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Abstract

Whilst Part inspection and dimensional validati®til§V) is a weltestablished practice for
external and accessible features, the capture and analysis of internal features and the
dimensions associated withem has always been an issue. As parts designed for additive
manufacture become more widely used, this issue is compouwided,internal features and
hollows can be easily introducdeor parts manufactured througbditive manufactureor by
traditiondly castmethods, if the internal structure requires PID\&min-line validation check,

the internal structureill need to be revealed so that a measurement can take ptasently,

the only available solutions to this issue are destructive measureonexray computed
tomography (XCT) scanning. Neither of these solutions are universally practical, and in the
latter case not readily available.

This thesis introduces an alternative method for measuring internal features. The method
requires an intdronally induced temperature differential between the internal and external
features. The resultant temperature distribution is measured on the surface using a
thermographic camera.

Using this technique, in combination with standard muéiv projectionthis method of data
UHFRYHU\ FDQ GLVFHUQ DQ REMHFWIV LQWHUQDO VWUXFW
structure. This result, combined with any industtgndard method for the measurement of the
external features, can provide a complete 3italirecreation of the object in question. This
technique has the benefits of being +u@structive, not requiring extensive training or
knowledge to operatendbeing more affordable and more portable than XCT.

The aim of this investigation was tievise and evaluate the feasibility of this approach. This
process began with a series of FEA simulations to prove that internal geometric measurements
could be extracted from forcibly induced surface temperature profileghatttie spatial and
temperatee resolution required fothis extraction were sufficientFor low conductive
materials, with forcible induced internal temperatures or aroundClOlhternal edge
extraction was possible to within 1.5mirom this initial validation, a series of physical
experiments using 3D printed, and machined artefacts were performed to validate the computer
simulations and understand the limitations when using a real thermographic camera, rather than
picking ideal data from a simulation.

Theexperimentaftesults shwed that througthethermal P DQLSXODWLRQ RI DQ REMF
structure geometric dimensions could be resolved to withirl 8mm with a repeatably of
0.6mm.When combined with external surface data from indestiapdard capture techniques,
thisnoveO DSSURDFK VXFFHVVIXOO\ UHVROYHG D FRPSOHWH &
P R G EnG&apsulating a holistic set of geometric measurements

In addition to findings relating to spatial accuracy, and material limitation, this research has
highlighted howthis capture technique can discern differing internal structures based on
temporally gathered temperature data. When the temperature data from the test artifacts is
gathered temporally, the resultant data shows differing results for curved, angledaigid str
internal faces respectively. This, going forward, would allow for the automatic categorisation
and recognition of internal features based upon the recovered thermal response.
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Chapter 1Introduction

In this chapter, the focus of this investigation is introduaad a general overview is presented.
Also, outlined in this chapter is the thesis structure, detailing the contents of all additional

chapters

1.1.Overview

Inspectionand dimensional validatio(PIDV) of manufactued engineering components
products is anmportant stage of the manufacturing procdss.manufacturing, such a
component, part or product is referred to as the workgdigcandthe inspectiorof which
ensures conformity to the customer requirements, and tracgaBiltart of the manufacturing

process.

The concept of part inspection is as old as the manufacturing process itself, as the state of the

final product has always needed to be known

Whether measuring partas part of an ine inspection cycleor whenperforming the final
part inspectionthe process and objective is the sarte capture dimensional information.
Today, thereare multitudesf different metrology devices available for the measurement of
objects, from simple callipers and micrometreligh accuracy coordinated measure machines
(CMM) and optical scanner3.he choice ofmeasurementlevice usually depends on the
complexity of thepartunder scrutinyand accuracy requiremeng&mple geometric shapean
have their dimensi@recovered easily using simpiactile means. Mre complex geometric
shapes, opartswith large dimensions may require the use of a CMM for ease of capauts.

whose geometris comprised ofree-form surfacesan be captured using the same tegines



however,it is considerablynore complex and time consuming. Thé&tsgenerally have

their dimensions recovered by nroantact optical techniques.

One main challenge thaersists inPIDV regardless of capture technique is the regowér
internal featve geometryThis issue has now been further highlighted by the advent of new

additive manufacturing technologies.

For a designed component undergoing traditional subtractive manufacturing processes, internal
PIDV should not be an issue as during the gtegihase it will be considered whether the
internal structure needs to be inspected and allowances made if neddesayer, aditive
manufacture now offers designers new versatilities in part design that until now were physically
impossible to producespecially in the areas of internal structéarts with internal structures

and complex voids, that would otherwise be impossible to machine in subtractive terms can

now be easily produced.

However these new manufacturing techniques present a navigon with respect to the PIDV
of these potential complex internal structufdsis problem is mainly dui thelimitations of

themetrology equipmerturrently available to most manufactures

Currenty wLQJ &00YV WR FDSWXUH LQWHUQDO GDWaynatV D SRV
have the length to aehall the feature(seeFigure 1-1). Another common problem is a feature

with largerdimensions may only be accessible through a connecting feature with a smaller set

of dimensions. This will block the probe fratontactingthe large features, shown iRigure

1-2.
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Figure 1-2: CMM unable to reach internal feature

Optical systems suffer from a similar potential issue. Active optical sygemerally wok on
the principle of emitting lightwhich interacts with the object under scrutiny. The leghttted
at a specific angle with respect to the object. The light hits the object and is reflected back to a

receiver at the same angle it was eeqitiThis is shown irFigure 1-3.
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Figure 1-3: Generalized View of an Active Optical System

However, problems with this kind of system start to occur when attempting to ciapéunel
features, such as bores, or features with skargavecorners.This occurs becaustne
geometry offeatures may consist of angles that are smaller than the emitter/recajler an
shown inFigure1-3 as .. If a feature has a stter angle than the keam cannot complete its
path fran emitter to feature to receivarhis can lead to incomplete data recgyspmetimes
calledmissing data error, whidls a common issue with parts tHaivecomplex geometry or
have been subjected to an imperfect scanning procEjuith concaveedgesthis problem
can be overcome by-@ientatirg the scanner head with resptrthe feature irquestion in
order to change the viewing angle. However, #ipproachwould not be applicable when
trying to capture bores, deep recesses, and internal geoltey using a laser scanner to
capture bores or deep recesses, one might find the same problem when scanning edges, yet this
cannot be overcome by any amount ebrientation of the scanner hedthe bore might be
too deep for the optimal range of themner,or the diameter may be too smaliopping the

emitted beam from returning.



Whether ornot a tactile probe ooptical scanner can capture data frehallow bores or
relativelysharp cornexis academic if the object in question laasructure constsg of closed

off or sealednternal featurebecause there is no physiealcess

This is a common problem wittespect to traditionatast partsand this same problem will

potentialy be present with additively manufactured parts

Cast parts such angine blocks oturbo charger casingshown inFigure 1-4, can have
complex internal geometries. Biesignthese internal structures may not need to be inspected

so do not need to be reached by inspection tools. fremitialdesign anagnanufacturgoint

of view this might be acceptable, howevedimensioral validation is required at a later stage

for example, if the part is not operating optimalproblem will arise In additional to
dimensional validation, there is also the potential needlidate the internal structure visually

As said additive manufacture allows designs to incorporate new design aspects in manufactured
parts. This may include internal webbing and supports that whilst do not need to be
dimensionally validated, may be ac#l to load distribution etc. Therefoiemay benecessary

to ascertain that these features have survived the priptoggss andhavenot collapsed or

deformed.

Figure 1-4: Cross section of &urbo chargershowingcastinternal structure.



At this stage there are two potential ways poeform PIVDor internal visual inspectiorsn

objects of this nature; the first would be to incorporateubkeof a morecomplexrecovey
system,for example, a Magnetic Resonaneeabing MRI) scanner,or X-ray Computed
Tomography (@) scanning The second would be to employ destructive technjqaesh as
bisecting the part in questiotg access the internal features so that they can be measured by
means that are more traditional. Howevkthe exercise is to inspect tltemponentthen

have it resume its operation, destroying it to measure it would not be the best approach.
Destructive techniques might be a potential option in batch produgtiereone component

can be sacrificed for inspection purposes, bdéstructive techniques are indeed not suitable

the onlyexistingoptions for recovering the geometric datanfrinternal features is the use of

one ofthemorecomplextechniques previously mentionesiich as CT scanning

Magnetic, Xray, and acoustic techniques in the form of MRI scanr@fsscaners, and
Ultrasoundscannerflave WKH DELOLW\ Wiliec@rirl Bri dis€u$¥drl in uEheRdetail
in Chapter 2Whilst these devices can recover the integeimetry of an object, this ability
comes at a pricéghat may preclude their use in some scenadamin, the positives and
negatives of theseedices are illustrateith detail inChapter 2but they can be vergxpensive

to acquire and operatean bdimited in scopén terms of material ansize of object they can
measureand can have compleperationakrequirementsvith respect to power and training

requirements

Therefore, given the limitations of traditional tactile and optilzdh capture methodandthe
requirements and scope of th@rent possible alternatives, this investigation focuseshawa

method forobtairing information aboutomplex internal geometry.

This new ideanvestigatesisinga combination ofinfrared thermography (IRTanda form of

parallel projectionto deduce the geometry of an internal structimeprinciple, any object



hotter than absolute zero will emit radiation. The intensity and spectral composition of the
emitted radiation is determined by the temperature thadnal properties ofthe radiating
material.This radiated emission can be remotely sensed and captured to determine the radiant
temperature of an objef3]. This practice is generally called thermography. Determined by
the laws of conduction hewaill also flow fromhotto cold, so in theory heatéuternal features

that have temperatures that are higher than the surrounding swrfthcese a conduction of
heattowards thoseoolersurfacesOnce tle heat flow reaches the surfadepart, the change

in temperature will cause the objects emitted radiation to cheungeh in turncan be captured

by an IR cameraDue to the temperature differential between the hotter internal features and
the cooler material between them, the captdega willshow the shape of the internal structure

in a single 2D planeHowever, his practice alone would not be enough to recreate the internal

structure of an objedpatially.

As with CT scanningivheremultiple X-ray measurements are taken from different angles, this
system will also require an indexabt#ation of the part to acquire multiple thermograms to
ensure a compete 3D rendition of an object internal geometry. By using a form of projection,
a secondand possibly third set of data takérom two separate perpendicular viewsl be

needed to complete the data set and sho@Dalpatialdataof the internal geometry.

Parallel projection is a style of graphical projectioainly used irmechantal design ands a

way of representing 8D objectthrough the projection of several 2D viegghown inFigure

1-5is orthogrtapic projection, a dependant projection form of parallel projg¢ctdmist this

is the most common way of usipgrallel projectionthe technique discussed here wileit

in reverse to generate 3D objects from several 2D viewveddition to this, traditional parallel,

and in particular orthographic projection, utilises three separate views (as shown below). This
proposed technique fanternal data capture may not use all three separate views, but for the

purposes of this thesiill still be referred to as parallel projection.
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Figure 1-5: Example of Orthographic Projection

This principle of taking several views of an object to create one 3D eatitpe combined

with thepropogdprinciples ofthermographic capturdf one takes several thermograms of an
object that has been subjected to internal heat generation, combines them together through the
principles ofparallel projectionthe result will show the complete internal sture of an object

from which geometic information can be deduced.

1.2. Thesis Structure

- Chapter 1: Introduction

Chapterl of thesis outlines the rationale behind this thesis. This chapter details the need for

PIDV of internal structures and current limitations that exist in acquihieg.
- Chapter2: Literature review

The literature reviewsi split intotwo main areas. Thfirst details the context of PIDV and
focuses on the current solutions available for the PIDV of internal structures, chief amongst
which is XCT. The use of XCT for internal measurement is discussed here, including several
of the issues currently assaed with using XCT in the mannefhe second part of this
literature review will look at areas in which thermography and metrology have been previously
combined. This will ensure the novelty of this work but also help identify areas that can be

built uponto further this research.



- Chapter 3Motivation, aim, objectives, scope, and methodology

Chapter 3 details the motivation behind this research based upon the findings from the literature
review. It goes on to then outline the aim, objectives, andcthygesof thiproject. Finally, the

main methodology detailing how this work will be performed is then presented.

- Chater4: PreliminaryFEA analysis and results

Chapterd provides the detailsesults,and discussion of preliminary Finite Element Analysis
(FEA) simulations usetb confirm the feasibity of the proposed approachhe FEA is used

to ensure that heat conduction from an internal cavity to the surrounding external surfaces can
be observed, and that temperature profiles from which geometnicdeatan be deducede
observable. Chaptdralso detailow internal edge position i$facted bydifferentboundary
conditions, such as, thermal conductivity, depth and geometry of cavity, and heating

techniques.

- Chapterb: Experimental Investigation

The main investigativpart d thisthesis is presented amapter 5 In thischapter, the following

is discussed:

X

The technigues used to capture and digttisexternal featuresf an object

x The algorithm used to detect and extrapolate the internal geoofeting same
objectin 2D, as well adiltering and edge detection techniques.

X The capture of internalimensionf artifacts with differing internal structures and
materials.

X The accuracy angepeatabilityof this proofof-concept system

X The use of projection to discern and observe the internal geometry in 3D



X The amalgamation of both theénbal and external data sets into a single usable 3D

object.

This chapter alsdiscusgsseveral differing examples usitige afore mentioned techniques.

- Chapter6: TTI - Timedthermalimagery

Chapter6 explains the evolutionfdhe softwaradevelopedn chaptel5 into a system that can
track thedrift of an edgeposition results, detected throughseries of thermal images. It
explains howtemporally trackingedge position results can be used to better estimate the
geometry ofan objects internal structur€urvedandangled edge recovery is assesasd

case stdy for using this enhanced extraction software.

- Chapter7: Conclusionsand future work

This chapter provides a summanfythe research and how the aim and objectives set forth in
Chapter3 have been met. It then goes on to draw the main conclusions from the work and
stateghe contributions to knowledge that this research has provided. Several areas requiring

further stug thathasarisen from this work are also presented here.
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Chapter 2Literature Feview

In this chaptera literature reviewof the current methods available for the inspection of
workpieceinternal features is presented. This review also highlights the issoesected with
these current methods, and how those issues present a problem for modern industrial

metrology.

In addition this review alsassesssprevious work that has been performed indbmbined
area of metrologgand thermal imagery, and to verifthese two subject areas have been used

in conjunction beforavith respect to internal feature PIDV

This chapteris split into five main sections. The firshtroduces the introduce tharea of part

inspection and dimensional validatidre second seoh of this review will look at the current

solutions to internal feature PIDV, and their limitatioBsctionthreeis addedecausénfrared
WKHUPRJUDSK\ RU utWKHUPDO LPDJL QDY therefQr&tiis sg&iohP D O O\ |
starts by introducig the subject area of infrared thermography, theimabgery,and its
applications before reviewing how thermographyd anetrology are currently used in
conjunction Thefourth section of this review discussaeas of interest were thermal imagery

and metrologyhave been combined, to eithesolve geometric dimensions ase thermal

imagery as a form of thermal overlay on 3D models.fiitte section will then summarise the

finding from the previouour sections.

2.1.Introduction to part inspecticaind dimensional validation

This first section will briefly introduce inspection and dimensional validation, the need behind

it and some of the dat@g@uisition methods currently availalite perform part inspection.

Part inspection and dimensional validati@DV) is a critical part of the manufacturing

process, ensuring design verification and conformity, quality control and traceability
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throughoutthe manufacturing procesth manufacturing maintaining a robust inspection
system can ensure the quality of the end product and can have an effect on production costs as

the impact of rework is potentially reduced.

Typically speaking, the act of PIDV inives the taking of measurements from a manufactured
article and comparing those measurements to a known set of nominal dimensions, as set out by

the designer.

Today, depending on the part complexity and the accuracy of the required insffezoare
a multitude of inspection data acquisition techniques available to perform dimensional
validation.Figure2-1 showsa collecton of tactile and noftontact data acquisition techniques

currently available for performing dimensional validation.

The data acquisition methods showrigure 2-1, between them can deal with most industry
LOQVSHFWLRQ UHTXLUHPHQWY 7KLV FDQ LQ SDUW EH DWW
manufacturing process and the subsequent required ingpediimlay the majority of
manufacture is still performed by subtractive means, meaning that designers need to understand
the practicalities and limitations when designing parts for these production methods. Features

on components produced by subtractivehods, quite often can be easily inspected as the

physical approach and direction used in manufacturing them can be utiliseg inspection.

Evenfor subtractive manufactured components with internal featurgigection should still
be possible as if autting tool can make the internal feature, an inspection system should be
able to reach the same feature. In addition, designers can also make allowances in the

component design to allow for inspection if necessary.

However, problems arise when tryinguse the same inspection techniques and data aquation

methods on parts produced by additive means.

12
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Figure 2-1: Data acquisition methods

Over the last two decades additive manufac{aid) has become more and more integrated
in terms of it being a mainstream manufacturing method. Initalhsidered aan esoteric tool
limited to specific applications and industr[é$, the advent of more affordable machined an
a drive within manufacturing to utilises this technology has gdetome a more prominent

fixture within the manufacturing sector.

Unlike traditional subtractive manufacturing, which involves the removal of material from
stock or a billetAM, astheQDPH VXJJHVWYV B3EXLOGV™ XS WKH FRPSRQH
be performed by several different methdidsed deposition modelling (FDM), selective laser

sintering (SLS), and stereolithography (SLA), to name a[$w



In contract to subtractive methods, which can require, fixturing and tooling, thus constraining
the design proces&M, with thislayerby-layer approach can in theory create any complex
shape or topologh6]. This approach to design is further enhanced by the ease of which internal
features can be incorporated into component design. At this point internal features can be
broken down into two separate categories: 1, specific internal features with a diresepurp

such as internal conduits and cavities, and 2, infill lattices for support.

Looking the first category: specific internal features, AM allows for a much more optimal
placement of internal features, without the need to consider external toolingjing t@ach

etc. The second category: infill lattices, is a procedure that has come about with the advent of
AM. Infill lattices or other internal cellular structures, allow for production of lightweight parts
without reducing the parts nominal mechanalperties. That said, these internal structures

can also be optimised to ensure a specific part stiffness or directional sfi§ngth

However, this advancement in design and manufacturing versatility, comes at thena@st of

to perform typical quality assuranaspecially with respect to internal features. Typical tactile
and optical techniques do not have the reach or the field of view to perform PIDV on these
potentially complex or sealed internal featurdfhilst thee are methods and technique to
provide quality assurance, which will be covered in detail in the next seetierton et a[8]

state that this lack in established quality assuraespecially in the area of-situ metrology

is possible the biggest technological barrier in allowing AM to become a mMairestream

practice in manufacturing.

PIDV is essentialn anymanufacturing quality control process, and AM parts are not exempt
from this. Arguable PIDV is even more critida AM parts, as not only is dimensional data

required to validate the desiglfithe design is utilising cellular structure to provide internal
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support or stiffness, additional validation may be needed to ascertain that this structure is

correct anchas not failed during the manufacturing process.

2.2.Internal Part measurement

As previously mentioned, there are other techniques utibgd@DV that are more suitable

for the extraction of internal datd-ray Computerised tomography (CT), ultrasesganning,

and magnetic resonance imaging (MRI) are three of the more specialised forms of data
acquisition. One advantage these methods have over optical and tactile alternatives is the ability
to penetrate an object to reveal and measure internal feannesavities. Whilst they may

have the ability to penetrate the solid outer shell of an object to revaate¢hsal structure,

these systems are not without issue. The following literary review section will look at the three
above mentioned data captueehniques, reviewing their data capture methods, limitations,
and suitability when used with respect to PIDV of internal features of additively manufactured

parts.

2.2.1.X-ray Computersed Tomography(CT) Scanning

X-ray Computerized ®mography, more commonhgferred to as CT scanning, iSeanning
techniquethat employghe use ohigh energy Xrays. In industrialCT scannes, the system
consists ofan X-ray tube andanin-line deteobr, located in either side of the object under
investigation. The object is then rotated allowing for the capture naflti-directional
radiogramg9]. This layout is slightly different in medical grade CT scanners where-tlag X
tube and detector rotate around the suljjejt Eachradiogam or projections the samasa
single Xray; with rotation, enablinghe objectto be viewed from any point in a minimum of
a 180 field of view. Eachprojectionconsists of hundreds of linetegrals thgtdepending on
the intensity of the exposurdeterminghe depthof the projection.Thisbuildsup a complete

representation of the objeict three dimensionat multiple depthsThe number oprojection
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and Ine integralghe object is subjectetd, andthe exposure time dictates image clarity and
therefore accuracy. Modern clinical CT scanners will now gaand ahousand projections

each consisting of sevetalindredline integrals through a full 360field of view to maximise

the clarity of the resultant radiogrdfr]. Even though thenain area of usager CT scanning

has beein the medical world, it does havgewing presence in other disciplingsyticularly

for inspection purposes in manufacturing which has benefitted from increased performance in
the machines as well as ongoing research into performance evaluatiodusidal metrology.
Industrial CT scanning differs from typical CT scannfagnd in hospitals due to the objects
being scannedVedical CT scanners can scan medium to large objects, such as humans and
large animals, because organic matter can be thought of as having a low attenuation coefficient.
The attenuation coefficient of material is related to how -Kays propagate through said
material in terms of absorption and scattering. Metallic materials generally have high
attenuation coefficients and as such require higiaton energy leamhg to higher drive
voltages tha their melical counterpartdMedical CT scannemormally operate in the range

of 120-130KV, whilst their industrial counterparts start at 225K ¥]. This higher attenuation
coefficient in metallic objectalso limits thesize of the bject an industrial CT scanner is able

to accept. If ambjectssize is increased but the power level of the scanner remains the same
the X-ray photonswill not be able to penetrate through the object before photoelectric
absorption occurs, which in tuteads to electron scattering. If a response is recorded in the
detector,these additioal electrons ejected by proton impagctsvill be observed as noise
leading toinaccurataesults[13]. To overcome this problem theqton energy would have to

be increased. However, this would lead to higher electrical requirsarashthigher levels in
ionizing radiationAs a resultjndustrial CT scanners are normally suited to small to medium
sized obgcts so that drive voltages can be kept relatively ©W scanners are currently the

only technologypresentlyavailable to measure the internal geometry of an object without
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destroying it. As a metrology todI,T scanners can provide a comprehensivesibaisentation

of an entire objectKruth et al[14] provides an indepth review of the use of CT scannirs
dimensional metrology. Ithis, they highlight some of théistinctive issues that must be
understood in order to olteaccurate resulfsom CT scanning. As mentiongd complete 3D

CT scan consists of multiple 2D radiograms taken in a rotational pattern. The accuracy of the

full 3D scan can be broken down into two main areas: the accuracy of the 2D radiogram, and

the accuracy of the reconstructed 3D model. 2D radiocgcambe affected by, but not limited

to, photon energy, »ay flux, beam hardening, and asentionedabove attenuation and
scatter.Errors in the 3D reconstruction processn EH UHODWHG WR WKH DFFXULI
kinematics, magnitude of rotatial increments, and the reconstruction algorithm itself, to

name a few.

Whilst a number of factoranany of which are unique to CT scanning, can affect accuracy
Hiller et al [15], with the use of a calibrated balar referene length have obtained 3D

generated models with a measurement uncertainty betwgem 6lAm.

