as a whole was shown to produce highly ac-

curate measurements, with a resolution of 8 µm and a low standard deviation, below 10

µm across multiple measurements of samples. This deviation was lower than other existing

methods such as SEM analysis that relies on manually placing chord length measurements

on a captured image. Measurements of resolution test lines, to determine the minimum

resolvable feature size and accuracy to known measurements, were shown to validate the

216



system with resolution below the minimum expected powder particle size, and a mean error

of 6 µm. Measurement of a precision mesh, of known dimension, was also shown to validate

the capabilities of the system showing the ability to di�erentiate between individual and

crossed over mesh wires that possessed di�erent widths and produce accurate results for

both wire diameter and aperture size.

Further validation was carried out by comparing measurements made of porous compo-

nents to a voxelised model produced from the same data input into the AM machine for

production. Measurements for both material thickness and pore size were shown to cor-

relate to a high accuracy with error below 20 µm for both measurements. This voxelised

model, as well as being used for validation, provided an additional purpose of acting as a

nominal structure that ideal components should be produced to match and therefore what

the nominal values for material thickness and pore size should be.

Finally, with respect to validation, the developed technique was compared to measurements

made by three other systems currently used in industry and their suitability for use in 100%

in-line inspection, namely SEM, FV, and µ-CT. Whilst the image based system generally

disagreed with values for measurements of porous material geometry as a result the dif-

ferences in selection of measurement location of the di�erent systems, the technique was

shown to exhibit a low standard deviation, particularly compared to SEM, and therefore

to produce highly consistent results with a standardised method. Additionally the imaged

based method was able to produce values for these geometries at a much faster rate, several

minutes a specimen at most, compared with up to a day in some cases of CT analysis, re-

quiring much less user input required, with the majority of work automated using Python

and FIJI scripts. Since no other measurement method is able to obtain results as quickly,

or completely non-destructively, only the developed technique is suitable for the required

in-line inspection.

The developed measurement system was then applied to quantifying variation in manu-

factured porous material. The rapid nature of the image based methodology allowed for
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a large number of identically manufactured components to be measured in an identical

manner. With a large amount of gathered data, the range of �uctuations in porous compo-

nent geometry was determined both with respect to component location within a build and

between individual builds. Measurement of both material thickness and pore size showed

that no single location within the build was statistically signi�cant however, variation was

seen between the di�erent locations, with some areas demonstrating higher value ranges

than others. Between builds however, the mean manufactured geometries were signi�cantly

di�erent. When statistically tested, the majority of builds were shown to exhibit a high

level of variation between the distribution of measurements. Overall this demonstrates that

location of components on the build plate plays a relatively small role in part variation as

a result of all components being manufactured at the same time. Conversely, from one

build to another the build environment is less consistent, re�ected as variation in the man-

ufactured components. Without a suitable rapid and inexpensive measurement method,

analysis of such large numbers of components would not be feasible without expending

large amounts of time and resources, preventing meaningful comparative analysis of varia-

tion. The nature of the AM process, using CAD data to control part manufacturing, also

allows for variation in the build to be accurately quanti�ed with only the environmental

conditions causing changes to components, not inconsistent design methods used in other

porous production techniques that create largely unpredictable structures.

In addition to measuring ambient variation of the AM process when producing porous

coated components, laser power, a common source of variation, was deliberately altered

to measure both the e�ect on geometry of the porous material and to �nd the minimum

measurable change detectable by the imaging system. Specimens were manufactured at

increasingly smaller intervals, checking part geometries at each power level against the

nominal manufacturing parameters to determine whether the measured change in mate-

rial thickness was statistically signi�cant. Once narrowed down, the minimum measurable

change in power was calculated to a precision of 1 W.

Starting from the nominal manufacturing power this minimum measurable change was used
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as the interval to correlate the e�ect of changing power on geometry of the AM porous ma-

terial. Five sets of specimens were produced, one at the nominal power, two with higher

power and two with lower power. The trends between power and geometry were shown to

be close to linear for both material thickness and pore size following measurement of all

�ve sets, with material thickness correlating positively and pore size correlating negatively,

as would be expected. The change in manufactured power correlated to a measured change

of 15 µm for material thickness and 14 µm for pore size. This quanti�cation can be used

to set acceptable tolerances for changes in power with respect to the extent the geometry

of the porous material is a�ected.