Whilst it can be stated that CT scanners, within the environment of industrial mejrcéogy
be a versatile tool, capable of recovering geometric dimensiondbfstmnternal and external
features to within a higlevel of accuracythereare some significant considerations that may
preclude their use for many applications and uddrs initialoutlay for atypical XCT scanner
used for small to medium cast partsibe in the order of £500,000 (at the time of writing this
thesis), with higher prices for larger measurement volume or higher pbiwestype of material

an object is madérom can also dictate what type of CT scamnbas to be usedenser
materials will require higher energy levels to penetrate thecobjl the way through. This in
turn will normally lead to industrial electriceéquirements thatan then be an added expense
for installation This requirement alsleadto CT scanners having small scan volumes, as large

volumes would require additional energy requiremehRts. example Carl Zeiss Volumax
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F1500, can scan objects unhindered to a maximum h@ijhand diamete(D) of 430 by

800mm. These valuesin bancrease to 1100mm for height and 700mm for dimeter at the loss

of certain measurement capabilities and axis travel restricfidis That said the values
mentionedabove offer insight into the volumetric size of the measurement chamber. The actual
measurement range is much less for a compl@tecan of an object 7TKH 9ROXPD[YV QRPL

measurement range is only 260mm (H) and 305 (D).

However, with the introductionf@additive manufacture, XCT in metrology is becoming a more
attractive method concerning inspectidforoni et al[17], describe how the introduction of
additive manufacture has led to the increase in the production of mereg®ally complex

parts. As a result, inspection of such parts has becomeanalenging They place XCT as

the most viable solution for the inspection and the geometric verification of such complex parts,
also stating that as a volumetric scaignsystem it can also take into account the internal
structure. They also define some considerations that designers sbisildierto reduce errors

in XCT geometric results. Sharp edgdmuld beavoided aghey can increasthe amount of

X-ray scatter, causing a loss in resolution. Different materials in a single part should be avoided,
as different materials have differentry absorption rates. This can leadpmor results
through bad propagation fordenser material, if the XCT scanner is set to scan less dense
materials; and if the XCscanner is set to scan a dense material witrcaulsdoeam hardening

on the less dense material. This makes finding a balance that works for both materials more
difficult. They also discuss the issue of XCT pentation depth, andvtiexeverpossible
designers should reduce part thicknédsey $iow that for steel, even a 225K3¢anner can

only penetrate a depth of up to a maximum of 40mm.

Aloisi et al[18] also detail how a componetitsurface finish can increase the uncertainty on
recovered CT dimensional measuremelmsheir work they compare the dimensional results

of three steel SLS printetibes, with a pecified surface finish value of 1@&. The CT
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measurements were compared to reference measurements taken using a tactil@iiM.

work showsexternal diameters measured by the CT were always sithalighe same external
diameters measured by the CMM. Conversely internal diameters measured by the CT were
always larger than the measured values from the CMM. In both cases the differencesin value
from the and CT and the CMM were always approximate to the surface finish value over two.
They determine thdhis difference in systematic error between the CT result and the calibrated
CMM result is due to thdifferent measuring principles in wdti the CT and the CMM rely

on, and how dimensional results are established from the recovered data when uncertainties

such as surface finish are taken into account within the two systems.

Landis et al[19] offer a comprehengé review of Xray microtomography, describing it as a
versatile nordestructive tool, capable of micron level spatial resolution. However, they
summarise¢hatas a metrology tool this system is not without its own specific limitations. These
limitations encompass, Xay penetration with respect to material density and sample size, X
ray absorption for materials with different phases, leading to poor contrast in the recovered
result, and the free availability of such facilities. These findings are in kgepth the
conclusions oMoroni et al[17].

The work byThompson et §R0] show how XCT tomography has evolved to be well placed
for the PIDV of AM partsThey show how today XCT is used in a variety of differing fields
including reverse engineering ftire AM of historic cultural artifacts, as well as density and
porosity measements. They also highlight that for dimensional validation against nominal
CAD models, XCT is fast becoming the dimensional metrology tool of choice with regards to
AM parts, due to the impractically of traditional methods, and at the time of public4tdn

was the sole industrially viable method for gaining internal data without destroying the part.
However, they do highlight the same issues as before with using XCT for dimensional

measurement. They state tixatay penetration variation with respeotpart aspect ratio is a
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difficult scenario for XCT metrology. Higher powered x rays are needed to penetrate the parts
long axis, whilst for the short axis the x ray intensity will resti avoid scatter andeduce
overexposure in the recovered imagkey also state thdéieam hardening can have an effect

of surface determination and location. This beam hardening effect canarastiécial offset

on the internal surface edges, with respect to the external edges. This presents a huge issue with
regads to the examination of internal surfaces.

Previously mentioned, beam hardening is related to thdimearity of the Xray attenuation

as the beam propagates though the part under scrutiny. Low enegys Mttenuate much
faster than high energy on&is leads to the number of photons striking the detector to also
be nonlinear. However, most of the reconstruction algorithms used in XCT assume linear
DWWHQXDWLRQ OHDGLQJ WR IDOVH DVVXPSWLRQV WKDW \
then it actually should be. This in turn can lead to poor image quality, criticalciaradeedge
detection, and thudimensional metrology. To counter this effect numerus beam hardening
correction algorithms have been presenifdtese algorithms have beeramined byDewulf

et al [21]. There work showshat theinclusion of these corrective algorithms can indeed
increase image and quality and the absolute accuracy of an XCT machine. However, for multi
feature parts these corrective algorithms can have a detrimental €fegtobserved, when

using these correge algorithms, sudden shifts in the dimensional results when the external
geometry of the part changed. Whilst stating this is not a complete comprehensive
understanding of this phenomena, for dimensional metrology this issue is a huge drawback for
XCT.

Work by De Chiffre et al[22] gives an overview of the industrial applications of XCT, and
how the technology is slowly advancing within the industry. As with other work reviewed, they
highlight the benefits ahis technology;nondestructivejnternal feature data extraction, and

the holistic gathering of all artifact informatioRlowever, they also highlight the complex
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issues and hdepth user understanding (already mention in this section) that is necessary to
perform meanigful dimensional measurement with an XCT machine. They also highlight
some of the more mundane, yet critical aspects of the use of XCT in the industrial area. One
that is a probable concern for industrial applicatisdhe takes to perform a complete
inspection of a part. Their work shows that XCT can take nearly four times longer than a
traditional CMM to perform a complete part inspection. That said, if the part does have internal
features that require inspection XCT might be the only opfibis work also provides a brief
introduction to Xray dosage with respect to industrial XCT, which in this work, up to this
point has been difficult to quantify outside of medical applicatidigey state that with
adequate shielding, exposure to CT ofmg is extremely small if not negatabléowever,

high energy Xrays can have detrimental effects on the compositions of certain polymers, such
as PLA PVC, andPAN. It has been found that prolonged exposure (>15 mins) to high intensity
X-rays canaffed the polymers material properties, for example, causing brittleness and that
these decomposition effects can influence the recovered data, and therefore need to be taken
into account during gt analysiq23] [24].

It has also been found that in addition to the detrimesiffaict that X-rays can have on
polymers, some consider the use of XCT for the analysis of polymers unsusbplaymers

are made from light atomic elements, theay absrption is comparatively small with respect

to metallic or ceramic itemghis inturn can lead to a lower contrast in the reconstructed XCT
image[25]. Nishikawa et a[26] overcome this issue by tuning tKE€T machine so they can
produce high contrast images from low density materials. By calculatingthag absorption

of the material, they can predict the recovered pixel contrast value at any given photon energy.
By keepng the photon energy low, they can maintain a high level of contrast ratio in the
recovered image. Their practical work validates this by being able to achieve a spatial

resolution of gim for the polymer case they presented.
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Whilst this work does debunke idea that XCT is not suitable metrology tool for polymers, it
does highlight the need for a compressive understanding of the relationship between the XCT

operating parameters, and the material, size, shape etc, of the part under scrutiny.

2.2.2.Ultrasonic Scaning

Acoustic distance measurement has been employed in various forms for several [@&¢ades
with the most common example being sonar used on submddltesonic echo scanning

works on the same principéestime-of-flight wave propagation. In ultrasonechoscanning a
piezoelectric transducer generates a wave field in the component under scrutiny. These waves
propagate ttough the structure and are sxfled when they encounter acoustic interfaces such

as faults or internal boundaries. Additional secondary transducers then in turn receive the
reflected waves. By observing the time elapsed from wave emission to recbeedgpth of

the reflector can bestablished28]. Today, ultrasonic echo scanninga common practice in
severalengineering fields and most prominently used in metallic weld fault deteétsoa.

fault or observation tool ultrasonic is well establishe@yoid severaindustries both medical

and industrial. However, as a metrology device it is constrained by several faokihg, the

part under scrutiny and the ultrasonic scanner must have an extremely clean physical contact,
free of all foreign matter and have a good surface fif#8h This makes it difficult to scan

objects that are rough, smalllwave an irregular shape.

Ultrasonic scanning alsanly shows features in its perpendicular orthographic d@ed does

not provide volumetric informatiori-or a full representation of an internal featareollection

of 2D ultrasonic scans would need the addition of a 1D mechanical armature positional data
(or a freehand alternative), plassystem of registration would be required to organise and
registe each ultrasonic scan in tuideshat et aJ30], propose a system that tracks individual

2D ultrasonic scans, through mechanical means. By attaching an ultrasonic transducer onto a
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mechanical scanning mechanism, and theratiingy the scanning pitch and origination, the 2D
scans are acquired and in turn reconstituted in a registered 3D ddimaisystem alsdoes

the 3D generation of an object comprising of different internal geometries. However, designed
for clinical appli@tions, the object of interest here cannot be considered hollow, but comprised
of varying densitiesThe system they provide has a mean geometric accuracy between 0.6 and
1mm for X and Y positions, and an accuracy of between 2.3mm and 3.2mm dependiag on s
depth, for the Z position. This does lead to large volumetric errors, but as this system has been

designed for linical applicationsijt is deemedcceptable.

Ultrasonic thickness or depth measurement is used in a number of metallurgy prackices wit
accuraciesup to 0.05mm [31] [32]. The advent of 3D ultrasonic scanning in clinical

applications has led iacreasedesearch in this area in an effect to reduce errors and increase
accuracy.For the 3D geometrical characterization of engineering artefacts using ultrasonic

scanning systems, some examples in have been found in literature.

Marcio et al[33] performed a comparative study involving the digitisation of surface profiles

of large diameter pipes, using pulseho ultrasonics, and laser triangulation scanning. This
study showed that for surface measurement pedbe ultrasonic¢he error uncertaintywas

0.2mm lower than the results recovered by the laser triangulation scanner. Whilst this showed
that their ultrasonic system maintained a higher accuracy, capture time was excessively slow,
taking eight hours to capture a sample 170mng laith an internal radius of 76mm. This
compared to the laser scanning system that took only ten minutes. Furthermore, whilst this
system was designed for the inspection of pipes, the pipe sasgie their investigation

was cut open so that the measueat could be performed.
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2.2.3.Magnetic Resonance Imagif§RI)

Magretic resonancemaging or MRI(shown inFigure 2-2) is anothercapturetechnique that

has a mairusagein the medical industry. Unlike CT scanninghich uses Xrays, MRI
scanning utilisestrong magnetic fields and radio waves to generate imagery from inside an
object.Simply put, when placed in an external magnetic fieddtain nuclei are able to emit

and absorb radio frequencies. The most ofteednuclei are hydrogen atoms, due to their
abundance in biological entities. Wharsample is placed into the MRI scanner the samples
nuclei realign to the direction of the magnetic field. Pulsed radio frequencies are then applied

which alter the magnetic algnent of the nuclei relative to the magnetic field.

Figure 2-2: A typical MRI machine

To bring the atoms back into equilibrium the nuclei are subjected to a rotatitign that
induces a magnetic flukom the nuclei. This magnetic flux in turn yields a voltage change
with can be recorded by a receiver coil. Changing the intensity of dgmetic field or the
frequency of theadio pulses can alter the responseovered34]. In medical fields, MRI
scanning is preferable to CT scanning because MRIs do not utilise ionizing radiation. This is
further compoundecdhi medical research as using CT scanning for research purposes can be
deemed unethical as individuals are exposed to unnecessary levels of rd@&itidror

industrial purposes, MRI scannifgas one overriding issudue to te magnetic field
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generated by the scanner, this systamnotbe used to scan ferrous metals such as steel and

other alloys of iron.

2.3.Uses and Limitations of R

As previously stated i€hapter lthis work intend to create and validaaovel vison system

based around thermography capable of extracting dimensional data from internal features.
Therefore, the next two sections of thiterature review discuss the role of thermography in
modern metrology, including its limitations and applications; and areas in which thermography
and metrology currently overlap, with regards to thermal information providing second order

data.

2.3.1.Definition of Thermography

Infrared thermography (IRT), also known as thermal imaging (TI), is the ability to observe the
infrared part of the electromagnetic spectrum. All objects with a temperature above OK (
273C) emit radiation in the infrared region of the ¢élemagnetic spectruriB6]. Infrared
radiation is in the region outside of the visible part of the electromagnetic spectrum, shown in
Figure 2-3, typically with a wavelength between 0.ji8 -1000um. As it is outside the visible

part of the spectrum, special equipment is necessary to be able to view it, namely a thermal

camera.

Thermalcameras can be assimilated to normal visible light cameras, in that they record thermal
information in the same way a visible light camera would recreate a scene as observed by the
naked eye. The main difference being the information that is suppliadhacamera, and how

each camera interprets that information. Visible images are made up of different tonalities
based upon how the incident light is reflected into the camera. The object in the scene can be
thought of as a reflector, reflecting the lighta the camera. If there is no light source the

object becomes unobservable. In comparison, ignoring the issues with reflected thermal
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radiation that will be covereldterin section2.3.2 objects being viewed through a thermal
camera are the primary energy emission source. A thermal image is a measure of the energy
emitted by the viewed objef37]. By the object being the energy source, the object can be
viewed using IRT even in the absence of visible ligade et al[38] offer a comprehensive

insight in the complex workings of IR cameras and their broad range of applications.
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Figure 2-3: Electromagnetic spectrum
Through technological advancements, thermal imagargeraequipment has becomeone
affordable and now IR is used extensaly in many different fields. IR is now a common
tool in condition monitoring, medical imaging, military and surveillance applications, search

and recuse, building maintenance and many more.

IR7V XVH LQ WKH DUHDV RI VXU &pgeisen ©dd Qe-titadeversidtHey DO HQ W
absence of a light souragaking it an effective night vision tool. Concerning search and rescue
applicatiors, it can be used to locate injured persons quickly in either night or day as tae hum

body emits more radiation thahe surrounding arees shown irFigure 2-4. In this image, the

warmer areas are shown in red, with the lower temperature background.iftEse areas of

use do however have their limitatio®r the subject to be visible and distinguishable there

must be a suitable temperature gradient between the subject and the ambient background

temperature.
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Figure 2-4: Typical thermal image of a human

IRT is also oe ofthe main tools in condition monitoring, especially in the areas of electrical
engineeringvhenfault finding in electrical circuitryFaulty electrical connections or areas of
unexpectedihigh resistance will generate heat that can thequlikly located using a thermal
camera, allowing them to be resolved before any serious issuedayise.2-5 shows three

circuit breakers, with middle one showing a higher temperature indicating a potential fault.

Figure 2-5: Faulty electrical connection.

As a visualisatiortool, IRT is extremely simple taise,andthe results aresasy to interpret
However, as a temperature measurement tool several factors must be considered, as they will
influence the recorded resultJsing IRT, he measured value for a temperatomeasurand
consistf severacomponents andan be influenced by o#h external factors before the value

is captured by the thermal camera.
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Figure 2-6: Thermographiccapture scenari$¢39]

As can be seen iRigure 2-6, the measured radiation consists of three sepacatgonents
emitted from the object: the objects own emitted radiation, transmitted radiation from other
external sources, and reflected radiat These components are theffeeted by the
temperature and humidityf the environment. The relationship beémethe value for the
measured radiation and its component parts can be summarised below in equation 2, with

reference td-igure 2-6.

0. LT_UOkeU :Qy E:UF¢; U :Q,0EKUFT_oU :O; (1
[39]

2.3.2.Emissivity andAbsorptivity

When using ITF as temperature measurement tottle influences of external additional
factors must be considered in order to understand the recorded measu@neframongst

these factors is emissivity and absorptivity.

Emissivityand alsorptivity are two factors in [Rthat are intrinsically linkedhen measuring

the temperature of an objegtsurfaceThe emissivity( O of an object ists ability to radiate
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electromagnetic radiation when compared with that of a black body at the same temperature
[40], (in heat transfer, a black body astheoretical object that haa 0 DQG . YD.OXH RI
Absorptivity(. LV WKH UDW tdasatbhedblf & badip G the diant that falls oA it
VXUIDFHTV HIRaygaqaUtd its\absorptivity41]. Both are arbiary values with a

range of O tdl. For examplefor a black bodyghat KDV ERWK . D QlGaloradiltionX HV R
that falls on the surface is absorbed and in turn emitted perfectly regardless of angle of

incidence. Conversely, abject that has values ofbuld reflect all radiation and emit none.

However, both of these objects are hypotheticathe real world, all surfaces would have an
emissivity and absorptivity between 0 and 1 but negacheach extremef-or example, at

room temperature polished brass has an emissivity value of 0.04, whilst coal soot would have
a value of 0.9542]. This is besdemonstrated with these of a Leslie Cubd-igure 2-7). A

Leslie cube isa hollow metallic cube where the feuertical sides of the cube have different

surface propertieqeing either painted or coated in difference surface textures.

Figure 2-7: Vollmer et al'd43] Leslie Cube

Vollmer et al[43], use theabove cub to demonstrate how a surfasaissivity value can affect
the temperature reading af BR camera. Their copper cube consistethaf of the sides being
painted, one black and one white. The third being polished copper dondterough copper.

Using temperature probds indicated that all four sides of the cube were at the same

29



tempeature, theythenobseved the cube through IR camera with @value for the camera at
0.96 The results shown iFgure2-8, show that the painted sileH side of cubepf the cube
showed the highest temperature at 83.and the polished sid®H side of cubejvasmuch

lower 22.6C. This demonstrates that even at the sampédegiture emissivity can vastlifect

the results when observed though an dhera.
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Figure 2-8: Vollmer et al[42] cuberesults

In most modern IR camesathe emissivity value can be adjustedbe irline with the
emissivity value of the surface under observation sortiae readings that are accurass

be collected. However, if an object is comprised of multiple surfaces each with different
textures or coatings, thévalue will beconstatly changing.One way to ensure a consistent
emissivity value across a range of surfaces apfay a coating ouse a cover material with a
known emissivity value. Masking tape is a good examptaefatter The tape isufficiently

thin tobehave as perfect conductgrbut by covering the object under observation in tape the
objects emissivity value is constant across all surfaces regardless of the type of surface

underneathThe emissivity of masking tape@s92[44].
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2.4.IRT uses inPIDV

Increasinglythe fields ofPIDV and IRT are starting to overlapnfrared radiation has shown

to be a possible alternatite visible light in the 3D digitisation of obje¢tahere the objects

have optical properties that are not condadiv visible light scannin@. Aubretoret al[45]

describe a systemhat uses IR to digitise the surfaces of highly reflective metallic surfaces,

LQ D WHFKQLTXH WKH\ FDO OThey RO loGningl th& BsukHvdthV L Q J
scanning specular surfaces that are glossy or transparent. Surface reconstruction of specular
surfaces is more complicated than the reconstruction of diffused surfaces deeetal

prominent issuegl6]:

X  The observing light from the source can be reflected away from the light source.

x  The observing light can be diffracted by the material.

X  The observing light can fully transport through the material, as can be the case with
materiak such as glass

X When chaging thepoint of view features can appear to move on the surface due

to laws of reflection.

To alleviate these issu€s Aubretoret al [45] attempt to use the measurement of the emitted
infrared radiation instead of the reflected visible lighd.do this they usa 50W terbium

fibre pumped diode focused to a 0.44mm beam, gEaimetrically linked through a specific

angle to an IR camerah€& laser held at a set distanftem the objectis then pulsed for a
specific timebased on the thermal properties of the olfjectaterial A thermal image is then

taken of the area where the laser intercepts the object. A mechanical stage then moves the
laser/thermal camera rig a set distaimceither X or Y, and the process is repeated uhél t

object has been covered in its entiréfarough a pralefined geometric calibration of the
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system, the 3D coordinates of each point are extracted from eachathimage and are

reconstructed to form a complete digitised point cloud set of the object.

Whencomparing their system to a standard visible light scanner across several samples, the
average error between the two systems is comparable, with the agm@gef the scanning

by heating method being only 2@ lower. However, the standard deviation across all the
entire samples was much lower using this novel method, compared to that obtained by the
standard methodVhilst their novel approach to the scamgof specular surfaces has yielded
promising results, their system is not without issue. This system does require the use-of a high
powered laser, which asideom the cost implications does imply several health and safety
concerns. In addition, the usésuch a higkpowered laser means that ardiepth knowledge

about the material of the object under investigation is needed. They themselves state that
avoid melting or damaging the material the pulse time of the laser nedus d¢arefully
calculated,employing the use of FEA to ascertain accurate pulse timiRgslly, the
acquisitionrate of capture for thisystem is comparably slow, at only three points per second.

In addition, the laser needs to be shut down between points to avomktipatterningheating

the materiabetweenpulselocations)on the recovered image. This also adds extra time onto

the overall data capture.

Whilst this work is not particularly conducive tiee PIDVof internal featurest does offer an
insight into the techniques used in accurately defining points taken from a thermal@nage.
example of this is Comeffect. TheComaeffect orcomatic aberratiof7] is optical distortion
caused by the cuevin the camera lens and the angle of incident between the rays entering the
lens and the optical axis of that lens. This can result in a geometrical abeetBotiyely
elongating features. They propose two solutions for this issue. One, usingfdfersab limit

the spectral domain (however this resuita reduction in sensitivity), antivo, to ensure that
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the area of interest centrecbnthe middle of the image. This decreases the angle of incidence

reducing the effect.

2.4.1.Thermal Overlg

Another area wherenetrologyand IRT are used in combination is thermal overtay3D
thermography Adding the thermographicdata to a 3D digitesd model incorporates an
additional level of informatioron top of the geometric and visual dafdis ideaof 3D
thermography is prevalent in several fields ranging from medical applications such as tumour
location, to structural engineerimgd heat loss maps of buildings: example of a heat loss

map rendered to a 3D scan of a buildisghown inFigure 2-9.

Figure 2-9: Example of a 3D thermography, showing 3D heat loss map on a building.
Curtsey ofGonzalezAguilera et al[48]

In medical applications, it is convenient due to its-nontact, norinvasive attributesKrefer
et al[49] demonstrate this with their method for generating 3D themmodlels.Their technique
encompasses typical 3d@igitisation andcombines it with a type of photogrammetry they

GHVFULEH DV 3VWUXFWXUH IURP PRWLRQ"

To starf they capture the 3D data using standard structured light technitpissis done
becauselow-resolution thermal imagegyenerally describe littlein the way of geometric
information, which leaves points of interest ambiguousThen a techniquesimilar to

photogrammetrys used tacapture thehermal data by acquiring multgpthermal images all

around the subject. However, issues arise when attempting to stich the thermal images together.
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Photogrammetry relies on matching similar features in separate imEg&snal images by

their naturearegenerally homogeneous with shampoutstanding features being blended into
surrounding areas. This limits the effectiveness of being able to stitch together two concurrent
images.To circumnavigate this issukrefer et al[49] add in an additional level ofr@
processing that creates artificial contrasts between the differing intensity levels in the thermal
image. This contrast helps emphasimage variations that may have otherwise been too subtle
to detect. This method thus generatigmificantly more aras of interest allowing concurrent

images to be stitched together.