Power change measurements were further applied in the investigation of mechanical prop-

erties of the porous materials and their relationship with changing geometry values. Using

the �ve power levels to deliberately alter the thickness of material during the AM process,

cylindrical compressive test specimens were produced and tested. Measurements made were

carried out alongside measurements of the porosity of planar porous specimens. These two

properties of the material were directly compared to geometry values of specimens manu-

factured using the same build parameters and locations. These properties were then plotted

against one another and their correlation investigated. Both material thickness and pore

size correlated linearly with compressive yield strength measurements. With an increase

in material thickness and a consequential decrease in pore size, compressive strength was

shown to increase, following expectation. Relation to porosity followed an opposite trend

with a decrease in material thickness and an increase in pore size linearly correlating with

an increase in gravimetric porosity. By investigating the relationship between properties

measured by the camera and key mechanical properties of the porous components the pos-

sibility for non-destructively estimating both porosity and compressive yield strength of a

manufactured structure through image based surface analysis is opened up. As the imaging

system is able to potentially conduct a 100% inspection rate, every component could be

checked to ensure it falls within the tolerances required for the two mechanical properties

investigated, both of which impact the suitability for application. With the gathering of

more data from test coupons the estimation of these properties will become more accurate,
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with less uncertainty in the value of each component. Knowing the value of compressive

strength or porosity inside a component without destructive testing is currently not pos-

sible particularly at a 100% inspection rate. What is more, this analysis could be easily

ran alongside image based geometry measurements providing additional information on the

manufactured component without additional time requirements.

The �nal steps in developing the system required the application of the image analysis

methodology in measuring potential orthopaedic component shapes and integration with

existing measurement protocols. A number of non-planar components were designed and

manufactured to replicate possible porous surfaces that may be used in the orthopaedic

industry in particular: cups, rods, and cones. To achieve suitable analysis, images were

required to be captured using a camera mounted to a CMM arm. This allowed images to

be taken from anywhere on the surface of a component however, due to the curvature of the

surface, lighting and depth of �eld issues were observed. To overcome this, the methodology

of processing images was adjusted, with separate photos being captured across the entire

surface of a component that were then stitched into a single mosaic to reduce the e�ect

of small and out of focus measurement areas. Images were also processed using histogram

equalisation to enhance the contrast between pores and solid parts of the image and ensure

images were as similar in composition as possible before continuing with segmentation,

�ltering, and measurement. These alterations to the technique reduced the error in mea-

surement of the curved surfaces to 32 µm for material thickness and 52 µm for pore size

from analysing single unaltered images.

Using a CMM probe to capture images of the surface of components had an additional

bene�t of allowing the developed analysis methods to be easily included in existing in-

spection protocols. As CMMs are commonplace in many engineering sectors, the addition

of a REVO or similar camera probe, an automated script for capturing the images from

the surface of one or more components, and an automated analysis program, would allow

for porous measurements to be carried out on all inspected component without requiring

major changes to current commercial set-ups. Use of a CMM also reduces limitations in
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component size that other metrology methods might su�er from.
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9 Conclusions

In summary this research has delivered a quick, simple, and low cost method to charac-

terise planar and curved porous surfaces which may be applied to process veri�cation and

product process and quality control, using a non-destructive procedure. The research per-

formed applied this newly developed technique to the quanti�cation of variability within

large numbers of components, the e�ect of changing manufacturing power, the correlation

of measured geometry with mechanical properties, and the analysis of non-planar surfaces.

This technique was developed in the following ways:

� Development of a rapid and repeatable methodology for high volume analysis of open

cell porous components through the use of imaging and image analysis algorithms,

determining material thickness and pore size.

� Validation of the developed method through several steps of increasing complexity in-

cluding a test graticule, mesh, and porous component. The system was also validated

against a voxelised model and existing techniques.

� Correlation of parts with respect to position on the build plate through measurement

of 25 build locations, followed by statistical analysis to examine the existence of

signi�cant changes.

� Correlation of parts with respect to batch to batch repeatability through measurement

of 5 builds, followed by statistical analysis to examine the existence of signi�cant

changes.

� Correlation of parts with respect to manufacturing power, measuring the e�ect on

compressive yield strength and porosity.

� Non-destructive estimation of compressive yield strength and porosity part properties

using a single captured image for rapid and complete quality assurance of a component
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at a 100% inspection rate.

� Adapted the measurement technique to analyse curved component surfaces and for use

in standard inspection equipment, namely a CMM and mounted camera, to expand

applicability.

The work performed successfully met the objectives outlined for this project to meet the

requirements for high volume inspection of porous component surfaces. This method can be

applied to individual parts or multiple parts positioned on a build plate. While not designed

to produce absolute values, the system is able to produce highly repeatable characteristic

values of AM porous components, with further potential as outlined in the future work

summary.

9.1 Future Work

The study described in this thesis opens up the possibility for future work, building on the

developed methodologies, to be carried out to further the reach of the research.