The thermal images are then projected onto the 3D mesh, through a common global alignment.

The result is a fully encapsulated 3D thermal model.

Whilst their work isfocused on the externalerlay of an object and @medmore at medical
applicatiors, where geometric tolerances are not a primary concern (max errors in their system
can be as high as 3.7mytt)eir techniqué in creating artificial contrastswsrthconsideration

for this investigation. As will be demonstrated, feature resolution, whilst already low due to
the nature of thermal images, is further decreased when trying to view internal features. Their
techniques in contrast manipulatioould reduce ambiguity in identifyinghat the internal

feature regions.

This useof thermaloverlayis further demonstrated in a more industrial settingsoyzalez
Aguilera et al[48]. Their work in efficiency evaluationoenbines large scalecanningwith
IRT to form comprehensive 3i@xtured modelsThe texturing in this case comes in the form
of 2D thermograms that are registered to the 3D point cloudilsetim ofthisis to allow the

location and quantifiability of heat losses dhdrmal defecin buildings.

Their technique first utilises a tira-flight laser scanning system to genertite 3D point

cloud representation of the building in questi Separately2D thermographic imagesre

34



captured by a FLIRcamera.Several thermograms and point cloud sets are captured and
overlaid to increase spatial resolutidm.addition to thehermogramsgorrespondingisible

light images are captured. These are used to align the thermograms to the point cloud data set
by matcling points of interest in theisible image to the corresponding points in the point
cloud dataFeature extractiors performed by utilising a Harris operator, applied toghgre
compressed image. A Harris operatused due tdts invarianceto potential image rotations

and scaling factorsOnce these points have been identified, they are matched with the
corresponding points in the point cloud set. This allows the visible light images that are
matched to the thermograms to be aaierlon the point cloud data. The visible light images
are then removed leavirgfully thermally rendered 3D model. Geometric tolerances for the
point cloud scanningregiven to be 1.4mm, which is dictated by the accuracy of the laser. No
positional acaracy is given for the registration of the overlaid imadekilst these techniques

are interesting and potentially usefollone of the objectives in tinestudy, namely the thermal
image registration, they do extrapolate on how thermal imagery can Hetas#educe

geometric features.

This ideaof combining IRF and3D scannings further explained in the works baguela et &

[50]. Their work is smilar to that described 48], in that they us this idea of IRT/RE
combination for the visualisation of energy efficiencies in the form of 3D textured models
Both usetraditional 3D digitisationsystems to recover geometric data, and both use
thermographic cameras to record the thermal oveBayh also go into detail about the
importance otonsideringadial lens distortion within the recovered thermograms. However,
one main difference between the two is how the thermal information is portrayed on the 3D
model. As previously saiGonzalezAguilera et al[48] take multiplethermal images and
corresponding visible light imagésom multiple overlapping angles and orientagouasing

the visible light images to register the thermal images to the point cloud through comnson area
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of interest.This technique combined with the higlumber of images they have captured,
allows them to wrap the visible images, and therefore the thermal images, to the point cloud
data. This results in a complete 3D thermal model that can be viewed from any orientation
whilst showing the information refant to that orientationThe Laguela et al[50] capture
technique differs somewhat to this in that they do not take corresponding visible light images
and the thermal images they capture are only taken perpendicthainumediate facade of

the building in questionThey thenregister the thermal images to the point cloud through
common areas of interest takieam the thermal images. They state that doing this leads to a
low registration error. However, the error that theytg is given in pixels, and they do not
offer a conversion factor that would allow the calculation of a true geometric error. Therefore,
their error value is ambiguous in the context of this work. Furthermore, the technique they have
adopted to capture éhthermal data,e., perpendicular to the facade, means that the thermal
information can only be vieadin its entiretyfrom a single orthographic projection plane. If

this thermal modelvereviewed fromany otherorientation,it would appear to havenissing

data.

2.4.2.Thermographiwision systems

This technigue of adding thermal overlay as an additional level of information to a reverse
engineered model is extrapolated furtheivloyet a[51]. Whilst the other areasvolved with

this idea of thermal overlay have focused on using it as a tool for energy efficiencies in
buildings they provide an alin-one system that can capture -B&tural and thermal
informationsimultaneouly. Using a visible light camera and ajactor, in a typical structured

light setup, they then add a thermal camera to provide thermal informBbi@nsure that all
three parts of the system (visible cam@majector,and thermal camera) use the same global
correspondence systeruet alemploy a threeriew-geometry system to encode the three parts

together. To begiwith, they use standastructuredight calibrationtechniquegZhang et al
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[52] andHartley et al[53]) to qualify known 2D geometries to the recovered 3D information.

To register the thermal cameithe checkerboard used in the visual registration is modified
with holes, anda heat source is pladéehind it. The checkerboards differentiation in colour
allowsfor visible registration with the receiving camgaad the holkein theboard that allow

heat transfecan be detected by the thermal came@&tee result is a trifocal tensor between the
three separate parts of the system. Givenrdgsstration, corresponding points between the
projector and visible camera can be determied expressed in a 3D model. As the thermal
camera is registered in the same domthia corresponding point in the thermal data can be
extracted, through pointansfer and added to the same 3D model. This results in a complete
3D thermal facial recognition. Whilst this system does allow the capture of thermal facial 3D
models it is not designed or intended for geometric reconstruction. As such, whilst the
accuray of this system was determined by the authors the results are given in pixels and can
be considered ambiguous in the context of this investigation. It does however offer insight into
the thermal/vigal registration required for IRin PIDV, which will be helpful to the first

objective of this investigation.

Vidas et a[54] take this idea of an alh-one3D thermography system even further with their
handheld systemiHeatwave Heatwaveis portable system that allows the aapt of 3D
thermographical surfacesrfenergy auditing. As with [64{ consists of a thermal camera and
structuredight project system for 3D reconstruction. This work focuses on the thermographical
reconstruction of mechanical objects, unieet aJ which looked at facial reconstructiofs

such, the authors go into extensive detail regarding the geometric and radiometric calibration
of the system. The geometric calibration is broken down into intrinsic and extrinsic calibration.
The intrinsic calibraon defines the relationship between the object under investigation and the
sensors capturing that data. Intrinsic properties include optical features such as focal length,

optical centre, sensor size, etc. The extrinsic calibration designates thergedne¢dtionship
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between each of the sensors withinghstem Finally, radiometric calibration issed to define
the relationkip between the pixels in the TRmage and the corresponding temperature of the

object that a given pixel peesents.

Whilst the authors give a detailed account of the calibration procedure required to capture

accurate models, no results regarding the age@inetricaccuracy of the system are given.

2.4.3.Geometric Shape Reconstruction Using Thermal Imagery

Away from using IR as an additional layer of information within 3D reconstruction, there
have been several studies into geometric shape reconstruction using thermal imagery. The work
performed byBarker et al[55], looks at tle extraction ofa single orthographic profile of an
object from a single thermal image. This is perforrogdising radiative heatingulsed in the
direction of the surface of intereSihe external profilés recoveredy recording the evolution

of the tenperature as the heat moves across thefgrtface. This process relies heavily on
understandingiot only thethermalmechanics of the object but also the introduced heating
aspects and the relationship between the e sirface area of the object, jebt emissivity

and specific heat, thermal diffusivity, and the power the object rexaire all required before
the profile extraction can begirKnowing these factorss imperative forthe mathematical
discernmenbf power distribution across the objesturface. Once this is known and following
a correct calibration procedurihe profiles spatial orientation and position candeduced

from captured thermal images.

Each pixel line of the captured thermogram is then analysed and divided into linesmand
linear segmentsThis allows thermto mathematically extract the objects profile based upon
temperature variations due to changes in shape or curvatunear sections show little
variation in the resultant IR camera output, however inaar sectios show up as

temperaturgise variations due to the change in distance from the IR camera.
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This technique shows that basic geometric primitives can be extracted from a single
thermogram, with no other equipmertjuired However, this work only shows ngts for a

single 2D slice of a complete 3D object. It is not stated but assumed that for a full 3D
reconstruction their process would need to be repeated for every pixel line in a given
thermogram to give a full and comprehensive reconstruction. Furthertheir work does not

offer any insight into the geometric accuracy of their system. Lastly, this system, as with many
others that have been researchethased upon the reconstruction of the exéeprofiles of

objects using IR, not internal geometry

2.5.Chapter Summy

This chapter has introduced the field of PIDV, and the inherent issues when trying to perform
PIDV on internal geometryFurthermore,it has highlighted the upcomingncreased
requirement of PIDV on internal geometry as additive manufaabypens new design
possibilities within the manufacturing sectés has been found, the current main barrier to
the more extensive use of additive manufacture in industry is the lack of arabkevailable

PIDV solutions for additively manufactured parts.

As has been seen many times throughout this literature review, the only currently available
system for the extraction of theternal geometry data is XCT. However, whilst being an

extremey versatile option, XCT is not a universal solution.

In addition to the more mundane factors regarding the use of XCT, such as large capital
investment, and large power requirements adding additional expense, which may be barriers in
themselveso XCT use Table2-1 summarises the technical gap for the sustained use of XCT

with respect to parts with internal geometry.
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Table2-1: Summery of XCT literature review

Du Plessis et gl12]

This paper highlights the higher energy requirement necessa
industrial XCT machine, due to the higher attenuation coefficie
metalics.

Kruth et al[13] [14]

This paper disciges the need for higher XCT drive voltages, so
X-ray photons can fully penetrate an object. If they cannot
photoelectric absorption wiliccur, which can lead to observed no
and inaccurate results. This paper also introduces the issue of
hardening and the relevance it has on recovered results, as \
potential error sources from the XCT kinematics and the relatior
that has wth the reconstructed results

Hiller et al [15]

Despite the potential issues concerned with XCT for dimens
metrology, the work byHiller et al show that the measureme
uncertainty is quite low, betwe&n9um -1um.

Moroni et al[17]

Moroni et al do show that currently for internal dimensiol
metrology XCT is currently the most viable option. However, t
highlight some of the design considerations that musbhsidereg
to ensure accuratesults. Sharp corners, composite mateaad
dense materials can all have an impact on the final geon
reconstruction. This work also highlights the issue of penetr
depth a XCT can achieve with denser materials, such as metal

Aloisi et al[18]

Aloisi et al highlight how other mechanical properties can afi
XCT results. They concentrate on surface finish and show that
comparedto a reference CMMthe two comparable measur
dimensions differ, with respect to that objects surface finish.

Landiset al[19]

The work byLandis et alechoes that oMoroni et al[17], in that
XCT is an extremely versatile tool, but with regards to dimensi
metrology, the interaction between thea¢s and te measured pa
can lead to inaccuracies in the finasult

Thompson et 4P0]

The issues of using XCT for dimensional metrology are fur
discuss byThompson et aljn accordance witH17] and [19].
However, from a design point of view, they show how parts
large aspectUDWLRY LV D SRWHQWLDO -raL
intensity will need to be altered in accordance with the aspect
to ensure consistent results. They also highlight the issue with
hardening and if overlooked how this can add artificial odf
between internal and external edges.

Dewulf et al[21]

In this work the issues of beam hardening are acknowledge
Dewulf et alexplain how numerus algorithms have been producs
correct the numerical offsets createddd®am hardening. Howeve
their work shows how these corrective algorithms can have thei
detrimental effects on resultant dimensional data, especially
regards to multfeatured parts.

De Chiffre et a[22]

De Chiffre et apresent an overview of industrial XCT, and like ot
works reviewed here, they state that for internal dimensi
metrology it is currently the most viable solution. However
concurrence with other works found in this review they
shortcoming ofhie technology as a barrier to industry. Aside fr
the huge increase idongevity of a XCT measurement plg
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compared to a traditional CMM one, they highlight hbwgh
powered X-rays can have detrimental effects of polyn
components.

Nishikawa et al[25] | Nishikawa et alfurther review the use of XCT with polym
components, considering it tentatively unsuitable, given the
density of polymers compared to metals and ceramics, statin
this lower density canlead to low contrast images in t
reconstructed data.

Nishikawa et a[26] | Nishikawa et alfollow up the above work, by tuning their XQ
machine so it can produce high contract images from low de
materials. However, their process requires a compreheng
understanding ohow the parts material propertiesuch assize,
shapeetc, relate to the XCT being used.

In addition to XCT, which as this review has shown is the currently the most viable solution to
the PIDV for internal geometry, other technologies algh the ability to penetrate abjects

external facd¢o detect internal surfacdsaturesetc, have also been reviewed.

MRIs cannot be used in conjunction with objects containing ferrous metals, which severely
limits their industrial application potentigddded to that, there isegligible research attributed

to MRIs in such industrial measurements.

Ultrasonic thickness measurement is also well established in industry. Used mainly in an
inspection capacity for fault identification, ultrasonic thicknesasueement systems can have
accuracies as high as 0.05mm. Whilst these systems do have a high dagoeeaaly andre

fit for purpose for distance and defect measurement, they are not used in the area of 3D
dimensional metrology, othdénan in certain naical practies where accuracy is a secondary

concern, with abnormality identification the primary goal.

From the currently available technology, and given the defined problem at hand, this review
has shown that the only viable solution for the dimensional measurement of internal features
is industrial XCT. That saidyhilst this review has showthis it extremely versatile, XCT is
not a universal solution for dimensional metrology. It has been found thatfiesidbeing a

costly capital expanssize of part limitations, and the added longevity in measuring time, there
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are several more intrinsic factdrat placate XCTrom being the industry standard for internal
dimensional metrologyThe need for a comprehensive understandih@ parts material,

density, shape, composition etc, and how these features can affect the interactiomaygh X

is criticd so that accurate results can be gathered. Even then accurate results are not guaranteed
as designers design parts for a purpose, not to satisfy the particulars of XCT so that accurate

results can be obtained.

Given the potential need for internal PID&nd the reviewed limitations of the currently
available technology, as said @hapter lthe purpose of this work is to investigate a viable

alternatve measurement system utilising inferred thermography (IRT).

This chapter haalsoreviewedthe applicationof IRT as a temperature measuremsodl, in
severaldifferent fields. This investigation thus far has shown that in terms of geometric
metrology there are a few cases wher& IBhdPIDV arebeing used irtonjunction What has

been reviewethas mainly been shown to be in the area of energy auditregeva 3D model

can be textured with thermal information culminating in a complete 3D thermall.mode
However, this ismainly being used as a visual tool, rather than an intrinsic measurement

application.Table2-2 summaries the reviewed work in the IRT/PIDV area.

Table2-2: Summery of IRT/PIDV literary review

Krefer et al[49] The work byKrefer et alshows a combination of structured lig
digitisation, and thermal imagery photogrammeRy layering the
GonzalezAguilera et | stitched photogrammetric images onto the 3D mesh the autho
generate a fully thermally textured 3D model. However,
al [48] technigue may not be applicable for dimension metrology d
the resultant large spatial errors.

Laguela et a[50] This idea ofthermal overlay is further investigated B®pnzalez
Aguilera et alandLaguela et glbothwho utilise this technology
for energy auditing purposes buildings.

Neither are conducive for the PIDV of internal structures, but
do offer insight into the particulars of using thermal camerag
metrology tools, such as lens distortions and the homoger
natural of thermograms.

Yu et al[51] Yu etal takethis idea of thermal overlay, and encompass it int
all-in-one reverse engineering tool, that can digitise an objec
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Vidas et a[54] thermaly texture it in a single pass, with the use of a struct
light, thermal camera hybrid solution.

This hybrid system isuirther investigated byidas etal, who use
this technology to createpmrtablehandheld device that cascan
an object/environment and simultaneously thermally map it.
Barker et al[55] The work byBarker et alis one of the few examples found in th
review ofgeometricaldata beingextracted from a thermal imag
In this work the authors extract single orthographic profile from
part by reviewing the evolution of the heat path as it propag
though the object. However, this work only focuses on extg
geometries.
In conclwsion from the literature that has beesviewedit has been founthat the usef IRT

in a metrology environment is hanigue. Many fields involve IR for their temperature
acquisition, and it is apparent that more andre IRT is being used in conjunct with
techniques that could be classifiada metrological sens&lost of the work reviewed shows

IRT being adapted to form an additional level of information on top of that which is traditional
gathered. However, this additional information is, as etquk temperature data applied over
geometric data gathered by industry standard techniques, where the novelty is in the fusion of
the two data sources, not how the data is extrad@ashcerninggeometric feature extraction

from thermal imageshe revieved researchhas found examples th&dcuses solely on the
external feature extractioAt thispoint, no literature is currentlgvailableconcerninghe use

of IRT for internalgeometric measurement, whistould lead to the completaspectionof an

objed consisting of internal features
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Chapter 3Motivation, Aim, Research

Objectives Scopeand Methodology

This chapter providesnaoverview of theresearchaim, the motivation behind this aibased
on the introduced problem affithdings of the literature reviewthe research objectives, the

overall scope of theesearch, and the proposed research methodology.

3.1. Motivation

Whilst standards for the inspection and dimensional validation of external geomeirgllare
established and performed throughout industry, very few solutions exist in the way of a process
for the validation of internal features. As AM becomes a more available method to produce
parts, tle prevalence will increastr the inspectiorof desigred functional internal features

that cannot be accessed once made. This issue of internal dimensional validation, and internal
guality assurance therefore becomes more promjaéht Currently forthe PIDV ofinternal

features only two suitable methods are availabte first would be to destructively measure

the object by cutting it open and measuring the features with standard techniques for-the now
exposed features. This may be acceptable in large producins where sampling of a batch

LV SHUIRUPHG RQ RQH RU PRUH 3VDFULILFLDO® SDUWV +RZ
manufacturing scenarios this approach is likely to be prohibitively expensive. The second
option would be to use XCT scannindpwever,asdescribed in sectioh.2, XCT scanning is

not a universal solutigrwith several aspects of their operatipotentially limiting its ug

dimensional metrology.

Therefore,the main motivation for this thesis is favestigate and develop a novel system,

based around IFTcapable of extracting geometric data from internal featasea viable
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alternative to XCT and destructive testifipis system has the benefits of being cost effective,
portable, nordestructive, and has the potential to be unaffected by design factors that can be
draw backs for XCT. Given the current technology readiness level (TRL) of this proposal, it is
expected thathat the overall performance, in terms of dimensional accuracy, will not be
currently as high as the present alternatives, however, the benefits of being able to sample non

destructively are considered to be reasonable grounds to pursue this line chresear

3.2.Aim

The aim of this investigation is to initiate, design and evaluate a novel-groohcept
thermographybased vision system, capable of performing internal dimensional validation, as
well as internal quality assurance. This work will introduce & tmst, versatile solution
capable of discerning geometric data from thermal information. It will utilise readily available
instrumentation, with the design aim to be less cumbersome, and more user accessible than

XCT.

3.3.Research questions

From the prformed literature review which has generated the motivation and aim, the

following questions have arisen:

RQ1. Can internal dimensional data be extracted from a thermographic image of an
REMHFWfV VXUIDFH LI WKH REMHFW LV VXE®HFWHG
perturbations?

RQ2. If the answer to the above RQ is yes, tam system differentiate changes in
geometrical and mechanicgthtedrom the captured results?

RQ3. To what extent does analysis of the transient behaviour provide additional

usefulinformation for the measurement task?
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RQ4. To what level of accuracy can measurement results be obtained from such a

system.

Referring to the literature review, only the first question has been partially answered by

Barker et al[55], who showed that external geometric information could be extracted from a

thermogram. However internal dimensions are far mbatlengingdue to the far more subtle

change in surface temperature gradiewbetherinternal dimensionainformation canbe

extracted from a thermogram still remains unanswered, as do the subsedetaied

guestions relating to this work. Therefore, it is expected that the below objectives will help

answer thesand satisfy the aim.

3.4.Research objectives

To answer the above gationgthe following objectives will need to be completed:

Verify computationally that changes in surface temperature are detectable to the extent
that internal geometry profiles can be extracted in the resultant surface temperature
profile. Performing his will validate whethergeometric information can indeed be
extracted from thermal dateom the very basic first instance

Verify that changes in internal geometry, such as shape, depth from surface, size, and
material properties, such a@sermal conductivity, still allow for internal geometry
profile extractionBuilding upon the information gained from objective one, changing

a multitude offactorswill indicate the limitation of system, and offer insight into the
where this system will yield best results, and where potential pitfalls may exist.

Design, simulate, and manufacture test artefacts that can be validated experimentally,
based upon the farmation gathered in objectives one and two. These artifacts will
need to be calibrated before any experimental validaiedetermine their actual

internal dimensions.
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Vi.

Design an experiment around the manufactured artefacts that will validate the finding
of objective one and twé&mphasis will need to be made upon the thermal data capture
technique, and the technique used in manipulating the object internal temperature
relative its external temperature.

Investigate ways in which the recovered data camsbd andnanipulated intaleduced
geometric data sets of tirgernal geometrywhich if needs bhecan be combined with
other external data sets to form complete 3D renditions of the object in qu&sim®n.

will show how versatile the system is, and itagtical imitations; can it be used for
single 2D stills or can it produce complex 3D models that can be combined with third
party information.

Determine the accuracy and repeatability of the system. As this is a critical part of any
metrology tool, if tle experiment from objective four is successful, it will need to be

repeated several times to ascertain its accuracy and repeatability.

3.5.Scope

The main scope of this work is to devise and primarily evaluate a vision system that can

determine the internal geometry dimensional data of an object using IR thermography. Due to

the novelty of this proebf-concept project, only objects consisting afiptive shapes will be

within the scope of this investigation and will be designed and manufactured to allow the

primary validation of PIDV through infrared thermography. These artefacts will differ in size,

material,and internal shape, including changeslepth, angle, geometry, curvature etc, to

offer insight into any limitations. The practical work is limited to six artefacts with two

different materials. While many more artefacts could have been included, this number is

considered to provide sufficieavidence of the applicability of the approach to provide a case

for extending to further artefacts in a future project.
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The thermal camer@LIR A655SC)readily available for thisvork has technical limitations
but proved sufficient for thpractical validation part of this investigation. Whilst an additional
camera is tested to determine the effects of lower resolution verses accuracy, testing different

thermographic cameras for comparative performance is out of scope for this thesis.

Capured results from the new system are compared against current irstasitard
PHDVXUHPHQW WHFKQLTXHV WR GHWHUPLQH WKLV V\VWH
repeatability. As each of the possible reference techniques has its own limitation, XCT has

been chosen as the benchmark measurement for this thesis.
3.6. Methodologyand hypothesis

3.6.1.Hypothesis

During thermal conduction, heat will spontaneously flow from hotter areas to cooler parts of
the body. The rate of flow is governed by the property of themaht This interaction will
continue until thermal equilibrium is reached. Nswlid objects that comprismternally
connectedeatures and voids will therefore display ramform transfer of heat. The primary

hypothesis is that:

Given a prescribed tharal excitation, the internal geometry of an object can be deduced by

PHDVXULQJ WKH WKHUPDO UHVSRQVH RQ WKH RE

This transfer of energy, and detection by thermography, forms the basis of this proposed

measurement system.

If an object incorporiing internal geometry, at a uniform temperature, has the temperature of
these internal features forcibly increased, then it will create a negative temperature gradient
between the internal structure and the external faces. This temperature gradiegping ke

ZLWK )RXULHUfVY ODZ RI KHDW FRQGXFWLRQ ZLOO FDXVH W
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external surfaces. This in turn will generate a surface temperature profile, which is it anticipated
will highlight the underlying internal structure. &tiocus of this work is to prove that these
surface temperature profiles contain the necessary information that extrdted and by

image processing mean be converted into dimensional information relating the internal

structure.

Furthermore, with photogrammetry techniques, multiple-diwoensional (2D) images of the
same object can be combined to produce a tlireensional (3D) re@sentation. Therefore,

the second hypothesis is that:

Given that 2D thermography can detect internal geometry from the conduction in the

material from one view, multiple views can be combined to perform a 3D reconstruction.

3.6.2.Methodology

From the literatug review it has been shown that IRT, and therefore the main aim of this work,
has not been used in this way before: i.e., to provide a platform from which internal dimensional

geometric data can be extracted.

Given the novelty of this idea, and the unamty in the initial instance as to whether
dimensional data can be gathered in this way, to validate the above hypothesis the first steps of

this investigation should be carried out in a computational manner.

Finite Element Analysis (FEA) is a useful taa this regard, as one can easily set up a
simulation, and repeat it varying the constraints. FEA allows the freedom to run simulations
with numerous different materials, shapes, heating constraints etc. However, these simulations
require assumptions ragling material properties and boundary conditions. Therefore, they
will have to be validated physically, so it is important to design these simulations in a way that
they can be recreated in a laboratbased environment. Therefore, using the Design of

Experiment (DoE) analogy, the computational factors will need to be based on what physical
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factors can be attained in the laboratorgble 3-1 shows the factors, levels, and desired

responses of the initial FEA simulations.

Table3-1: Components of FEA sim design

Factors Levels Responses

Material Properties (therm: Internaltemperature Surface temperature profde

Conductivity) leading to dimensional dal
extraction.

Cavity width External temperature

Cavity depth (from Surface) Mesh settings

Cavity shape Simulation time

/IRRNLQJ DW WKH 3) DabWwRlmnateraRo@peri€s Wilbe based upon materials
that are physically readily ¢dinable, with the additions of materials that have extremes in
thermal conductivity to showcase what effect that might have. Dimensional factors such as
width, and depth will need to be adjusted incrementally to ascertain what separate effect they
have onthe response. The final fact@hape will be defined from primitive shapes, in line

with the scope of this project. Primitive features, such as flat, curved or angled (relative to the
viewed external face), are to be simulated. As most complex shapmmatructed from planer
primitives, curved, or planer primitives with angles, these three areas are the most critical in
defining whether this system can correctly identify the difference and the preform the accurate

extraction of dimensional information

However, one design constraint necessary for the physical validation is that these artifacts are
sealed at one end to allow for the addition of some form of heating medium. The only other
design constraint is to ensure that the designs used in the FEAcarobe easily physically

replicated.
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To forceable adjust the internal temperature two separate methods will be looked at. The first
will involve simulating filling the internal area with a heated liquid that will then conduct the
heat to outer surfas. It is expected that this conduction, with associated thermal boundary
regions between a liquid/solid interface, will generate a surface temperature profile from which
the dimensional information can be extracted. The optimum internal temperatu® @srihi

is unknown. However, the internal temperature must be high enough that a suitable surface
temperature profile is produced before homogeneity occurs across the viewed surface as the
body approaches thermal equilibrium. A range of internal tempesatitl be simulated to

observe the effect and determine the most suitable temperature, or range of temperatures.

The second heating option is external heating, where a heating element will be placed on the
RSSRVLWH VLGH WR WKH n3thndeZitHis éxpéctdd ItBafF the he@t fvdrd the L
element will conduct around the internal cavity, which will act an insulative barrier. As the
surroundnhg material will be at a higher temperature then the internal structure, this should be

visible on the redtant surface temperature profile.

For these simulations, the mesh element density will also need to be incrementally adjusted to

see what effect this has on the final response.

The external temperature, which is defined as the ambient temperaturegtvaiéd nominally
changing during the simulations or experiments. It will be set to reflect a typical temperature
one would find in a laboratory environment. This is an assumption to simplify the simulation,
since there will be some slight temperature nsar the artefact due to convective losses.
During the experimental stage, the ambient temperature is monitored to avoid contamination

of the results.

Finally, simulation times will need to be reviewed during the simulation evolution. The

simulations needo be long enough to ensure that the contirteatperature differential
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between the internal and the external surfaces is visible until homogeneity occurs. It is expected
that material with high thermal conductivity will require short simulation times, and conversely
materials with low thermal conductivity will need longeridill also indicate how long the

SK\VLFDO YDOLGDWLRQ H[SHULPHQWY ZLOO UHTXLUH EDVH

By changing these factors and levels it is expected that each change will affect the surface

temperature response, which in turn will afféee extracted dimensional data.

For the physical validation, the response in the DoE is the same, and several of the factors and

levels are carried over with certain additions.

showsthe components for the for the physical validation part of this investigation. Regarding
the factors, as previously said the choice of material will be dictated by what materials are
reaily attainable and have been simulated in the FEA section of this investigation. Priority
will be given to materials that have extremes in thermal conductivity as it is envisaged that this

factor will have the most effect on recovered results.

Cavity shap will again consist of primitive shapes and be of the same design of those simulated
analytically. To provide baseline dimensional information, all artefacts used in the physical
validation with be inspected prior to thermal testing. Part emissivityriasic to the material
chosen, and any materials chosen that have a high emissivity will require masking before any

thermal testing.

Table3-2 shows the components for the for the physical validation part of this investigation.
Regarding the factors, as previously said the choice of material will be dictated by what
materials are rehly attainable and have been simulated in the FEA section of this

investigation. Priority will be given to materials that have extremes in thermal conductivity as

it is envisaged that this factor will have the most effect on recovered results.
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Cavity shap will again consist of primitive shapes and be of the same design of those simulated
analytically. To provide baseline dimensional information, all artefacts used in the physical
validation with be inspected prior to thermal testing. Part emissivitgriasic to the material
chosen, and any materials chosen that have a high emissivity will require masking before any

thermal testing.

Table3-2: Components for physical validation.

Factors Levels Responses
Material Properties (therm: Internal temperature Surface temperature profile
Conductivity) leading to dimensional dat
extraction.
Cavity shape External temperature
Part Emissivity Camera settings:
x FOV

X Resolution
X Noise levels
Subject distancéRotational

position
Monitoring time

The levels for the practical validation will be based upon the results from the previous FEA

work and factors based on the thermal camera usage.

For example, the internal temperature, heating time, and heating method will be built upon the
FEA results. The external temperature will be monitored but will be defined by the ambient

temperature of the lab.

Cameraspecific levels such as field of vigigOV), sensitivity, focal length etc. are constants

and will be setpthe choice of thermal camera used in the validaifibere is a specific camera
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available to this research, tepecificationsof which are shown ifTable5-3. The levels of

noise present in thermograrmge dependent on the thermal contrast, and whether the subject

is in focus. Therefore, proper attention will be made to ensuring the subjectasuin f
However, thermal contrast will be an issue in the first instance of any thermal test, as the subject
and background will be at the same ambient temperature, providing a very low contrast
between the two. One option to alleviate this is place a higmlgsive object next to the

subject, forcing a high contrast. This can also help with ensuring the object is in focus.

The distance the subject is from the camera will need to be investigated. This will help the
relationship between subject distance a@sblution.The subject will be placed to fill the
cameras FOV at its minimal focal distance. This will allow for the best resolution with respect

to Pi/mm.

Most of these levels are also potential error sources with respect to the final response. Subject
distance/resolution, thermal resolution, rotational position (relative to the camera), thermal
contrast, will all influence the final response. Therefore, in the experimental part of this

investigation these levels and their effects will need to be inatstg

Finally, the monitoring time for validation tests will be informed by the FEA work.

Providing the final response shownTiable3-1 is realised, given the associated factors and
levels, this validation willnee&W R EH UHSHDWHG D PLQLPXP RI ILYH WLPH

accuracy and repeatability.

The penultimate objective in this work is to investigate the useability of any data that recovered.
Therefore, it will be necessary to export this data in a usdabihat that can be fused with

other dimensional data recovered from other sources. One method that will be investigated is
the fusion of the outputted data as point cloud file and point cloud data of the external geometry,

scanned using a separate soufidee rationale behind this is that from this single data set, a
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solid CAD model can be extrapolated, which are the most versatile form of CAD model, with

regards to further evaluation.
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Chapter 4Preliminary FEA Mbdelling and
Results

This chapter focuses on the preliminary FEA simulations regatimdeature extraction of
internal features from thermal informatiovith the principle of detection using accessible
thermal imaging systemsSeveral simple CAD objexthave been eated wih internal
geometries, and have bethinough several simulationwith changes teertain vectors such as
internal cavity position, sizeand material properties. This is to determine the effect on the
recovered internal geometric datéen alterations tthesevectors are appliedrhis chapter
also discusseslternative methalfor object heatingand the praminary validation of the

experimental artefactsed in the experimental chapté&gsand 6.

4.1.Introductionto Thermal FEA $mulations

In this thesis, thepurpose olusingfinite element analysis (FEA)ereis to evaluate the new
idea of exploiting heat transfand high spatial resolution thermal imagésy the complete
measurement of unknown internal featurékis may be used ithe internaldimensional
measuremerdf hollow objectspr for checking internal damage or distortion that can aocur
AM parts Depending on the results, ndestructive evaluation and inspection may also be

possible depending on the accuracy requirements.

At thisstage soearly in thenvestigation, itvas notyet known what tvariation insensitivity

would beat the surfacef somesimple shapes and whethbat variation isneasurable and
differentiable through thermal imaginging a typical camera (considegithe goal of making
this technique accessibleyhis research had access toFRLIR A655SCthermal imaging
camera, whictnas ahermal sensitivity of 0.05 °(50 mK) andanimage resolution of 640 x

480 pixels. A detailed specification is providedTiable 5-3, in Chapter 5 This could be
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considered a low to mitange thermal imaging camera, which has a purchase price of

approximately £18,000 at the time ofitivrg this report.

Thesesimulations will identify the elationship between the surfaenperaturehanges and
what may be detectablegyiven the camera iageq $patialand temperature resolution. They
will also showhow several factors, discussed in s&tt8.6.2 might affect the resultant

surfaces temperature profile.

In order to induce heat transfer, it is assumed that the surfaces of internal features can be heated,
for example using boiling wagr oranother hot substandbatcan be injected iotthe internal

cavities androids. For these simulations, a temperature boundary condition was applied of 95

@ representing an average temperature of boiling water shortly after being poured into an
object. For simplificationof the boundary conditignthe simulated temperature remains
constant whereas in reality the water would cool down a little during the measurement period.
Where this idea of internal heating is patssiblei.e., if the workpieceinvolved is a sealed

unit, an ideaof external heatings presented in sectiaghb.

For all simulations, a convective heat transfer coefficient of 6 Witnivas applied to the
exposed surfaces to simuldgpical heat loss. This is a reasonable average for various surface
angles and is based on previous experimental Y&tk It is also assumed that the object has
no conduction to the surface on which it is placed, again tali§ynthe simulationThis would

be relatively easy to replicate in practice using insulated supports for an object.
4.2.Preliminary geometry for simulation of surface

temperature profiles

Within the smulation software, it is possible to probe the FEA redoltsxtract temperature

data from the surfaces of the model. One of the options is feature seldwireforeto access
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profiles across surfacesasily and repeatedlyhin features were added so that edges were

created from which all nodesc be extracted.

Figure4-1 shows a simple block with rectangular cavityl he factors designating the internal
FDYLW\TV daWvbe/ddjudteh\whel WVAD softwareThis is partially shown ifrigure 4-1
as the imposed blue sketch on the front face of the block, showing how the cavity can be

changed from planner to circular.

Other factors considered with the design of these initial compughtioadels, were based

upon what would be possible practically. The modelsdedo be small enough so they could

be physically manufactured with the manufacturing equipment avai(dbteensionsare

shown inFigure 4-3 (L)). They also needed to hasmall relative heat capacities so that it
would not take large amounts of energy to excite surface temperature gradients, but large
enough internal cores so that any heat generation would be able to excite such gradients.
Computationally, smaller model will require less nodes, compared to larger sundise

simulations can be more efficient.

Also shown inFigure 4-1 are the nodal temperature extractimobefeatures asnentioned

above. While SolidWork§ Simulation premium and other FEA packages provide some
automation solutions such as Design Studiesehable a series of changes to be run, it was
found that such studies did not return the specific nodal information over the edges of interest,
therefore a series of manual updates were performed to get the data in this 8btigweorks

was chosen due its combination of CAD modelling and FEA suite. This weseconvenient

then exporting the CAD model after every design change to another simulation package
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Figure 4-1: Simple block with cavity aneldges for profile extraction

To begin with, the material assigned to the model was 1060 aluminium, which has a thermal
conductivity of 200W/m k, and a specific heat capacity of 900J/Kg k. Aluminium was chosen
as it was anticipated to be more challengiegause of the speed at which homogeneity will

occur and due to this, the potential for detecting gradients at the surface will reduce.
4.2.Heatinginsidethe Gavity

4.2.1.Mesh

Before the simulations can commence the model needs to be maslileid.isonly a themal
simulation, disregarding thelatively smalldynamic effects of thermal expsion, the mesh
can be coarsm its generationfFor the majority of thenodel an automated tetrahedral mesh,
with an element size approximately 5mm is generated for the modile area around the
extractionprobe edge (shown iRigure 4-1), the meshhas been controlled to reduce the
element size to 1Imm. This willselt in a data node every 0.5mm alongftme of the model.
Figure 4-2 shows the resultant meshed modéiis mesh densitjevel was determined by

running various mesh densities and selecting the best compromise considering simulation time
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and accuracy. The delsbf this process are includedAppendix AThe final mesh density is

shown below Figure 4-2)

Figure 4-2: Resultant meshed model (note the denser mesh around the example edge on the
top face)

4.2.2.Boundary conditions

The following is a summay of the boundary conditions thatere used inmost of the
subsequent simulationd.ater sections will use different materials, whi@affects the
conductivity and gecific heat capacity. Based on these different materials the siomuliztie

and time step also change in ladgnulations

Table4-1: Initial boundary conditions

Convective heat transfer coefficient 6 Wim/ ¢
Thermal conductivity of aluminium 200W/m k
Specific heat capag of aluminium 900J/Kg k
Initial ambienttemperature 20°C
Initial surface temperature (external) 20°C
Initial core temperature 95°C
Simulation time 40s

Step time 1s

The simulation time of 40s, and time step of 1s were defimédlly so that the following
simulations would run efficiently, whilst maintaining a reasonable resolution. Both of these

variables are adjusted in later simulaspbased on different mater&nulation requirements.
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From here, all simulations arelg into two separate operations: an initsteady state
simulation to define the mode§ initial temperature condition, and the main 40s transient
simulation. In thesteady statesimulation,a temperature of 2C is applied,resulting in a
homogenousmperature for the modélhe main transient simulation theefinesthe modelf V

initial condition from the results gained in thiest simulation.

4.2.3.Initial simulation

The simulation is performedising the abowvelefined mesh and boundary conditions
Dimensgons showing the initial geometric statee shown irFigure4-3(L), and amechanical
drawingof the block can be found ippendix BAfter running the initial static simulation dn
importing the results into the main transient simulation, the following results were obtained:
Figure 4-3 (R) shows the thermal distribon across the modefigure 4-4 shows thespatial
temperature across the top face extracte ftte probe edgeE 2 (the parametric distance in

the X axis is a ratio of the probe edge distaneg:r@presenting-J0mm) andFigure 4-5
shows the temperature over time for every node alongaimeprobe edgdor the first 15s of

the simulationWhilst the simulation ran for T=40s, after T=13s the temperature had saturated

the pobe edge.

Figure 4-3 (L) The initial geometric factors used in this simulation, (R) thermal distribution
after simulation
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Figure 4-5: Temporal émperature due to time at all nodes along probe &2

The data fronfigure4-5 is then saved and imported into a custdgorithm(Appendix H.a
loadSW that can differenti@ the temperature distributiéor every time stepA logic diagram
highlighting howloadSWbperates can also be foundtppendix H.aTemperature distribution

differentiation is performed by the basic operator:

62



L @
Where T is temperature and xtie length (describe as parametric lengtfigure4-6 shows

the resulting differentiated temperature daiated toFigure 4-4. The largest rate of change
within the distributed temperature should occur at the boundary regions, where the heat
conduction transitions from the liquid to the solid wall. This is discussed bédlber.method

for discerning the location of thargest rée of change (or peaksjthin the differentiated data

is a higler-than-nextneighbour peak detection functiohppendix H.btfeapeaks)
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Figure 4-6: Differentiateddata. MAX (blue) and MIN (red) marked as the detected peaks

The functionfeapeakginds the maximum and minimum points within a set vector. A point is
considered the maximum (or minimum) if the point preceding is |¢arenigher)than a pre

defined variable.

In physical terms, maximum and minimum points in the differentiated data sholddabed

on the boundary layer between the heating fluid and the surrounding material. The boundary
OD\HU LV D UHJLRQ RI VSDFH ORFDWHG 3FOReraind/tReD VROL
subject of much debate and will not be discussékisthesis. The boundary layeraslistinct

region, separate from the main convection domain in which both fluid velocity and temperature
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changsfrom QL Qto QL @Q,and 6 L 6,to 6 L 6 respectively{58]. This is depicted in

Figure4-7

|
L Il

T

Figure 4-7: Depiction of laminar boundary regionspurtesyof Convectio Heat transfer by

A.Bejan [67]

This process is then repeated for every time step within the simulation. By doing this the
MAX/MIN peaks position can be displayegeémporally As the object consists of plana
features, it is not expected that the MAX/MIN positiovi vary over time.Figure4-8 shows

the MAX/MIN positions for every time step.
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Figure 4-8: MAX/MIN edgepositions over time

As can be seen iRigure 4-8 the average position for the first internal edge (nominally at

16mm) has been located at 11mm, and the average position for the second edge (nominally at
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54mm) has been located at 53.5mhilst this is a good resufbr the second edge, the
position for he first edge is 5mm out of toleranéd this stagen the investigationit is not
known what iscausinghis large discrepancy. This chapter will highlight multiple simulations,

changing sefactorsto find the best solution.

Aside from the inaccuracyf the first position, itmay be noted that according Egure 4-8

there are onlyedge position results for the first eight time steps for peak 2 and 11 results for
peak 1 This is due to the thermal conductivity of aluminium. Given the high thermal
conductivity value, the model reaches homogeneity very quickly. For theigrgtime steps,

the results are all very sitar to these shown inFigure 4-6, all with easily discernible
MAX/MIN positions. As the modebegins to homogenisthe location of the boundagdges
becomes more difficult to deteas the difference between node temperature valeesmes

less The differentiated temperature data géresn the clear results shown kigure 4-6 to a

more ambiguous result as can be sedfigare4-9 (L). The reduced differentiation in surface
temperature isvhole order of magnitudemallerdueto homogenisation. This is clearly visible

in the scales between the two plotd-igure 4-9. However, this is a useful observation as it
shows that for objects whose material consists of a high value for thermal conductivity, the
feature extraction process must be carried out almosediately after the object has started

to be heated.

anrox
difdx
o

0 10 20 30 40 50 60 0 o 10 20 a0 40 50 60
Probe length (mm) Probe length (mm)

Figure 4-9: Differentiated temperature data at T=3(ls), with a replication oFigure 4-6
(R) for comparisonat T=2s
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4.2.4.Change of cavity depth.

It is clear that internal feature edges create measurable surface temperature Thamgas.
consideration is the relationship betweens fleak detection and the feature location. The CAD
model was updatethe depth of the heated cavity relative to the surfdwrevthe probedge

is locatedReusing the model and setup used in the initial simulation in the depth of the cavity
is adjusted through several iterations anadhtsienulated after each oneigure4-10 shows the

dimension that will be adjusted.

Figure 4-10: Adjusted depth dimension

In thefirst iteration, X is set to 2mm. For each subsequent simulation, X is iedrég2mm
until the cavity is centreth the model, leading to X being 16mimdividual temperature

results ad images of thenal distributionfrom each simulatiooan be found iM\ppendix C.a

To compare the resultant setdata from each simulation more effectivelg tdgorithm used
in section4.2.3hasbeen modified to accept all data sets, which will then congp#engle
comparative resultfppendix H.cxmanySVW. A logic diagram for this algorithm can also be

found inAppendix H.cxmanySW

Figure4-11 shows the comiped edge positions for all eight data sets.
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Figure 4-11: Compiled edge position for all eightepth simulationRefer to Figuret-12 for

edge convention

Figure4-11 shows thels' and 2" edgepositions with the cluster of plots in the middbeing
the difference between the twhhis clustelindicates the width of the cavity that is nominally
38mm.As this is difficult to visualise ifrigure 4-11, this section is shown in more detail in

Figure 4-13, with examples of the part geometry at the maximum and minimum depths

simulated
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Figure 4-13: Cavity width deduced from edge position
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As can be seen iRigure 4-13, by altering the depth of the cavity from 2mm to 16mm, the
range in results is 5mnBy taking the average over timeeaach ofthe plots shown abownd
plotting them as a percentage of the nominal value, the trend of how the positional accuracy of

the width of the cavity varies with depth becomes clear.
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Figure 4-14: Percentage accuracy of cavity widthth aluminium

As shown inFigure 4-14, the geometric accuracy tife cavity increases as the depth of the
cavity from the surface is increased. This is most likely because the deeper the ctwity is
longer it takes for the surfadcemperaturewhere the probe edge is located,stturate At
shallower depths, homogeity occurs gickly, leading to poor result$his hasshown that by

increasing the deptbf the cavity the uncertainty of the measurement is being reduced.

As the above resulisith aluminium are ambiguous, to ensure that this system can be used to
deternined cavity dimensions at varying depths, this set of simulati@merepeated with a
materialof a lower thermal conductivifyin this case PLAIn addition the simulations with
aluminium are repeated over a much shoperiod of 2s with the time stepfrequency

increasedo 10Hz Currently, the time step for the simulation is 1s or 1Hz. Increasing the
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frequencywill improve the simulation resolution, potentiallifowing a better accuracy for

these shallower scenariasearly values of t

4.2.4.1.DepthSimulations with PLA

All eight depth simulations are repeated, starting with a depth of X=2mm, and going to

X=16mm with an increment of 2mm, but wiBLA used as the object material. The thermal

propeties used for PLA as shown Trable4-2.