Primarily the integration of all the measuring methodologies into a single executable pro-

gram would further increase automation and reduce required user interaction. Ideally the

program would be able to capture and analyse images directly, again increasing the speed

of producing results. The data captured could additionally be automatically logged with

the rest of the build data produced for each component for later referral if required. This

software should further integrate to an automated imaging rig, either speci�cally designed

for porous components or using a CMM.

Further validation of the system could be carried out through microscope imaging, mercury

intrusion, and µ-CT. Mercury intrusion and µ-CT in particular are well established meth-

ods for determining the geometry of porous material both externally and internally. Whilst

primarily used for development purposes due to cost and time constraints, these techniques

would provide a good benchmark to which photogrammetric measurements could be com-

pared and validated further, both at high precision, especially using intrusion. Microscopic
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images would be able to produce measurements at a higher resolution than that of the

DSLR based system. By comparing the values for a similar algorithmic analysis for the

DSLR and microscope systems the measurements made could be validated to ensure the

lower resolution of the DSLR camera has minimal e�ect on output values.

Whilst validated in a lab environment using a relatively large number of specimens, the

image based analysis technique would require further validation at an industrial scale with

comparison to established protocols, including other geometry measurement techniques and

mechanical property testing of genuine orthopaedic implants. The ability of the system to

measure the required volume of components and to produce consistent results would also

require validation in this manner. Further validation of property correlation would also be

possible by increasing the amount of data collected for compressive strength and pore size

against geometry measurements to improve accuracy. This large data set could then be

tested to determine how accurately estimations of mechanical properties are made using

imaged geometry.

The developed system may �nd use in quantifying variation caused by other processes in

addition to the ones described in this study. A larger number of machine manufacturing

types and even individual machines of the same model, that should vary in the same way,

could be analysed to determine the �uctuation of produced components. Additionally the

variation of the electron beam PBF process could be quanti�ed as it is also able to repeat-

ably produce components suitable for orthopaedic applications. Processes such as cleaning

and heat treatment of components, and the e�ect on porous geometry would also be of

interest as these intensive fabrication steps may alter the �nal product between measure-

ments taken post build and �nal production steps. This e�ect, and the variation it causes

on manufactured components, should be quanti�ed for all parts which would be possible

with the image analysis system.

Additionally, improvements to the CMM based measurements could be made with addition

of a shroud completely covering the apparatus. This would allow the lighting and back-
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ground of the imaging process to be controlled far more than for an open set-up, reducing

error in measurements further than altering the processing methodology alone. This ap-

proach however would only be practical in scenarios in which curved porous components

were analysed on a regular basis. Additionally the analysis of variability and property es-

timation methodologies described in this thesis could be applied through use of a CMM to

non-planar specimens.

A method of directly comparing the structural di�erences between imaged components and

voxelised models from data could also be developed. Current methods of automatically

registering images fail to work consistently on the complex repeating pattern of the porous

structure, particularly if di�erences between the two are high or the images are at di�erent

scales or resolutions. Therefore another method of mapping the two images onto one an-

other to calculate di�erences are required. This could potentially be performed using the

data that is acquired alongside CMM images, where the location of capture on the surface

of a component is recorded. This could be combined with the known coordinates of a

component model to align images near to one another, with registration algorithms making

the �nal location more exact. The location of solid material and pores in the two images

could then be compared to quantify accuracy of the AM build. Structured light analysis

techniques could also be used to directly build a 3D model of the surface of the component

from which measurements could be made. This however, would require the technology to

be able to suitably measure the rough, irregular and small scale of the porous material.

Finally, the imaging ability of the imaging method to measure large volumes could allow for

in depth research into the e�ect of deliberately altering environmental process parameters

such as gas �ow, gas temperature, chamber temperature, and feedstock variation. Through

analysis of large numbers of specimens, achieving statistically signi�cance and accurate

results becomes easier, and in this way a large number of conditions, across a wide range of

values could be investigated relatively quickly to determine the e�ect on porous components.

A large set of benchmark specimens may also be produced, making it easier and more

reliable to observe changes as a result of alterations to the build process and not just
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natural variability.
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A. Compressive Stress/Strain Data
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Figure 9.1 Five Stress-Strain Graphs Produced from the Compression of Cylindrical
Porous Specimens, Manufactured at 67 W
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Figure 9.2 Five Stress-Strain Graphs Produced from the Compression of Cylindrical
Porous Specimens, Manufactured at 75 W
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Figure 9.3 Five Stress-Strain Graphs Produced from the Compression of Cylindrical
Porous Specimens, Manufactured at 83 W
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Figure 9.4 Five Stress-Strain Graphs Produced from the Compression of Cylindrical
Porous Specimens, Manufactured at 91 W
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Figure 9.5 Five Stress-Strain Graphs Produced from the Compression of Cylindrical
Porous Specimens, Manufactured at 99 W
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