Table4-2: Thermal properties of PLA

Thermal Conductivity

Specific heat

PLA 0.111W/m k (321Kk)
0.197W/m k (382K)

0.195W/m k(463K)

1590J/Kg k (328K)
1955J/Kg k (373K)
2060J/Kg K (463K)

Simulations were first run for the sameriod (40s) as with the previous simulations using
aluminium. However, the lower thermal conductivityPLA meant that with deeper values of

X no edge position values were recovered, as the heat transfer had yet to generate a suitable
surface temperature gradient. Therefore, the period was increase to 320s for all of the PLA

simulations Figure4-15, shows thecomplied edge positions for all eight simulations.
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Figure 4-15: Complied edge position ff@all eight simulations with PLA
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A selection of individual results can be foundppendix C.a

As can be seen, compartedhe edge positions found when the material was aluminium, shown
in Figure4-11, the results for edge position, and the separation distaaoaich moreclosely
clustered together. The range of the average separation dsstakee fromFigure 4-16 for
all eight depths is only 0.75mm, much lower than the 5mm found with aluminium. The

accuracy of the average separation distance as a percentage of the nominal (38mm) is shown

in Figure4-17.
45 — =
a4
43r
42 /_
3 7 '
Ea /
= AN
=] ,
g 40 \L_ 2mm
= | . 4mm
% 39 Bmm
2 Bmm
8/ 10mm
12mm
rr 14mm
16mm
a5 |
35 i i i i i i
0 50 100 150 200 250 300 350
Time step no.
Figure 4-16: Cavity width deduced from edge position for PLA
100
99
98
97
— 96
&
@ 95
& 94
=
g 93
-
E 91
2 90
<

a9
88
a7
86
a5
2mm Amm Bmm Smm 10mm 12mm 14mm 16mm

Simulation

Figure 4-17: Percentage accuracy chvity width with PLA
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As can be seen iRigure 4-17, all of the average separation distances fall within 10% of the
nominal, and compared to the average separation restltgire4-14 for aluminium there is
much less variatiorgnindication that the change in depth of the cavity has had little effect in

this case.

This has shown that for materials with low thermal conductivity, changes in depth afiitye c

will have little effectonthe results recoved for internal edge position.

4.2.4.2.Smaller time step for the initial simulation period using aluminium

As previously statedhe period and time step for the aluminium simulations was adjusted to
have a period of 2s and time step sel®Hz.The 4mm depth simulation was then run with

these neviboundaryconditions. The temporal results for cavity width are showgare4-18.
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Figure 4-18: Cavity width for aluminium for 2s
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As can be seen increasing the frequency has increased the resolution, however the average
value for cavity width for this result ¥3.75, meaning it i86.9% of the nominal. This is a

slight improvement on the 82% of nominal showirigure 4-14.

This result shows that high values for thermal conductivity still pose a potential issue
concerning accurate edge recovery regardless of temporal resdidiwever the initial edge

position at t9.1 is closer to the nominal thavas seen ifigure4-13.

4.2.5.Change in width.

The next model parameter to be adjusted is the width of the c@itaydepth for this set of
simulatiors will be set to 16mmo reduce the influence of saturation using aluminiumtand
focus on the width sensitivity in this preliminary wo8hown inFigure4-19is the dimension,
Y, that is to be adjusted. Will initially be set at 10mmthen adjusted every 5mm until

Y=60mm.

Figure 4-19: X marks the dimension (width) that will be changed

A selection of individuatesultscan be found iAppendix C.bAll individual simulatiors are

then passed through the prognaranySWShown inFigure4-20is the compiled edge positions
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for all elevenwidth change simulatian Figure4-21 shows the compiled differences between

edges effectively showinghe cavity width.
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Figure 4-20: Edge positions and difference for almulations
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Figure 4-21. Cavity width over time

As can be seen iRigure 4-21, there is a discernible difference in the resultant geometric

position of the internal edges, as tha&ltw of the cavity is increased. Howevdtr,is not
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consistent with the nominal values for cavity widihis is explicitly shown forthe first
iteration where the cavity has nominal value of 10mm. Herle average result for discerned
cavity width is over 30mm. The change in results is also not consistent with the change in the
nominal valuesEach nominal width change of 5mm is only producing an aetetagevidth

change oR.15mm.Figure4-22 showsthe averageactual width values recovered, along with

the nominal values and the accuracy percentage for all eleven simulations.
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Figure 4-22: The actual and nominal results for changes in cavity width

Whilst a change in dimension has been observed here, the overall result Ehmoould be
because aluminium hawary highconductivity, thereforefemperature saturation occurs very
quickly. Subsequently, this round of simulationsapeatd but with a different material316
stainless steel, another common engineering matefigdh has a lower thermal conductivity.
Using 316 it is intended thibomogeneity will take longer to occur. By doitigs it is hoped
that moreaccurateresults can be recovere8l6 stainless steel has a thermal conductivity
coefficient of 16.3W/m k, and gscific heat capacity of 500§ k. The simulation with this

new materialis rerun for cavity widths 1®0, 30,50,50 and 60mm.

74



Figure4-23 shows the cavity width over time.
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Figure 4-23: Cavity width over time for 316

As can be seen iRigure 4-23, the recovered value for cavity width does drift over time.
However,the first result recovered for each simulatisrapproximate to each simulati§n

nominal value and more correlative then when aluminium was simuldfb@ is shown in

Figure4-24.
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Figure 4-24: Error between nominal start points and actual
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This indicates than future physical validation, attention should be paid to the firssémends

of the test, as the best estimate for what the size of the fegtuight be found in thiperiod

4.2.6.Change in thermal conductivity

As has been observed in the previous two sectibaamal conductivity can havesanificant

effect on the geometric results obtained using this method. To evaluate in more detail the effects
of thermal conductivitythe original simulation uskin section4.2.3has been rsimulated
several times, utilising several different materials with different thermal conductivitibie

4-3 indicates the materials that were used, along with eBdb W H therdn@al fpxoperty
variableg59] [60]. The multiple values fospecific heat and thermal conductivity for PLA, is
becausehe temperature effect on thermal conductivity differs with regards to metals and non
metals. In metallics heat conductivity in due to free elections within the atomic structure.
Unless the materiian close to absolute zero, heat conductivity is relativity constant regardless
of temperature. However, in nenetals heat conductivity to due to phonons, or lattices
vibrations. Due to this thermal conductivity as well and specific heat capacity gnditar

respect to the temperature variati@i.

Table4-3: Materials and their thermal properties.

Material Thermal conductivity (W/m) k | Specific heat(J/Kg k)
Copper 390 390
Aluminium 200 900
Steel 16.3 500
Nylon 0.53 1500
PLA 0.111 (321k) 1590 (328k)
0.197 (382k) 1955 (373k)
0.195 (468) 2060 (463k)
Ceramic 1.4949 877.96

Otherthanthe abovementionedthermal propertiesno other vectors are adjusted for these
simulations. Shown ifrigure 4-25 is the same cavity width over time based upon different
material therral propertieqindividual results can be found ippendix C.i As in certain

previous simulations, the materials with high values for thernomidectivity, namely
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aluminium and copper, homogenise the fastest, only producing results for the first six and eight
iterations respectively. Their initial value is also much highanthe restas has been seen

with the previous results for highly conttive materialsThe results for steel indicathat

whilst the objet has not homogenised (as results are still being recoyetrdd)s reactd

steady state equilibrium, with the energy being imputed by the core temperatuteo ¢oat
removed by corection For ceramic, nylon and PLAhe results show that the object Imax

homogenised, and results with minimal drift are still being recovered
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Figure 4-25; Edge positions due to varying materiaermal properties

Whilst the ceramic athnylon simulations do show signs of edge shift, especially towards the
end of the simulation, the edgesitions from the PLA simulation only show a 0.5mm shift
over the entire saulation. It is also worth notinipat in the PLA simulation edge position only
becomsapparent at T=7This isbecauséefore T=7, there will be ndiscernibletemperature

change on the probe edge surface due to the low conduction coefficient.
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From this round of simulans, it has been shown that at this stage in the investigation, a plastic
material such as those simulated above would be the best material option to be used in a
physical experiment. The low thermal contivity allows greater time to recover more
accurade edge positionslo indicate this, the simulation for PLA wasnen but for a much

longer period, increasinffom 40s to 600s. The time step was also increased to 10s to allow

for a more efficient simulationThe position of both edges over time is showRigure 4-26.
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Figure 4-26: Edge position over time for PLA over 600s

As can be seen iRigure 4-26, due to the low thermaonductivity, edge position drift takes

much longer to occuwffering more stability results over time.

4.3. Edge drift vs Edge @rvaturéAngle

As has been observed throughout this section of the investigatiandless athe material of
the object, the mvered position of the edges shifts over time. Thakiesthe observed edge

positiontransitioning through the material over tirdee to the increase in temperatufée
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speedat which this transition occurs is linked to the material thermal conductiagywas
shown inFigure 4-25. For material with high thermal conductivity, this edge shift occurs
quickly and results in ae¢p gradient if shown ovéme as seen irFigure 4-25 with steel this

drift was over 5mm in as little as 15s. This presents a problem when approaching the possibility
of recovering curved or angled internal geomethgtil this point,the simulatios that have

been run have hgaganarinternal geometrytHowever,if the internal geometry was curved

angled the recovered result would be expected to shift over time as the highest temperature
differential observed on the surface of the object moves across the curvature of the internal

geometry.

To demonstrie thisa comparison waserformedbetween the simulain used in sectiod.2.3
and remodelled versiasy which consist of circular or angledinternal geometry with a
correspondingnternalsurface area. Bigeeping the surface area of the thneedels as close

as possible, the cumulative heat power would be consistent.

The geometries used in these simulations are showigumne 4-27.

Figure 4-27: Squarecircle, and angledyeometry

For the cuboid feature shownkigure4-27 the length and width are 38mm by 38mm, with a
depth of 70mm from the open fadée angled feature is the same but rotatéd®te circular

feature has a diameter of 43.5mm, with the same depthe other twarhis resuls in a total
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internal surface r@a of 11025mrand 11052mrhfor the squarangled featureand circle
featuresrespectivelyThe two values for surface ar@s), along with thecoefficient of thermal
conductivity coefficient for PLA0.19M/K m () and the temperatuckfference (t), will allow
for the calculation of the absolute thermal conductivity for both models using the equation

below.
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For the cuboicand angleccuboid modes, the absolute thermal conductivity is 2.85°Y0/K
and 2.9x16W/K for thecylindrical model PLA, which has a very low coefficient of thermal
conductivity, shows the smallest edge drift over time, and is therefore the best option to

demonstrate this edgeiftl due tocurvature.

Figure4-28 shows the results for edge position from the cuboidal internal profile.
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Figure 4-28. Square profile edge position results
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As can be seen iRigure 4-28 the edge posibns results are relatively stable with a standard
deviation of 0.2mm and ®5mm for the #and 29 edges receptivitywWith the same material
and the same set of boundary conditidgfigure 4-29 shows the edge positionasultsfor the

cylindrical and anglednternal profile.
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Figure 4-29: Internal profile edge position resuls

As can be seen iFAgure4-29, the edge positianover time for all three internal profiles differ
in resolved curvature. This is partially verified by comparing the standard deviation of each

result

Table4-4: Sandard deviation of temporal ress

1stedge 2" edge
Plainer 0.2Imm 0.25mm
Cylindrical 1.4Imm 1.24mm
Angled 1.03nm 0.90mm
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As seen inrable4-4 the standard deviation for all compared temprsaults differs with each
internal profile (full data can be found iffable C-1 in Appendix . This would highlight a

distinct change in internal geometry.

This temporal differenceés betterhighlighted by comparing the beft curves taken fronthe
difference betweethe F'and 29 edgesin Figure 4-29, (graphical results can be found in
Appendix C.Jl From observation, the curvature appeared exponential in each case therefore an
exponential curve fit was used and gave good results in eachrb@éseomparison is shown

in Figure4-30.
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Figure 4-30: Best fit comparison between edge separation differences

Comparing the resultig this way it can be seen that even though the inputiednal power

and material properties are the same for all simulgtibnee different responses are recorded.
With internal perpendiculgylanarfaces very little edge shift is recorded. For curved internal
faces,a curvedresponsevith an initial steemradient and large amount of curvature is seen.

This iscompared to ahallower less curved response, as seen from the angled face.
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This variation in response allows the potential validation of different internal geobasey

upon the shape of thiene-based result thatrerecovered.

4.4, Adjusting Internal Temperature.

As has been seen in sectigh2.6 materials with high values for thermalnztuctivity, show
largevaluesof edge position driftand the surfaceemperature gradient homogenisdter a

very short timeThe energyinput being added by the simulated addition of water 4C95
overwhelming the energy outputreated bythe convedbn boundary condition. This is
compounded in these simulations, as there is no simulated natural cooling of the water. These
factors lead to quick homogenisatidn.an attempt to increase ttime it takeshomogeneity

to occur and reduce the edge position ditik, introduced energyas reduced by lowering the
internal temperature. This was performed by repeatexgral iterations of the initial
simulation in sectiod.2.3 andincrementallylowering the value$or internaltemperature in

each iterationFor the first simulation, the internal temperature was set ¥G,%mnd then
reduced by 10C for every subse@unt simulation until 28 was reachedrigure4-31 shows

the surface temperature profile along firobe edge for all simulatigterations.

From the simulation results, reducing the internal temperature has no effect on the recovered
values for peakposition, with the same amount of edge position drift being observed.
Concerning homogeneity, decreasing the temperature had hontggenehe surface
temperature gradiemtccurringfager than at higher temperatur@sis was due to much less
energy being required to homogenise the mdtatifower temperatures. This in turn led to

fewer result over time for peak position, than weorered at higher temperatures.

Concerning the physicaxperimentatiorwhen using artefacts of low thermal conductivity

where homogeneity is less of a congéhis result showthat anysignificanttemperature drop
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in the heating medium before it is &dbito the artefacthouldnot bean issuas peak positions

could still be recovered even at low temperatures.
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Figure 4-31: Surface temperature profile for all simulations at t=5s

4.5. ExternalHeating

Currently, the simulations so far have been based upon the idea that the temperature gradient
of an object can be altered by heating the internal features by means of an introduced medium
such as boiling wateHowever, this might not always begstble. Certain engineering objsct

may consist of an internal structure that is sealed from the outside enviroaspaially with

additive manufacturbecoming morevidely usedwithin industry. In this section, the idea of
externally heating the objestintroduced. By heating one side of the object, and observing the
opposite side, it is envisaged that the&rnal structure of the object wilhave pockets of
insulation assuming that dwasa lower conductivity than the solid, which is most often the

case
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The thermal conductivity of air to be used in these simulations is assumed to be OR5W/
with a specificheat capacity of 100J/Kg[K2]. Disregarding radiative heat transfer, this will

give a much less affient moa of heat transfer tinethe surrounding walls of the cavity.

Figure4-32 shows theboundary conditionor theside heating simulation. The CAD model in
this simulation is recycled from the simulation used in seeti@r8 however |t is not a single

CAD entity but an assembly. The cavity in the object has been filled with another model
representing the air. The two parts have bonded contatitsan applied hat transfer

coefficient of 6W/r/°C on all interacting faces

Probe edge

2nd edge

1st edge

-

Heated face

Figure 4-32: Simulation set up for side heating

In Figure 4-32, the green arrows represent convection with air with a coefficient value of
6W/m? K. Again, the temperature is set to °@5 on the undersideface indicated by theed

arrow. The periodor this simulation wag0s with 1s time stepThe material for this simulation

is aluminium.
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Figure4-33 shows the thermal distribution across thgect at t=15, andFigure 4-34 shows
the thermal distribution acrodise probe edgeagain at t=1%8. Finally, Figure 4-35 shows the

nodal temperatures across the probe edge for every time step.
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Figure 4-33. Thermal dstribution across model at t=%5
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Figure 4-34: Thermal distrbution along probe edge at t=45
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Figure 4-35. Nodal temperatures for each time step
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The thermal data recovered (showrFigure 4-35) was then entered intoadSW.The edge

positions returned for this simulation are show#figure 4-36.
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Figure 4-36: Edge paition over time for side heating simulation
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As can be seen iAgure4-36, the gatheredesults are extremely consistent over time, and are
very close to the nominal value for the internal edge iositThe average edge positions
shown here ar&2.4mm and 18r8m. For thisobject,the nominals are 54mm and 18mm

respectively.

It can beseen that for this model, with this set of boundary conditions, heating the object from
the side and then taking the results from a paralle| kdds to the recovery of a musiore

stable set of results thaf the internal cavityheating method was ugeThisis because the
inducedpower per surface @a is less using this technique. As the power input is less, power
output by convection is not being overwhelmddis in turn means it takes longer for
homogeneity to occur, allowinfgr a morestabletemperature gradient over tinieom which

edge position results can bere optimallygatheredThis is shown irFigure 4-37, were the
average surface temperature from side heating is comaprined against the average surface

tempreature from internal heating

100

Temperature (C)

1 3 5 7 9 11 13 15 17 18 21 23 25 27 29 31 33 35 37 39

Time step no.
cavity heating side heating

Figure 4-37: Average temperature profiles over time for cavity heating andngdéng on
aluminium block
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With cavity heating, the temperature of the aluminium blsaturated after only a few seconds
leading to homogeneity. This resultedonly a few time steps producingeaningful edge
position results. With side heatirthe bloks temperature is still rising and in relatiorFtgure
4-37, has not saturated even after 40s. That has resulted in almost atejpagielding a result

for edge position

This side heating simulation was then run again at differing wiéilgsire 4-38, denoted by
X, shows the dimension that is to be changstdrting at 10mm wide, and being repeated in
5mm increments up to 60mmaigure4-39 show the compiledesults for the recovered value

of X taken from the thermal data. Individual results can be fouAgpendix C.e

Figure 4-38: X showing the dimension to be changed in this series of simulations

Dimensional results were not obtained for the 10mm and 15mm simulations, as no suitable
surface temperature variation denoting the two internal edges were distinguishable at any point
of the simulation. However, edge positions leading width values foen¢ extractable at all

steps form 20mm upwards. As can be sedagare4-39, once stabiliseccomparative results
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(to the nominal) were obtained for each width steghle4-5 compares the nominal width step

to recovered values for those steps.
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Figure 4-39: Resultant dimensional data for width change from side heating simulations

Table4-5: Table showing comparative results from side heat simulations with change in width

Nominal step (mm) Recovered average value Error percentage (%)
(mm)
10 NA NA
15 NA NA
20 21.5 93.@2
25 26.1 95.7
30 31 96.77
35 36 97.22
40 40.9 978
45 46 97.82
50 50.9 98.23
55 55.6 98.92
60 58.8 98

When comparing this error percentage in the above table to that recorded in the width change

simulations Figure 4-22), using internal heating in secti@n2.5 the results show that side
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heating with aluminium present far more comparable and constant results then with internal

heating This is shown ifbelow inFigure 4-40.
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Figure 4-40: Percentage error comparison between internal heating simulations and side
heating simulations

Whilst this side heating technique has shown comparable results when used on a highly
conductive material, the same cannot be said when used on a less conductive materials such as
PLA. The above simulation was repeated but the material was changed toitALiGevsame

material properties as those show able4-3.

Probe edge 30,00
/ 2900

/

Temp (Celsius)

00
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Parametnc Distance

Temp [Celsiy)

Figure 4-41: Side heating results with PLA: L: thermal distribution across object, R:
extracted temperatureom probe line on the top surface
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As can be seen iRigure 4-41 subjecting the PLA block to the same boundary conditions as
the aluminium one produced no discernible results on the opposite face where the probe edge
is locatedFigure4-41 (L), shows the extent of the heat transfer Rigdire4-41 (R) shows that

there was no resultant change(n at the probe edge surface, with the temperature remaining

at the ambientThis resultwas expected due the to the low thermal conductive properties of
PLA, and the short simulation time, with similar results seen in seétihf Theefore, this
simulation was repeated wighmuch longer simulation time of 600s (step increment of 10s) in

line with the simulation preformed in sectidr?.6for PLA. Figure4-42 shows the results of

this extended simulation.

Probe edge 2002;

20.01¢

Temp (Celsius)

20,00+
0.00 0.20 0.40 0.60 0.80 1.00

Parametric Distance

Figure 4-42: Side heating results with PLA T=600s: L: thermal distribution across object, R:
exracted temperature from probe line on the top surface

As can be seen iRigure 4-42 extending the time constant by mdhana factor on ten has
induced a small change iGT at the surface, bubnly marginally. The max temperature

difference shown ifrigure4-42 Left is only 20.0@°C.
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Figure 4-43. L- Nodaltemperatures over tim&- differentiated temperature for t=600s

This small increase is not enough to be able to definitively differentiate the temperature series,
thus highlighting the St and 29 internal edgesFigure 4-43(L) shows the transient nodal
temperatures, highlighting that the small change in temperature was situated in the last half of
the simulationFigure4-43(R) shows the differentiated temperature data at t=600s. As can be
seen there is no definitive location for the internal edges, given the six peaks that have been
resolved and the scale ofTddx which is in the 104 range.Both indicate that the surface
temperature isi0t high enough to resolve the internal edge positidimés simulation was
repeated with values of t=1200, 2400, 48668 9600sIndividual results can be found in
Appendix C.eln each of the simulatian even at t=9600s, the surface temperature gradient
recovered from the probe edge not havesufficient thermal variation allowing for the

deduction of the internal geometric edge position.

This lack of temperature variation is potentially down to igsuesFirstly, the comparable
values inthermal conductivity of PLA (@11 £0.195N/m k) andair (0.025W/m K, means

the air gapand the surround PLA material will increase in temperature at a more similar rate
then was observed with aluminium whichshahigher thermal conductivity (200W/m K).
Secondly, due to the low thermal conductivity of PLA, heat loss by convdw®more of an
effect, leading to a more equilibrise state. This state will limit the heat condpobipagation

leading toonly small changes in the surface temperature on the probe edge face.
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4.6. ExperimentalArtefactSimulation

For theexperimentalalidation detailed irChapter 5it is necessary to generate an artefact of
known geometry incorporating simple internal shapand a simple opening for the heat
source The geometry of the model used in previous simulatimas modified so that the
internal void was larger to provide a larger heat capacity. This would also reduce printing time
when manufactured due to the thinner walls. The top face was alsoeseadptifora hole that

would allow theheating medium to be added. The resultant hollow cuboid n®dabwn in

Figure4-44.

Figure 4-44: Section view of test artefact 1

The physical artefactvould bemanufactured from polyttic acid PLA) due to its ability to
produce good quality prints and have a high emissivity valuerefore PLA will be set as the
material for this simulationDimensions and relevant matenmbperties are shown ifable

4-6 [60] [63].

Table4-6: PLA Material properties and dimensions

Property Value
External Dimensions LXWxH (mm) 50x50x75
Density (g/cn?) 1.25
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Specific Heat (Cp) (J/kgC) (19CC) 2060

Specific Heat (Cp) (J/kgC) (100°C) 1955
Specific Heat (Cp) (J/kgC) (55°C) 1590
Emissivity 0.92

Thermal Conductivity (W/m °C) (19¢°C) | 0.195

Thermal Conductivity (W/m °C) (109C) | 0.197

Thermal Conductivity (W/m °C) (48°C) 0.111

Internal dimensionsrectangle (LXWxH) 35x35x60

(mm)
For the simulation, rmadditional CAD model was added to the one showrFigure 4-44,
representing the heating medium that would be added to the cavity. The nthtdriabs
assigned to this model was water, with a thermal cctindty coefficient of 0.61W/m Cand
a speffic heat capacity of 0.61J/Kg {59]. Again, the simulation was broken down into an
initial static simulation, to defithe start temperature, and a transient simulation that would
define the overall object temperatures over time. The initial temperature was sl in 2@

static simulationagain with element mesh sizes of 1mm along the probe linésham for

the lest of the object

The result fronthe static simulationvas then imported into the transient simulatiBigure
4-45, shows the boundary conditions and probe line placement on the model for the transient

simulation.

As can be seen iAgure4-45, the green arrows represent heat convection with a coefficient of
6W/n? Kk, and the red dots visible inside the cavity represent the temperature on the outer faces

of the water model. The temperature is set 95

This simulation was run with a period of 320s, as longer simulations times are needed, as
previously seen witlPLA simulations. The results for the simulation are all shown below and
broken down into two parts: horizontal and verticaith Figure 4-46 showing the thermal
distribution of the model at t=320s. It also indicates which probe line is used to recover either

the horizontal or vertical edge positions.
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Figure 4-46: Thermal distribution of 320s simulation at T=320s

The first set of edge positions to be recovergdgloadSWare the vertical edgeBigure4-47
shows the completaodal temperatusover time, extracted from the vertical edge probe line.
A random selection of nodes and there corresponding temperature data is shigwrei48

with Figure 4-49 showingthose node locatioran the probe line.
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Figure 4-47: Nodal temperature distribution over tinfirom vertical probe edge f@20s
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Figure 4-48: Random selected nodes from the vertical probe edge
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Figure 4-49: Zoomed section of the modd#lowing node positioon the vertical probe edge

The nodal temperature data was then processkedd8W with the corresponded vertical edge

positions shown ifrigure 4-50. As can be seen iRgure4-50, there is very littledrift in edge

position over time. This is most likely dueRaA havinga very low thermal conductivityhe

nominal edgeposition valuegor this model should be 7.5mm for peak 1 and 42.5mm for peak
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2. As can be seen irigure 4-50 the edge posibn values retuned arev®n for peak 1 and

45.2mm for peak 2. This results in a cavity width of 39.2mm (nominally 35mm)
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Figure 4-50: Edge position from vertical probe edge over time

This process was then repeated for the data taken from the horizontal edge probe line. The

initial nodal temperature dataseown inFigure4-51.

45 r

(=
T

Temperature (°C)
(%]
o

0 50 100 150 200 250 300 350
Time (s)

Figure 4-51: Nodal temperature distribution over time from horizontal probe edge for 320s
simulation
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Again, a random selection of nodes is presenté&ibimre 4-52 and thepositionof these nodes
on the model ifrigure 4-54.
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Figure 4-52: Random selected nodes from the horizontal probe edge

Again, this datdrom Figure4-51was entered inttbad SWwith the edge position results being

shown inFigure 4-53.
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Figure 4-53: Edge position from horizontal probe edge over time

100



Temp fCabinn
L C

' 291000t
L 455D
1158000
104k e

L 35T
5569401
430000V
LMD

N 42004401

XY, ZLocation:| 50, 32.3, -245 mm 3
3.331e+01 Celsius

4 p X Y, Z Location:|50, 22.9, -24.5 mm

Node: 801 .

X, Y, ZLocation:|50, 27.6, -24.5 mm 3

4,643 +01 Celsius

4.072e +01 Celsius

4.644¢+01 Celsius
] 4.883¢ +01 Celsius

Figure 4-54: Zoomed section of the model showing node position on the Horizontal probe
edge

The nominal results for theohizontal edges are 10mm and 70mm for the top and bottom
respectively. The results Figure4-53give an average result of 8.45 af@i8, which represent

the top and bottom positions. This would result meght of 62.35mm.
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In Figure4-53, it is noticed that peak 2 returns much fewer values that peak 1. Peak 2 in reality
is only 5mm, from the bottom edge of the object. This leads to homogenaitying quicker
in this area tha others. With no temperature gradient, the system cannot detect a peak in the

differentiated data, leading to gaps in the data series.

Thevaluesfor all four edgesre visualised ifrigure 4-55.

[ external geametry
[ extracted internal geometry

[ Inominal internal geametry

70
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Figure 4-55: Visualisation of recovered edge positiomgh the nominal anexternaledge
positions

In Figure4-55the blue area indicates the external surround of the objecgrébparea is the

nominal position of the internal cavity for this projection. Plepleoutline is the position of

the cavity drawn from the recovered coordinates.can be seethe actual and the nominal

profiles do not overlap perfectly. Howevére data for this representation was taken from only

one position in each direction, and X and Y. If the data from the probe edge was repeatedly
taken from multiple points along bot@ [LV IV WKLV PLVPDWFK FRXOG EH UH

the edge positions recovered along each axis. This will be discusSkdprter 5
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4.7.Effects of Thermal Expansién

To understand the effectisatthermal expansn hason the artefact that will be used in the
thermographical analysia final thermestatic simulation has been perform&te simulation
used to validate the artefact in sectbf has been reuseghd combined with an additional
transient structural element. The initial boundary conditions from the simulation in skeétion
are also carried over for this thermomechanical simulationckoity, these are showm

Table4-7.

Table4-7: Boundary conditions for thermomechanical simulation

Boundary Condition Value

Initial body temperature 20°C

Internal heating temperature 95°C

Simulation time 320S

Convection Coefficient 6W/n? C

Fixed support for static simulation Object bottom face

In addition, the following mechanical properties for Rlshown inTable4-8 [60] [64], were

added to allow for the structural part of the simulation

Table4-8: Additional mechanical properties for PLA

Mechanical property Value
Density 1.252 g/cra
<RXQJYV PRGXOXV 1280 MPa
3RLVVRQYV UDWLR 0.36

! The thermal expansion simulations were run in ANSYS workbench as Solidworks simulator was unable to
converge a solution due to unknown error.
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Coefficient of thermal expansion 68 um/m°C

Shear modulus 1287 MPa

The thermal part of the simulation is run, and the solution is entered into the structural part.
Figure4-56 andFigure 4-57 show the resultant temperature distribution across the artefact at

t=320s, and the thermal expansion due to that tempereggpectively.
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Figure 4-56: Thermal distribution
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Figure 4-57: Thermal deformation at t=320s
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Figure 4-58: Average surface temperature vs average thermal deformation
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Figure4-58 shows the average body deformation against the average surface temperature. As
can be seen after 320 seconds, due to the applnegderature, the artefact on average has

deformed by nearly 0.1mm.

For this investigation, this can be deemed negligible. However, for a full uncertainty analysis
of this gystem as a metrology tool, a systematic error such as this would have to be cdnsidere

This is further discussed in sectidrb.5

4.8.Chapter 8mmay

This chapter lookd at the application ahfrared thermographyor internal geometric data
recovery, and thase of FEA to analyskeat distributions across certain CAD madétl has

been shown analytically that by heating the internal space of a hollow object, an estimated
posiion for the boundary edges of that internal space can be discerned with reference to an
external originThe simulations performed in this chapter have highlighted some of the factors

that would need to be considered when this system is used in a physical experiment.

From the simulationsgsformed here, it has been shaivatby using this systemdimensiorml
change in internal geometry can be tracked and meadared certain degreeWhilst
discrepancies in geometrical accuracy have been obsérieddmissible as the accuracy of

the system at this stage is currently unquantifiable

These simulations have shown the intrinsic relationship between edge prsstorry and
thermal conductivity. Afias been discussdaigh conductivity materials reach homogeneity
guicker than less conductive alternativeby which timethere is no longer a temperature
gradient from which the edge position can be dedutks. reduces the amount of time that
edge positions can be recosd in these materials. There is also the issue of edge position shift
over time. As has been seen, especially with the assignment of high conductivity materials,

edge position will shift over time allowing for the recovery of false positives. On smaller
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featuresthis shift has been observed todsehigh as 7mm over time. Mkt in the scope of

this investigatiorthis is not a major issue for low conductive materialsen this positioal

shift is much less over timallowing for a greater window kere ©nsistent results can be
extractedfor high conductive materials the shift is significant. To be able to use this system
with high conductive materiala relationship betwedemperature, time, thermal conductivity

and edgeositionwould need to be eslished.

Integrated into this would be the need for differentiating the difference between edge shift due
to thermal conductivity and edge shift due to shape profile. As has been observed in this chapter
the edge shift due to thermal conductivity and esigé due to anonplanarprofile produced

similar results. For results given when the material has a low thermal conductivity bi¢é can
contrivedthat the pofile recovered is either planar not, depending on thesult However,

the same cannot beiddor high conductivenaterial where the edge shift due to shape would

be lost in the edge shift due tonctuctivity. For this reasqmyoing forward, this investigation

will focus on test artefacts manufactured from low conductive plastmsever,future work

must investigate the relationship mentioned above for this systeefully encompassing.

In this chapter, the idea of external heatimg lalso been investigatedp to this pointthe

main solution formanipulatingthe temperature gradient thfe object was to fill the internal

cavity with a higher temperature medium (such as boiling wateg .practical environment,

this technique may not be possible or agreeable given the nature of the object in question.
Therefore, it is advantages to dserve that by applying heat to a single external side of the
object, edge position results can still be obtained and have comparable magnitudes not only to
resuls gathered by the internal heating technique, but also to their nominadsvarhis
techniqee also reducethe amount of thermal power for a giveamperature that is induced

into the model. Doing this, especially for higltonductive materials, reduces the time it sake

for homogeneity to occur, lean) to more resultdeing obtainedover time Conversely
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however, external heating was not a conducive method when used on materials with low values
for thermal conductivity. As was seen in sectb only very small changes in the surface
temperature profile were observed during the PLA external heating simulations. Even though
small variations were recorded, these variations proved insufficient to allow to successful

internal edge dxaction.

Finally, this chapter lookedt the preliminary FEA validation for the object that will be used

in laterexperimentalalidation. From the results, it has been shown that at least for the first
320sof heatingusing this set oparameterssiable results, approximate to the nominal values
can be obtained. It has also highlighted the potential issue with homogeneity in relation to the
bottom edge of the artefact, as this thin edge yielded much fewer thaualtse corresponding

top edge ovethe same period’hesesimulationshave also shown that for the saperiod a
thermal expansion of around 0.1mm is to be expettedever, a previouslymentioned for

this investigation this value of thermal expansion can be considered negligible
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Chapter 5ThermographicafAnalysis

Themain body othe experimental investigation is detailed here. In this chapter the generation
of the test artefactshé external scanninghe recovery of internal geometry usitings novel

thermographic technigueseall discussed ére.

The process of combining the external data and internalgdatso outlined in this chapter to

produce a 3D model with both internal and external measurements

This process is repeated for several test artefacts of differing internal geomettiossand

materials Comparative results against knoactualsare then presented for all testefacts

The accuracy and repeatability of the system, as well potential error sources are also presented

in this chapter.

5.1. Artefact Generation

Factors that were considered for this stage of the investigation, were internal geometry and
material specification. Differing internal geometries were chosen based upon the differing
geometries used in the@hapter 4and recreated here. Most of the artifacts used in this chapter
were 3D printed in PLA. This was done for three main reasons: 1/ the ease of manufacture.
Parts internal geometries coudd 3D printed easily in a cesftfective manor, and 2/, as seen

in Chapter 4PLA has a very low heat transfer coefficient, and finally 3/ PLA haalow
emissivity factor. In additiomo these artifactshat weremade in PLA, an additional artifact

was manufactured in aluminium. Aluminium was chosen as again, as s€Xmjmter 4

aluminium had the largest heat transfer coefficient of any the materials simulated.

Additional factors behind the form and design of these artefacts were also considered. In

addition to being able to adjust there factorsi(e., the internal shape), the artifacts needed to
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be large enough to generate a suitable heat capacity, but small enough to fill the frame of
camera. By filling the FOV with the artifact, resolution levels would be maximised, and noise
levels would be reduceddaving the artifacts as close as possible to the camera would also
reduce atmospheric effects, such as external thermal influeklsessharp external edges

the artifacts would allow for easier registration in the processiggsta

These artifact¢except forthe aluminium onejverethen 3D printed ifPLA usinga BCN3D
Sigma duahead printerThis printerhasa stated accuracy af0.2mm|[65]. From the first
round of 3D print productiorfive artefacts were printed/ consists of @uboidwith an internal
cuboidwith all equal faceswith internal faces parallel to the external fatlis artifact was
also produced in aluminium which is furtrdetailed insection5.4. 2/ a larger cuboid withwo
differing internaldimensionsbut again with internal faces parallel to the external. 3/ a cuboid
with an internal kshaped void4/ a cuboidaninternal cuboid vth faces 45to the external
faces, and/, with an internal cylinder. Thérst four artefacs described above will based
and discusseth this chapterAn example of theompleted artefacts from the 3D printer are
shown inFigure 5-1. For reference, the material propertiestdsetest artefactare repeated
below in Table 5-1. The other twaoartefacts(4-5) are for the timeébased work detailed in
Chapter 6 The specific dimensions and propertiestf@se artefactare described i€hapter

6.

Table5-1: Test artefact material properties and dimensions

Property Value
Density (g/cm) 1.25

Specific Heat (Cp) (J/Kg) (19C0C) 2060
Specific Heat (Cp) (J/Kg) (100C) 1955
Specific Heat (CpJJ/kg’C) (55°C) 1590
Emissivity 0.92

Thermal Conductivity (W/RC) (190C) 0.195
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Thermal Conductivity (W/iC) (109C) 0.197
Thermal Conductivity (W/RC) (48°C) 0.111

Figure 5-1: 3D printed testrtefacts

5.2. Artifact calibration

As started above the stated printer accuracy for a BNC3D Sigmf.2snm. However,
cumulative errors in the printer sap and3D printing specific error sources, such as shrinkage,
and blowing, mean that the to find thetual dimensions of these artifacts they will need to be

calibrated before use in the thermal trials.

To calibratethe test artifacts, A-Tek XTH 225scanner was usedq W  V N9 UHIOHFWLYH
can generate a minimum focal spot size ol Figure5-2 shows an example @in artifact

being set up inside the CT scanner.

X ray tube Rotational stage

Figure 5-2: Example artifact in the CT scanner
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The resultant PCDs from the CT scanningth their correspondingxtracted dimensional
data can bdound in Appendix E However, the square artefact PCD and corresponding

dimensions can be seen beldvg(re5-3 andTable5-2) for reference.

* 2
I

Figure 5-3: PCD of square artifact from XCT, and corresponding dimensions

Table5-2: Dimensional results for square artifact PCD as seeRigure 5-3.

SQUARE PLA
Xo 49.75mm
Yo 49.7mm
Zo 74.87mm
Xi 34.77mm
Yi 34.58mm
Zi 59.43mm
X1 7.62mm
X2 42.25mm
Z1 10.62mm
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Z2 69.76mm
Y1 7.52mm
Y2 42.26mm

5.3.Scanning

5.3.1.3D ExternalScanning

To begin the procesexternal scanningvas performed first dué the availability of the
equipment necessary to perform the external scanAiiRpmer Absolute 7525 Arm with RS3
laser line scanner was used to scan and capture the extenmatgeand GeomadfcStudio
to digitise theCPD. The process of capturing and digitising the external geometry is not a novel
process and is currentlyell documented in many field&igure 5-4 (R), shows the inial
scanning of the object arkigure 5-4 (L) shows the final external tessellated triangular mesh
(TTM). For this instance, the process of capturing and digitisingCB@to get to the TTM
shown inFigure5-4 is detailed inAppendix D

SR
-4

1 | |

L ™
1

Romer 7525
base

Square PLA
artifact

Figure 5-4 (R): External scanning of artefac{L): Final sharpened TTM
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5.3.2.Effects of Emissivity

When using thermal imaging technology to perform temperature measurgitnsntsportant
to know the emissivity of the object being investigated, and how the emissivity of the object

will affect the captured results.

In this investigation, accurate recording of the absolute temperature of the object is not a
primary concernproviding relativetemperature, the rate of change in temperature recorded

across the face of the object is consistentithe effect ofexternalfactorsis minimised

From researchg0] [63], it has been found that the objects material, PLA, has an emissivity
value of 0.92This high value will beadvantageousssurrounding heat sourceslvhave a
negligibleeffect on the captured resuits., the reflectivity of the surface is very low at 0.08
somost external heatidiationwill be absorbed by the objeabt reflected into the camerH.

was not clear from the aforementioned research whether the emissivity was affected by the 3D
printing process, whichdepending on settings and direction of print, can create different
surface finish. In order to validate the uniformity of the emisgifot the 3D printed parts a
simple test was performed to ascertain the varying effects the objects emissivity may have on

recorded temperature data.

The object was placed in front of a sheet of aluminium foiline with the thermal camera
(Figure5-5). Aluminium foil has an emissivity of 0.04, much lower than that of the PLA object.
Therefore, given the two values for each material, any external heat should be mostly absorbed

by the object, and mostly reflected back into the IR camera by the foil.

With the foil and the object setup, they were left to stabilise to room temperature, which was
approximately 2€C. A vessel containing two litres of boiling water was then passed from side
to side directly behind the thermal camera. This motion was codtiiouehirty seconds. In

the thermal cameras software four temperature measurement points were selected, two on the

114



object and two on the foil, to show the resultant temperature chimgee 5-6, shows a

randomly selected resultant thermogram.

Figure 5-5: Setup of emissivity test

Curéﬁr 4

Figure 5-6: Emissivity test thermogram
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Thefoil and the object are at the same temperaggeasexpectedthe capturd temperature
datafrom the foilshows huge disparitiasith a surface temperature in excess ¢fZ.0More
importarily, the object is showing aniform surface Figure5-7 shows the captured resultant
temperature data ovan entire thirtysecond periodDue to resolution of the plot iRigure

5-7, and the similarity in results, C3 and C4 are behind C1 and C2.

8.00E-03
7.00E-03
6.00E-03

5.00E-03
C1

C2
C3
C4

4.00E-03
3.00E-03

Temperature (C)

2.00E-03
1.00E-03

0.00E+00
0 10 20 30 40

Time (s)

Figure 5-7: Temperature over time due to emissivity

As can be seen iRigure5-7, C1 and C3the measurement points on the object, do not change
RYHU WLPH 'XH WR 3/$VY KLJK HPLVVLYLW\ YDOXH PRVW RI
by the block and not fiected back into he camera. However, Gihd C4, the measurement

points on the foil, show extremely high surface temperatures due to most of the external heat
being reflected into the camera. The sinusoidal result is due to the heat source being passed

from side to side.

To understanddw this dfectsthe recorded surface temperature of the objleettemperature
data for the object was extracted from the thermogram, when the heat source was in front of
the object, and then extracted with the heat sowme®mved. A standard deviation was then

then performed on each data set, to show the maxigarmationin temperature when the
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object is exposed to an external heat source. The results for this standard deviation are shown

in Figure5-8.
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Figure 5-8: Standard deviation of object face, with and without heat source

Figure 5-8, shows that when the external heaurce is in front of th@bject the surface
temperaturevariation of the object rises on average by “@1(average results: nominal=
0.195C, with heat= 0.99°C). This small rise in temperature is attributed to reflected radiation
from the external heat source. It should be noted that this test was an example of an extreme
case where a very hot object was udeeen with such extreme conditions, the tempeeatu
variation was very small, marginally higher than the cameras thermal sensitivity & (s@2

Table 5-3). During the experiments in this chapter, care will be taken to minimise rediati

heat sources around the experiment therefore given the relative magnitude, the effect of

external heat sources will be negligible.

5.3.3.3D Internal Scanning

To recreate and digitise the internal geometry of this artefact a novel process is proposed. This

process relies heavily on heat transfer thermodynamicsparallel planeprojection. In
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accordance with the second law of thermodynamics, increasing thersgarp of the internal
volume of the artefact witlisrupt the thermal equilibrium of the object spontaneously inducing
thermal conductivity. As the heat flows from the hotter internal volume to the surrounding
cooler envionment, the heat transfer is eetable using mIR cameraBy reorienting the
artefact several times through each ofpi@neprojections the heat transfer can be observed
through theentirety of the internal structure. From each of the recovered thermograms a 2D
representation of thimternal geometry as viewed from that corresponding projection can be
deduced. This section will highlight the steps necessary for this prdaedsegin the 3D
internal scanning, the 2D thermographic projection must first be recoyerstiown irFigure

5-9, to perform this the artefact is mountieda rotary stage, in the view of the IR camera.

The rotary table allows the artefact to be indexed through a precise angle. This is expedient and
will be described later in this chapter. The IR camera is then positioned parallel to the artefact.
The distance from the camera to the artefact is suchinbartefact is approximately in the

just outside the cameras minimal focal plane.

The IR camera used in this set up is a FLIR A655SC with ‘aFZ®V 24.6mm lens.

Specifications for the A655SC and its lens are listed belovaile5-3 [66] [67].

Artefact

IR camera

Rotary stage

Figure 5-9: Internal Thermal Capture Séip
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Table5-3: FLIR A655SC with 25FOV 24.6mm Specifications

Property

Value

Thermal Sensitivity
Detector Type

Dynamic Range

Spectral Range
Standard temperature range
Accuracy

f-number

Detector pitch

Field of view (FOV)
Frame rate

Resolution

Minimum Focus Distance
Focal length

Spatial Resolution (IFOV)

0.03C @30C
UncooledMicrobolometer
16 bit

7.5 +14.0um

-40°C to 150C

2% ofreading

f/1.0

17 um

25° x 19° (31° diagonal)
50Hz

640x480

0.25m

24.6mm

0.69mrad

Following the setup of the artefact/camera arrangement, usingfgd&arch IR masoftware

the artefactcan be viewed rad brought into focusKigure 5-10). Once the image has been

brought intofocus,the heating medium can be added. For this initial validation of the process,

the hating medium is water boiled to 1. The heating medium is then added to the internal

void of theartefact, as shown iRigure5-11. Asthe funnel used to pour the water into thedvoi

is at a higher temperature thahe artefact the colour mapping of temperature changes,

highlighting the funnel.
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(41, 28) 24.149

Figure 5-10: Thermal Capture of set upefore heating.

(628, 8) 24.923

Figure 5-11: Adding of the heating medium. The funnel is highlighted at the top of the image

Following the addition of the heatingedium,the thermal conduction is captured for several
minutes As was shown ilChapter 4PLA demonstrates very little in any edge shift in the first
few minutes after heatingdue to its low thermal conductivity. Therefore, according to the
results obtained i€hapter 4there should be at ledbteehundred seconds after heating began
in which datacan be gatherethat would produce accurate positionegsults.Unlike the

simulations irChapter 4which were performed over time, this part of the investigation focuses
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on results from one time step only. The decision of when to extract this single data set was

based upon the temperatuatistribution, as shown iRigure5-12 andFigure5-13.

Figure 5-12: Front view of the artefact showing therntainduction distribution.

Figure 5-13: Temperature profiles correspondingRayure 5-12

Figure 5-12 shows three thermograms taken from the intimal thermal cagtigere 5-13

shRZ WKH FRUUHVSRQGLQJ WHPSHDYD W ¥igife BI3Rslcantby IURP 3
seernhe largest temperature gradient can be fonmehage threén Figure5-13. This occurred

124s after the heating medium was added. At this point, the magnitude of the temperature

profile did not increase any further. After several seconds, the tempegeddient begaio
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decrease indicating themperature of the artefact started to saturates in the window
betweernwhen the temperature gradient was at its higinastthe thermogram to be usadhe

reconstructiorprocess was taken. Thisermogram is shown iRigure 5-14.

Figure 5-14: Thermogranto be used in geometrgconstruction

5.3.4.First Face Feature Extraction

With the appropriate thermogram chosen, éported as both raw temperature data and as a
JPEG image fileBoth arenow be entered into the custom written feature extraefigorithm
(FEX). Figure5-15shows a flow diagram outlining the processes the FEX performed to extract

the geometrical daaom the imported thermal information.
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Figure 5-15: Flow diagram of the feature extraction algorithm

On initiating the FEXboth the thermograms temperature data and the corresponding JPEG file
areinputted. Both files are required as the actual feature extraction is extrapolated from the
temperature data, but the image file is required to segthemtataaccurately The code

designed for the extraction of internaltigres can be found ippendix H.dextract
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To beginwith, the image shown ifigure 5-14 is converted from &ue colourRed, Green,
Blue (RGB) file to grayscaleThis remove the hue and saturatidnom the image whilst
retaining theluminescencg68]. This converts the image fmo a multidirectional arrayo a

simpler twedimensional arrayThe monotone imagean be seem Figure5-16.

Figure 5-16: Monotone image of the thermogram showkigure 5-14

This two-dimensional array can now be entemetd the edge detection algorithm. The Canny
detectionmethod was used to extract the edges from the above monotone image. The Canny
method is less susceptibte noise as it uses two gradient thresholds derived from a Gaussian
filter. Using two gradients allows the detection of both strong and weak @jeis this case,

the Canny operator is more prevaléminothers aresuch as Sobel or Prewitt, as thean

return the noise, inherent in thermograms, as false posifivies threshold for the Canny
operator is manually set so thatly the most pronounced edgee®., from the artefagtare

returned The resulting edge image is shown be(éwure5-17)
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Figure 5-17: Thamogram after edge detection hasen performed.

With the four edges of the block now highlighted, the area of interest in boGBemage

and the corresponding thermal datan be croppedChoosing the four points from the edge
detection image, the corners of the artefact in both X, Y, the height, and the width can be
determined. The cropped RGB image and a temperature map showing the cropped thermal data

are shown beloFigure5-18).

Temperature (C)

e P X Pl
Figure5-18: L: the cropped RGB image, R: visual representation of the crofgmeperature

data.

As the area of interest has now bésated, the internal geometpcofile can be determined.
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To detemine the geometrigrofile of the internal featusg the designedFEX uses a
combination of temperature differentiation grebkdetection To begin withthe temperature
data is put thoughWiener filter. Thisremoves a level of noise from the data, which if left can
present itself afalse positives when using peak detectimdetect the internal geometryhe
Wiener filter isan adaptive noise filtering method that uaasvixN local neighbourhoodo
estimate the local average around each vilQg The lowest possible cudff frequency is
used to remove as much noise as possible before attenoatiors.Figure5-19 andFigure

5-20show the data before and after it has been through the low pass filter.

Figure 5-19: Temperature data before filtering

Figure 5-20: Temperaturedata afterfiltering
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From this data, internal edge position can be deduced. Haslitional edgedetection
techniques werased in an attempt to extract the internal edge posifioese trials ardetailed

in Appendix F However theyproved not to be viable technicgid hereforea novel method

of extracting the internal edge positions usingtémperaturelata from the thermogms was
developedAs stded above this feature extraction technique is based upon the temperature data
recorded by the thermal camera, not the visual thermoJraensteps necessary to extract the
geometrical edge position are detailed in this sectimwev¥er to begin withFigure 5-21,

summarises this for clarity.

Peakdet.m

Cropped temperature
Cropped visual data coordinates data using same Low pass filter
coordinates

Differentiate
deta

Repat for each
pixel line

Miss start/end

If found export / i
not found export
NAN

Object Find max min
boundary

Convert for X/Y
coordinates

Conversion
factor

Repeat for Y Data for X

Data for Y

Complete view data set

Figure 5-21: FEX operational flow chart
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Once the data has been filtered, it can be differenti&tedn this point, th&EX performs all
operations for each line of temperature data in both the X and Y directions automatically.
However to ascertain a baseline manual user intervention is required at the staahually

selectegoint in the Y direction is chosea definethetemperature profile in XThis is shown

in Figure5-22.
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Figure 5-22: Temperature profile in X from a random pointin Y

As with the FEA data i€hapter 4thedata is then differentiated using the basic operator:

U'L % ?_ @)

Figure5-23 shows the resulting differentiated temperature datiated toFigure5-22. As can

be sen inFigure5-23, the highest differentiation is at the start and the end of the plot.sThis |
effectively theexternal edgef the artefact and is not prevalent to finding the internal edges.

Thereforethealgorithm discounts the first two highest pellganissing the first and last five

pixels in the imagethus allowing the location dhe second two highest ges. The method
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for discerning the location of the peaks witlthe differentiated data is a higtthan-next

neighbour peak detection function (code can be fourgppendix H.e-PeakdeL
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Figure 5-23: Differentiated data. Orange x marked the detected peaks

The function finds the maximum and minimum points within a set vector. A paiohsgdered

the maximum (or minimum) if the point preceding is lower than adpfmed variable.

DT/dx

0 20 40 60 80 100 120 140 160 180
Pix No

Figure 5-24: Compled differentiated data for every pixel line in Y in the cropped image
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With the boundary layer locations determined for one line of pixels;Exeis now informed

of the number of peaks that it needs to detect for each line of pixel, which in this case is two.
The algorithm camow calculatethe location of both peaks foraaline of pixels in the Y
direction of the cropped imag€igure 5-24 shows thedifferentiated data for every line of

pixels in the Y direction.

The algorithm takes the differentiated data, again discarding the first afiddgsixels, and
determines the maxium and minimum points. If two points aeturnedthe X/Y values for
thosetwo points ae stored and the algorithm mowvegshe next line. Ifess than two points are
detected in the differentiated dathen that line idiscarded and the coordinatese not
recorded Figure 5-25 shows the discerned X/Y coordinates plottedthe original cropped

thermogram

Figure 5-25: Original Thermogram showing max and namordinates outlining edges in the

Y direction

The FEXthen repeats this process for the inteeddes in the X direction. As with finding
edges in the Y directioa random spot iselected in the X direction from which a siag|

temperaure profile in Y is selectedHigure 5-26, blue plo}. This again is differentiated from

130



which the maximum and minimupoints can be locate@Figure 5-26, orange plgtusing the
peak detectiomethod that was used for X. Once these points have been located and the number

of max/mn points is discerned, the FEcan repeat this process for every pixel line inXhe

direction Figure5-27).
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Figure 5-26: Temperature profile in the Hirection(blue), and the Differentiated Data in the
X direction showing Max/Min position (orange)
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Figure 5-27: Compiled differentiatd data for every pixel line in i the cropped image
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Figure5-28 shows the max/min coordinates for all the pixel lines in the X direction in relation

to the original cropped thermogram along with the corresponding coordinates for Y.

Figure 5-28: Cropped thermogram with overlaid X/Y MAX/MIN coordinates

At this point, the FEXoutputs eight arrays:

Maxpeakxfth
maxpeakyfh
minpeakxfh
minpeakyfh
maxpeakyfv
maxpeakxfv
minpeakyfv
minpeakxfv

PNokrwNE

These arraysonstitute all the coordinates that make up the four internal edges as shown in
Figure5-28. At this stage, they do not havgeometric position, with all X/Y positiordenoted

as a pixel counfrom (0,0), which is located in the top lefbrnerof the cropped thermogram.

To convert them into geometric distances all of the eight arrays listed above neeth& b
product of a geometriconversion factor. The FE@omputes thisonversiorfactor at the start

of the algorithm. At the start of the algorithm, the user is requested to enter the measurement

YDOXHV IRU WZR RI WKH DUWTFheREamE Width [avdHhdighD@ tte LP HQ V' L
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artefact are49.75mm and 4.87mm respectively. From these values and the corresponding
pixel counts for the X and Y directions of the cropped image the porelersionfactor can

be deduced:

X cl=reallength/Length;
X ch=realheight/He ight;
X conversion=(cl+ch)/2;

In the above codegength andHeight are the pixel values, whicloif this image are given at
171px and 258prespectively. This resolves to give a conversion factor of 0.28/th this,

the X/Y pixel coordinates can be converted into geometric coordiiztels.of the eight arrays
arethen averaged.

Finally, the FEXreconstructs the outline ofdlartefact (as seen Figure5-29) in a new array
consisting of numerus X/Y coordinates. At this stage, this outline only serves as a visual
representation to the highlight the external boundary of the artefact. Howevermehging

the internal and external point cloud sets these outline coordinates wél asemneference
points.Figure5-29 shows the final averaged geometric coordinatesdibfour internal edges

andthe external boundary.
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Figure 5-29: First face X/Ygeometric positions
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The final positions for the internal rectangle as seen in thisaiewhown below iffable5-4

with the sign convention shown kigure 5-30:

Table5-4: First view geometric results

Dimension Actual (mm) Recovered (mm) Error (mm)
X1 7.62 7.31 -0.19
X2 42.25 43.08 0.58
Z1 10.62 9.47 -0.53
Z2 69.76 69.26 -0.74
X1
|
]
~
™
~d

Figure 5-30: First view sign convention

As can be seen ifiable5-4 therecovered values dieviatefrom theactualwith the max error
found atZ1l being-0.74mm. The minimum error is atX1 being only-0.19mm, and the
conditionalaverage error for thnehole dinmensional set is 61mm.

5.3.5.Second Face Feature Extraction

Forthereconstruction of the internal featuresnodstshaps, a minimumof threeprojections

aregenerallyrequired.The artefact currently being reverse engineered is symmetrical in all
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three axes; therefore,the reconstruction of a single face would be sufficient for a full
reconstruction. Howeveif the artefact under investigation was a complete unknown entity,
there is no way to tell if the internal geomehgs changed when viewed iimoa diffeent
projection. Alsg for this example it is beneficial to show how the next stage of the
reconstruction software merges two perpendicular projectirosa the feature extraction of
face one the length and height of the intestalicture has been ascémgd. However to

determine a complete set of internal dimensions forattéfactthe width isalso required.

Thereforethe FEXprogram is rungain butfrom a new projectiorfigure5-31 (L) shows the

corresponding thermogram from the new projection.

From this point, the operation is the same as in se6tihA The results of running this image
through the FEX are as followBigure5-31 (R) shows the acqued internal positional results
for the second face, anithble5-5 shows the comparison between the actadllesand the

recoveredralues.
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Figure5-31: L - 2ndface thermogramR- 2nd face X/Y coordinates

Thesign conventiorior Table5-5 is shown inFigure 5-32:
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Table5-5: Second view geometric results

Dimension (mm) Actual (mm) Recovered (mm) Error(mm)
Y1 7.52 5.91 1.61
Y2 42.26 43.16 -0.9
Z1 10.62 10.69 -0.07
Z2 69.76 70.9 -1.14
Y1
||
[
~
N
r~l

Figure 5-32: Secondsiew sign convention

The results presentaad Table5-5 show thatYl has the largest error (Lidm), whilstZ1 has

the smallest-0.07mm). The conditional average error for this dimensional s€3sin.

5.3.6.3D Internal Reconstruction

Now that two pependicular facehave been processed, the points that have been recovered
can be assembled in three dimensiohbe reconstruction phase is effectively reverse
projection. As shown irFigure 5-33, in orthographic projection, the face of a 3D object is
projected onto a 2D plane parallel (POP) to that face. Projectors or rays connect the intersection

point on the 3D object to the correspondamgs on the 2D projectidil].
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/ Plane of projection (POP)

/)

Projection

/— Projector

Figure 5-33. Example of projectiocurtesy of Engineering GraphicsSolving the intricacies

of orthographic projection by A.MChandra [69]

In this investigation, in effect we already have the projections, the two extractedFamas.
reviewing the results from the two sets of recovdes@ datait can be determirtethat the
internal geometry consists of a single primitigeometric shape.This is visualised by
overlaying the thermograms onto tt@respondig faces of the TTMFigure5-34 shows this
overlay and the resulting projections that such a shape would produce if it were dissembled
orthographically.Figure 5-35 is a simple visual representation of tpeojected internal
structure, however using the two sets of recovered datanetrical distances can be added,
and an accurate represdita can be created. As waststhabovethis procedure is effectively

parallelprojection in reverse as the projections have already been produced.
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External Boundary

/T Internal Boundary e IF\X\

Figure 5-34: Visual representation of the projection of the internal structure

Due tothis, it is important to understand the relationshgiween the two faces/projections
and how they corsgond with each otheFigure5-35shows how points in both the projections

relate to their corresponding points in the 3D reconstruction.
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Figure 5-35: Points from theorojection planes and their corresponding points in 3D

From information extracted from the two perpendiculamtiugramsreferring toFigure5-35,
the coordinates for faces ILMP, ADEH, DKPO, and DCHG have been recovEned.
remaining points ifrigure5-35all lie upon the projection lines for the faces mentioned above.

For this shapeall the relevant data required to recreate it in 3D has bb&mined.The
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extracted information is now entered into a second algorithm that will arrange the
accordingly. Thsalgorithmis found inAppendix H.fxtSquareasswith a progess flow diagram

detailing its operation shown belawFigure5-36

Sguareass.m

Data Input

Face Boundary Boundary
One Data 1 Data 2
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frame
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Figure 5-36. Squareass.m Process flow diagram

Inputtedinto the algorithmarethe two data sets for the internal edges, the two data sets for the
external surround, arfdur reference points that will indicate the 3D offset between the internal
and external facet thealgorithm,the twoexternafaces are combined, with thewordinates
transposedrom XY WR ;= RU =< EDVHG &isiRafonWTK& sdrdeFgidtess is
applied to the coordinates for the internal faces, with the additional step of adding the reference
point value to offset the internal face from the externalth% remaining points/faces required

for a full 3D representation lie on the same projection lines as the two extracted faces, the

algorithm generates new points based on these lines and their corresponding intersection points.
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Figure 5-37: Complete 3D set complied from two orthographic projections

Figure5-37 shows the final 3D representatiofithe twoextractedaces. Finallyall the points,
for both faces and the newly created ones, are combined into a single XYZ point cldud set.
this stage the XYZ point cloud can be exported and recombined with the PCD from the external

scan. This process is detaileddppendix G

5.4. Aluminium Version anexternalheating

As seen inChapter 4internal geometric extraction for highly conductive materials such as
aluminium did no produce results as definitive as those found when using to materials with

much lower thermal conductivity.

However, this was mainly true when using core heating techniques to excite the surface
temperature gradients. As was seen in seetibexternally heating the artifact to excite the
surface temperature gradients, much more stable results over time were observed. In this
section both core heating and external heating technigrgeperformed omn aluminium

version of the square artifaittat was used in secticdn3. This artefact can be seenHigure
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5-38and the actual dimensions of the artifact can be féyopendix EThis aluminium aifact
was machined it two halves from 5083, a typical grade of aluminium. After inspection the
artifact was pressed together, with the designed interference fit ensuring it locked together and

that heat transfer would be continuous throughout the part.

Figure 5-38: Aluminium test artifact

The first heating cyclperformed on this aluminium artefact was the same core heating cycle

preformed on the PLA variant seen in secba®

After adding the heating mediu (boiling water 8L00°C), the surface temperature of the
viewed face rose extremely quickly. After 55.2s the maximum surface temperature had been
reachedFigure5-39 shows the thermogram at t=55.2s, and for comparison a thermogram of
the PLA artifact taken at the same point in tifaggure 5-40 shows the surface temperature
profile at t=55.2s (orange plot), plotted against the surface temperature profile for the PLA

(blue plot)artifact again for comparison.
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Figure 5-40: Surface temperature profiles from "line 1"kgure 5-39 at t=55.2s for PLA
and aluminium

Whilst the maximum temperature that was shownFigure 5-40 happen at t=55.2s,
homogeneity occurred even faster at t=32.8s, just after added the medium had, fimstied
occurred at t=20 herefore it was at the section of thermal capture betweers &rDt=32.8s

that was focused on to determine if any of the surface temperature profiles could produce
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geometric internal dimensions. Several thermograms frompii®d were extracted and

enterednto the FEX algorithm.

From the thermogramenterednto the FEX, the first thing that was made apparent was the
number of false positives that the algorithm returikéglire5-41 showsexamplehermogrars

with the high points from the differentiated temperature imposed over the top.

Figure 5-41: Example thermograms from the aluminium heating cycle. Potential edge
positions imposed ovehné top

As can be seen iRigure 5-41 both images show numerous false positives, that when added
into the average edge position from all the points foeado larger geometric errors. For
example, the images on the lefthigure5-41, the average geometric position for X1 and X2,

with the false positives included give:

Table5-6: Recovered results from aluminium artifact with false positive error

Recovered Actual Error
X1 8.6mm 7.5mm 1.1mm
X2 38.2mm 42.32mm 4.12mm
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However it was found that by removing these outlaying false positlwesetting a limit with
respect to the overall mean, the average geometric positional error was reduced, as can be seen

in Table5-7.

Table5-7: Recovered results from aluminium artifact without false positive error

Recovered Actual Error
X1 7.75mm 7.5mm 0.25mm
X2 41.54mm 42.32mm 0.78mm

Whilst removing these outlying false positives did reduce the error for X1 and X2, no results
were recorded for the horizonal edge dimensions of Z1 and Z2. Several thermograms which
resolved dimensions for X1 and X2, did not produce any usable diffeeghtmatrface
temperature data from which geometric information could be ded&agare 5-42 shows a
surface temperature profile used in the horizontal edge extraction, along with the corresponding

differentiated temperature data.

Figure 5-42: Surface temperature profile with differentiated temperature data
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As can be seen igure5-42thedifferentiated temperature data shows no peaks and is almost
perfectly flat. This is the reason that the peak detection function failed to determine their
location. Due to this, and thusving only a partial data set taken for the X dimensions a

complete geometric reconstruction for this face of the aluminium artifact was not possible.

Giventhe aboveesult and what that the computational results showed with regards to core
heating verss external heating, this test was repeated but instead of using boiling water to heat
the core, the artifact would be extelgaheated from one side, with the opposite side being
viewed. The computational results in sectidd® showed that heating a high thermally
conductive part externally produced much more stable results over a pmrgetthan was

observed when the same part was core heated.

To validate whethethis style of heating method was still viable for this artifadbe CAD
model of the artifact was run an external heating simulatid®®0°C of heat power was added
to 20mm x 20mm square representing the ceramic heater, with all other surfaces lesieg exp
to 6W/n*k of convective heat transfer as can be sedfigare5-43. The simulation rutime

was40s in keeping with the pervious external heating simulation.

Figure 5-43: CAD model of aluminiurartifact showing heating patch and probe edge
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Figure 5-44 shows the resulting thermal model at t=40s, with the corresponding surface
temperatee profile, andFigure 5-45 shows the internal edge positions extracted from the

temporal surface temperature gradients.

Figure 5-44: L - Resultant thermal model of aluminium artifact at t=48s corrispodning
surface temerpature profile

Figure 5-45: Resultant internal edge positis from simulation
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From Figure 5-44 it can be seen that surface temperagnadientsare induced using this

heathg method, an#ligure5-45 shows thainternaldistances can be extracted over this period

To performthis test physicallya 24W metal ceramic heater wased to generate the @D of

heating power. This waafixed toa metal backboard and then had 20V passed across it. This
resulted in the heater having average surface temperature € 888 heater was fixed to a
backboardFigure 5-46) and not the artifact itself to allow to the heater to get to its maximum
temperature before the artifact was placed up to it. This technique was more representative of

theabovesimulation that had its external heat source applied instantaneously

Figure 5-46. External heating set up (artefact moved so heater is visible)

With the heater up to is maximum temperature the artifact was placed firmly up to it. The heat

transfer was then recorded using the A655S@0sr

A thermogran were extracted at 15,20,25,30s, in accordance with the timings form the
computational simulation, and entered into #eX. Not a single extracted thermogram
provided extracted geometric dathen reviewing the surface temperature profiles extracted
at those values of t, it becomes clear why it was not possible to extract any geometric

information form the thermal dat&igure 5-47 and Figure 5-48 show the actual surface
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temperature gradients from the physical heating cycle, and the surface temperatures gradients

from the simulation.

Figure 5-47: Actual surface temperature profiles for T=15,20,25,30s

Figure 5-48. Smulated Surface temperature profiles for T=15,20,25,30s
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As can be seen iRigure 5-47 and Figure5-48 not only is thesimuated temperatures much

higher than was actually observed, the gradients of each surface temperature profile are much
lower in the actual data then compared with the computational surface temperature gradients.
When the actual surface temperature datafierdntiated, as can be seenFigure5-49 any
SSHDNV™ QRUPDOO\ DVVRFLDWHG ZLWK L Q\dtotepBrQhedGIH GH

noise level.

Figure 5-49: Differentiated temperature data froRigure 5-47

As the above external heating test did not produce any internal geometric dimensions and given
the observed differences between the computational results and actual results with regards to
the surface temperature profiles, this test was repeated buheitetamic heater now fixed

to the artifact itself. As said before the heater was fixed to a back board to order to allow it to

reach its maximum temperature before the artifact was introduced. However, even though the
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artifact and the heater were firmlyated together there was the potential for a small air gap
between the two that could have acted as an insulator during the heating process. With the

heater now fixed directly to the part, any air gap will have been eliminated.

With the heater attachdd the artifact the same test was repealégrmograms were again
extracted at t=15,20,25,30s. Once again none of the extracted thermograms (t=30s thermogram
shown inFigure 5-50) produced usable surface temperature gradients from which internal

geometric dimensions could be deduced.

Figure 5-50: Thermogram using external heating at t=30s

Reviewing the extracted surface temperature profiles for the various values of t, the results,
shown inFigure5-51, show even less gradient then was seen in the previougHhese results

show that by fixing the heater directly to the artifact, the artifact appear to heat up evenly across
its viewed facever time. Given this, and the apparent lack of any temperature griaxlieat
differentiated temperature series noticeable peaks from which internal dimensions can be

deducedvereobservedFigure5-52).
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Figure 5-51: Surface temperature profiles from external heating (heater fixed)

Figure 5-52: Differentiated temperature data from
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At this stage it is not known why there is such disparity between the simulated and the actual
test results, given that all constraints such as material properties, heating conaddibeatang

time, were kept as consistent as was possible. One hypothesis wésethiernalbulk
temperaturef the artifact internal structure, which walffectconvection, was changing as the
artifact was heated.o test this hypothesis the simulatjalescribe in this section was rerun

with an internal bulk temperature of 4D (double that of the external ambient). The simulation
results proved inconclusive with regards to the resultant surface temperature profile, as there

was no discernible differee in surface temperature.

5.5.Second Artefact Cuboid

The process that kdbeen described in sectidn8 and5.4was then repeated using a cuboidal
shape to verify that the extractiatgorithms can work consistently when the artefact under
scrutiny has differing dimensions. The neawtefact(Figure 5-53) is a cuboid, with external
dimensions 4.34x74.0250.35mm. The shape is again hollow, with a 5mm wall separation

between the inner and outer faces.

Figure 5-53: Cuboid artefact
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The same process in sectiB.4was repeated witthis artefact. A heating medium (water at
10*C) was added,and the thermographic respons@s recorded. The two recovered

thermograms, one for eaclopgction, are shown iRigure 5-54.

Figure 5-54: L- Front face, R Side face

The two thermograms and the corresponding temperature data are then separately inputted into
the feature extraction software, followed thye assemblylgorithm Figure 5-55 shows the

resultant outputte@PDwith corresponding XYZ values.

Figure 5-55: ResultantCPD
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Using the dimensinconvention shown iRigure5-56, the recoverresults are shown ifable

5-8.

Figure 5-56. Dimensionsign @nvention

Table5-8: Cuboid artifact geometric results

Dimension (mm) Actuals (mm) Recovered (mm) Error (mm)
X1 4.89 4.1 0.79

X2 69.45 70.5 -1.05

Y1 4.67 4.17 0.5

Y2 45.16 45.51 -0.35

Z1 5.26 6.22 -0.96
Z1(2) 5.26 5.8 -0.54

Z2 69.37 70.4 -1.3

Z2(2) 69.37 70.16 -0.79

As seen fronTable5-8 the geometric results from the cuboidal scan stmaw error of1.3mm

for Z2, and a min errof0.35mm for Y2.These results give eonditional average error of

0.79mm.
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5.6.Third Artefact £L-shape

To further validate this extraction proceasthird, more complex artefact has been created.
Shown inFigure5-57, this artefachasan L-shaped internal cavity.o reconstruct the internal

geometryof this artefact a minimum of threganerviews will be required.

Figure 5-57: Third artefact- Cuboid withL-shaped hollow

The same heating process was then performed. The internal cavity of the artefact was heated
to 100C whilst being monitored by the IR camera to capture the heat transfer. The cameras
frame rate was set to 5Hzigure5-58 shows the four regtant thermograms representing the

four vertical sides of the artefact.

Figure 5-58: Four-perpendicular thermogram representing the four vertical sides

Each thermogram is then run through the extraaigorithmin turn. The following figures

show the extracted edges for each of the above thermograms.
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Figure 5-59: Face 1 feature extraction results

Figure 5-60: Face 2 feature extraction results
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Figure 5-61: Face 3 €ature extraction results

Figure 5-62: Face 4 feature extraction results
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Figure 5-63: L-shape artefact sign convention for faces 1 and 2

Figure 5-64: L-shape artefact sign convention for faces 3 and 4
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With the geometric position of all the edges found for each face of the object, using the sign
conventionshown inFigure 5-63 and Figure 5-64, the tabulated resul&re shownbelow in
Table5-9. The dimensions A relate the dimensions as showirigure5-63andFigure5-64,

with the same dimensions in () relating to the calibration resulkppendix E

Table5-9: Geometric results for L shaped artifact

Dimension Actuals (mm) Recovered (mm) Error (mm)
AL1(X3) 67.19 68.9 -1.71
A2(X1) 7.36 5.53 1.83
A3 (Z1) 7.54 7.62 -0.08
A4(Z2) 29.84 30.92 -1.08
A5(Z3) 67.47 67.76 -0.29
A6(X2) 34.6 32.91 1.69
B1(Y2) 42.3 42.75 -0.45
B2(Y1) 7.38 6.56 0.82
B3(Z1) 7.54 8.23 -0.69
B4(Z3) 67.47 66.99 0.48
C1(zZ3) 67.47 66.61 0.86
C2(Xo-X3) 7.54 6.7 0.84
C3(Xo-X1) 67.37 67.7 -0.33
C4(21) 7.54 8.23 -0.69
C5(Z22) 29.84 30.14 -0.3
C6(X0-X2) 40.13 41.55 -1.42
D1(Yo-Y2) 7.12 5.47 1.65
D2(Yo-Y1) 42.04 43.57 -1.53
D3(Z1) 7.54 7.73 -0.19
D4(Z2) 29.84 30.4 -0.56

From the results shown rable5-9 the conditional average error for all recovered dimensions

is 0.875mm, with a max error of 1.83mm associated with A2.

Following the successful identification of the internal edge locatioalfdour faces, the four
sets of data arenputted into the assembly cofte reconstructionThe assembly code then
FRPELQHV WKH LQWHUQDO I|DiFtHe &@eivd sDro@dhwy iSiHgle 3
comprehensiveCPD set. This is shown irFigure 5-65. The comptte CPD camow be

exported.
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Figure 5-65: L-Shaped artefact finaLPD

5.7.Accuracy andrepeatability

The previous sections have shown the capture and processing techniques necessary to extract
geometrical dimensions frothermograms andombine them into a useable data forinatn
several artifacts of differing shape and materidbwever, the overall accacy and

repeatability of the system still requires validation.

To achievethis, the artifact used in secti@3.4and 5.4.5. was rescanned five additidimags,
to determine the systems repeatability and accuracy when comparedrébetieacevalues
gathered in sectioB.2 The individual thermograms can be foundAjppendix JUsing the

same gn convention a¥able5-2, the resultshown inTable5-10 were obtained

Table5-10: Accuracy and repeatability results from square artifact

Z1(mm) Z2(mm) | X1(mm)| X2(mm)
Run 1 10.04 69.39 6.25 42.70
Run 2 7.94 69.65 6.22 43.19
Run 3 8.81 70.10 6.48 42.80
Run 4 11.62 69.50 6.06 43.11
Run 5 8.64 68.81 5.09 41.95
av 9.41 69.49 6.02 42.75
stdev 1.18 0.38 0.44 0.40
av stdev 0.60
nominals 10.62 69.76 7.62 42.25
err fromnom | 1.21 0.27 1.6 0.5
av err 0.89
MAX err 1.6
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MIN err 0.27
range 1.33

As can be seen fromable 5-10, the results from the five heating cycleaveresulted in
average standard dation of 0.6mm, an average error of 0.89mm, with a max erro6ofri.

This accuracy and repeatability study was then repeated onshaped artifadio determine
a comparisonThis artifact has more internal dimensions and as seen in sbdigave the

biggest error when compared to the actual.

The same heating cycle wapplied to this artifact 5 times, with the results being shown below
in Table 5-11 and the sign conversion for those dimensions shown beldvigure 5-66.

Individual thermograms for this test can be foundppendix K

Figure 5-66. CT scan of L shaped artifact with sign convention
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Table5-11: Accuracy and repeatability results from the L shaped artifact

Z1(mm) | Z2(mm) | Z3(mm) | X1(mm) | X2Zmm) | X3(mm)

Run 1 7.02 31.46 68.64 6.37 32.99 68.93
Run 2 6.8 29.51 66.13 6.52 32.12 66.64
Run 3 6.96 31 67.53 6.26 32.62 67.37
Run 4 7.01 31.5 68.67 6.31 33.78 69.12
Run 5 7.05 29.61 69.23 6.58 33.29 69.14
Av 6.98 30.62 68.04 6.41 32.96 68.24
Stdev 0.09 0.88 1.11 0.12 0.56 1.036
av stdev 0.63

nominals 7.54 29.84 67.47 7.36 34.6 67.19
err form 0.57 0.78 0.57 0.95 1.64 1.05
nom

av err 0.93

MAX err 1.64

MI N err 0.57

Range 1.07

The results fronTable5-11 show similar results to those taken fr@mmble5-10. The average
standard dewtion across the five runs was 0.63mm, with the average error 0.93mm, and a max

error of 1.64mm.

5.7.1.Accuracy and repeatability using a lower resolution camera

Until now all thepracticalexperimentation has been performed by a high end FLIR A622SC
which has a high thermal sensitivity and resolution (B&lele5-3). To determine the accuracy

and repeatability of the of the system when usimglospec equipment, the repeatabsitydy

with the square artifactwas repeated, but this time using a FLIR A35. The A35 is a small
process control camera, designed mainly for quality assurance and condition monitoring. At a
TXDUWHU RI WKH UHWDLO SULFH RI W Kthdé&stadablewetH $ TV
thanthat of the A622SCThe specifications for the A3F2] are shown below ifable5-12,

along with the specifications for the A622SC for comparison.

162



Table5-12: A35 Specifications (Specifications for A255SCcfamparison)

Property

A35

AB655SC

Thermal Sensitivity

Detector Type
Dynamic Range
Spectral Range
Standard temperature
range

Accuracy

f-number

Detector pitch

Field of view (FOV)

Frame rate

Resolution

Minimum Focus Distance

Focal length

Spatial Resolution (IFOV)

0.05C @30C

Uncooled VOX
microbolometer
8 bit

7.543 pm

-25°C to 135C

5% of reading
f/1.2

25um

13° x 10.8°
60Hz

320 x 256pixels
NA

35 mm

0.714 mrad

0.03C @30C

Uncooled Microbolometer
16 bit

7.5 +14.0um

-40°C to 150C

2% of reading

f/1.0

17pm

25° x 19° (31° diagonal)
50Hz

640x480pixels

0.25m

24.6mm

0.69 mrad

Using this camera one aspect that was immediate event was that due to a smaller FOV the coma

effect was much morprominent As can be seen iRigure 5-67, placing the artifact at the

HIWUHPHV RI WKH $ fV )29 UHVXOWYV LQ VHYHUH GLVWRUVW

in the resultant thermograrAt his stage placing the artifact centrally as possible in the frame

becomes even more important. Howeuwhe coma effect is still prominent even then. To

reduce this effect the subject can be moved further back, however this reduces the amount of

the frame the artifact fills, in turn reducing the resolution.
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Figure 5-67: 3 images showing the effect of the coma as the subject is moved around the
A35's FOV

With the subject placed in the best position with regards to the-ofadetween the coma

effect and resolution, the heating cycle vpasformed five timesThe resolved values were
compared to the nominal values gathered in se&ianThe individual thermograms can be
found in Appendix L.Using the same sign convention Bable 5-2, the results obtained are

shown below infable5-13.

Table5-13: Accuracy and repeatability results from using tHgbA

Z1(mm) | Z2(mm) | X1(mm) | X2(mm)

Run1 8.03 68.14 6.43 43.17
Run 2 8.21 68.62 5.78 42.03
Run 3 9 69.74 6.16 42.98
Run 4 8.43 68.23 6.62 42.59
Run 5 8.6 69.77 4.61 42.33
av 8.45 68.9 5.92 42.62
stdev 0.33 0.71 0.71 0.41
av stdev 0.54

nominals 10.62 69.76 7.62 42.25
err form 2.17 0.86 1.7 0.37
nom

av err 1.27

MAX err 2.16

MIN err 0.37

range 1.79

As expected, the average error and max error are higher using this camera then was found using

WKH KLIJKHU VSHFYG $ 6& ramirespektably. HBwE&VEr Ghe repeatability
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when using this camera is comparable to the repeatability when using the AGBBS@IY

0.05mm between the two values.

As said,it was expected that the error when using this camera would be higher, givererts lo
specifications. The main contributor to these higher error values, it is hypothesized, is the lower
camera resolution. The lower resolution, and thesisipused means a single pixel can have
a0.41mm (average conversion factajfect on the redtant geometric values. This is double

the amount a single pixel effects the result when using the A644SC, as the aversgsion

factor used there is 0.22mitow these additional pixels can be accumulated during the feature

extraction process, thus tiag to errorsis explained in the next section.

5.8.Potential Error Sources

From the previous sectionsing either camera resulted in large error when compared to the
actual values taken during part calibratidi. better understand thaeviation and show the
mitigations used to reduce them, this section lists the identified potential error source inherent

in system.
X Setup Alignment/parallax error

How the camera views the artefact is critical. If the object and the lens of the caenptd ar
parallel with one another, the thermogram could be recorded at an angle, distorting the recorded
thermogram. In these experimental setups, to ensure that the camera and the apdeatelre

with one another, a mirror wadacedin front or the aifact (parallel with the viewed plane),

and a light source mounted on the camera. By manually rotating the artifact the light was
reflected away from camera, but when the artifact was true to the camera, the light reflected
from the camera would flair dduhe resultant thermograrwith this setup this was the best

method to ensure parallelism between the camera and the artifact.
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In future thisissue could be resolved by rotating the artefact when the thermographic capture
is being performeds part of pre setup operatiocthermograms at set rotation intervals could

be entered into the FEX and the separation distance between edges that cteslexdtad be
plotted. Itwould beexpected that this would result in a nominal distribution of separation
distances as the object is rotated, with the peak of the distribution being when the artefact and

the camera are truly parallel.

X Setup £Camera resakion

In all the test performed so far, the IR cameras frame is filledthtartifact, as much as the
minimum focal distance allows. Thesisured the greatest Pi/mm resolution, whilst maintaining
focus. Ensuring the largest Pi/mm possible means thatpaxgl variation during selection
(disused below) will have less effect on accuracy then having a low Pdmwas seen using
the lower resolution camera, the A3%owever, placing the object at further distanfres

the minimal focal plane will reducké Pi/mm which will affect the accuracy of the final result.
Placing the object further away will also add in the possibility of additional environmental

effects influences the captured thermogram.

X Setup +Camera Focus

During the initial setup focusing ¢hcamera correctly on the subject is also critical.
Thermograms are inherenthpisy andhaving the subject incorrectly focused will only serve

to increase that noise.

At the onset of the each test the artifacts normally at the ambient room temperatieading
to difficulties with the camera focus as the camera cannot distinguish between the subject and
the background, othéhanbased on emissivity. To solve this issue a highly emissive object

(such as a mirror) is placed next to the subject, allovigng greater contrast between the

166



subject and the background. This then allows the camera to focus correctly on the approximate

front face of the object. The highly emissive object is then removed before the test starts.

X Setup zComa Effect

Comatic abeation is an inherent factor when using cameras with parabolic lenses. Rays hitting
the lens at any angle that is not perfectly parallel to the optical axis will show an aberration to

some degree in the resultant image.

At this stage it is not known whatfluence the coma effect will have of the geometric results
From observation there is nowbus influence from coma effect showing on the captured
thermogramwhen using A655SC, but when using the A35, the coma effect added huge curve
effectsto the resltant thermograms if the subject was not centred corrddtiywever, its effect

will in the future need investigation, biitcould bedifficult to quantify exactly as the effect

would changdrom lens to lens depending on the curve of the parabola.

In these tests e mitigation that taken to reduce the coma effect was to have the subject place

in the centre of the Field of view

X Setup #ill level/watertemperature

It is postulated that variations of the amount (fill level) and temperature of the heatiingmm

could lead to variations ieepeatability The heating medium is added by eye so there is no
guarantee that the exact same amount is added each heatingAdgid®nally, whilst the

heating medium is heated to the same temperature each cycle, the time taken from heating to
filling also varies, meaning the heating medium may have cooled by different amounts, from

one heating cycle to another.
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X Processingtboundary selection

As seen at the start of the FEX processing operation, the thermogram is subjected to an edge
detection, highlighting the boundary of the subject within the thermogram. From here manual
intervention is used to select that boundary. Thiswuah selection of the thermograms
boundary has the potential to add one or two additional pixels to the conversion calculation.
This in turn will affect not only the converted geometric distance, but also the zero point from
where the pixel count is stadteln future this error source could be alleviated by the addition

of an automatic boundary recognition program.

X ProcessingtNoise Levels

As previously stated thermograms are inherently noisy. The noise levels in thermograms can
lead to the FEX algorithrto return false positives. Currently to reduce this down sampling is
used smooth the captured temperature prdfitavever,sampling must be controlled as too
much samplingcan smooth the temperature profile to the point where no differentiation is

observe, and too little wil] assaidabove lead to false positives.

X Artifact - Thermal expansion

The act of using this system to measure internal features will itself induce thermal expansion,
due to the heating cycle used to excite surtacgperature gradients. This inherent fact will
cause the expansion of all artifact dimensj@msl it is the actual expandeunensiorthat will

be capturedThis expansion error will also change from part to part, based on part size and part
material. Hovever, calculating thermal expansion & straightforward process, providing
several factors about the part, such as thermal expansion coefficient, change in temperature and
initial of final dimensional conditions, are known. In future iterations of theesysdditional
corrective algorithm could be added to consider thermal expansion and correct the final

outputted value.
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5.9. ChapterSummary

In this chapter, thereliminarysteps of a novemaging process fanternalmeasuremerdre

presentedrFourseparat artefacts with differing internal profilend materialsvereprocessed
by this new systemesulting in thesuccessfuéxtraction of all internal edgeshis chapter also
shows the techniques necesdartake tlatresultant CPD and combine it witlther externally

captured CPD data in a usable data or CAD format.

One issue that has been highlighted in this chapter is the heating and features extraction from
parts with high thermal conductivity. As was expected through the simulation work in chapter
4, and was observed in section 5.4, core heating with such parts resolved poor responses for
the internal dimensions. Whilst the core heating test in section 5.4, did providenambakr

of samples from which geometric distances could be resolved, thereledvered was
inundated with false positives and provided information in one direction only. It was hoped
based on the computational results for external heating, that such a heating method would
resolve much more stable and consistent results. Howaseseen in section 5.4 no peak
detection (leading to internal edge extraction), was possible due to the lack of temperature
gradient in the observed surface temperature profiles was disappointing result, as
computationally external heating providedahunore stable results over time, and practically

was a more viable solution with regards to heating methlmentioned in section 5.4, it is
unknown why there was such large disparity between the simulated results and the actual test

results.

From theaccuracy and repeatability tests, it was found th@anh two sperate tests, each
consisting ofiive runs the average error, and max error weoesistent at aroun@9mm and
1.6mm respectivelywith an averageepeatabilityaround0.6mm These results arconsistent

with average error and max errors from the other two shapes tested in this chapter. The cuboid
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artifact had an average error of u® with a max error of 1.43mm, and theshaped artifact
had an average error @8m, with a max error of 83mm These tests have also shown that,

DV H[SHFWHG FDPHUDV RI ORZHU UHVROXWLRQ ZLOO SURG]

These accuracy and repeatability tests have shown that whilst this system in its current state is
not particularly accuratets repeatability isnoderatelyhigh given the technology readiness

level of this system.

This work performed in this chapter has dtsghlight several error sources associated with
this thermographic capture process and some ahttigations that were used in attempts to
minimise these errors. As this is notexhaustive list, a full error analysis of this system will

be required in the future to fully ascertain this error sources and detemen®abudget.

This chapter has skwn that is approach of PIDV using thermal imagery is potentially viable.
However, so far all of the artifacts used thus far have all consisted of planer features normal to
the projection plane. Whilst circular and angles artifacts were created, it wathésiped that

this spatial approach, using only a single thermographic frame, would be unsgivabl¢he
transient edge drift noticed in such shapes shown in chaptdredefore, the spatial process
describe in this chapter was further developed tanmde multiple thermograms

simultaneouslyThis process in described next in chapter 6.
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Chapter 6. Temporal Thermal Imagery (TTI)

TTI is a combination of algorithms thallows for theextractionsof internal edgegpositions
over time, using the same tedfues as shown in the previous chapter, but in a méikad¢he

simulations inChapter 4

Threesets of thermographic data are run throtigih: oneplanar one curvednd one angke
planar This process validated tleenclusiondrom the simulations performed in sectigh3
and the novel method in generallowing for the extraction of curved surfaces ovendi The

results for both planaurfaces and curved surfaces @sodetailed here.

6.1.Introduction toT Tl

Thenew thermal image processingptue techniquen discussedChapter 5shows a system

that can retrieve geometrical data from the internal featuresaof object. Howesr, that
technique is only likely to produce accurate results when the objects under investigation have
internal structures comprising pfanarfeatures and consist of a latvermal conductivity
material The heat transfer between two perpendicular fasdsgen usingsuchmaterialwill

typically produce a uniform surface temperatdrgtributionon the viewed face. However,
internal features thare not planar and parallgleaning the separation distance between the
two internal and external faces is camty changingver the length of théeature will lead

to a temperature gradient that is proportional to the change in face separation digtance
consideringhe effects of thermal conductiva)his was observeth the simulation wik but

needs validating experimentally

TTI is a revision to the original extracti@igorithmthat can track the movement of these
boundary regions over timand deduce their geometrical positiohe simulation work

showed that for materials with low timeal conductivity that preserve a measurable
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temperature gradietiie change in position of theoundary regionsdicates the shape of the
internal cavity. If theydo not alter their geometripositions,then itcan be assumettiat the
internal geometry is gilanardesign. However, if over time the boundary regions do shift, then

depending on theate of changef that shiff curvature or angularity can be determined

6.2.TTI Software

TTI works on the same Feature Extraction atpor (FEX). A single JPEG file and
temperature data file are exported from the FLIR softwvand then entered into the FEX
However, withTTI, every frame captured by the camédoadedinto the algorithm For
example, theartefact used irfChapter 5was monitored fofour minutes, with the casras
capture frequency aroundHd (the actualframe rate can vary around the set poifi)is
resulted in1500individual thermograms. The first 340 frames are discarded asltiosythe
addiion of the heating medium to the artefact. The remaiaitp0frames are then exported

IURP WKH )/,5 VRIWZDUH DV ERWK -3(*V] DQG WHPSHUDWXU

Figure6-1 shows thdront panel of the new Tl algorithm.Thereis a loading feature that loads

in all the temperature data fle- 3 (* TV D cWhR(P)[0?2) is the viewing area, and images

can be cycles though using the slider (3). The sliders at (4), when adjusted, autlymatical
convert theviewed image into grayscale and then perform edge detection to highlight the
boundary of the artifact in black and white. From here the area denoted at (5) allows the
boundary of the area of interest to d®ected and then thermal edge diete process. The
selection points are shown Figure 6-1 as two green points with the boundary being
highlighted as aasledgreen line around the artifaftiermogramOnce the area of interest

has been selected, the initial cross section caelbetad (6), (fronChapter 5this locates the
highest peaks in the differentiated temperature data), this initial cross section is shown as a

yellow dashed line irFigure 6-1. Once the initial cross section is established the vertical and
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external edges can be extracté&dis is the process fro@hapter Spreformed automatically
with thecontrds shown af(7). Different line filters can be applied here to ensure best results
which can therbeshown in the viewing area (2). CurrenBigure 6-1 shows the thermogram
with the extracted vertical edges. @rthe user has the results for this initial imagmgthe
FRUUHFW VHWWLQchN be: Befe&t€d\ (B\Ndwv theptdcess will be repeated
automatically for every loaati frame. The result is the vertical and horizom@asitional data

for the internal edge®r everyframe over time. An indication of the final resigslthen shown

in (9). This process is summarised-igure 6-2.
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Figure 6-1: TTl front panel
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Figure 6-2: TTI operational flow chart
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As can be seen iRigure 6-2 the main computational steps in this process are now automated
(highlighted inred), but several steps still require user intervention (highlighted in green).
Computation time can vary, dependent on the number of frevadedinto the program, but

for the examples given beladve TTI program can resolve on average 1000 frames 8085/

This process is for a single projection only. For a second projection, a second set of data (from
either repeating and capturing the heating cycle, or from a 2nd camera capturing that second

projection), will need to be inputted into the TTI program

6.2.1.TTI Planar cavity rample

The temperature and image data fromfilst artefact that was used @hapter Svas entered

into TTI. Figure6-3 showsTTI after all1160 GDWD ILOHV -3(*VY] KDYH EHHQ OR
interest has been cropped (green dash), the initial cross section has been selected (yellow dash),
and the sample feature extraction in the vertical direction has been perigmeeql points)

The 1160 fils represent all the files from a single orientation heating cycle. For"the 2

orientation a second heating cycle would be required.

Figure 6-3: TTI after image/data loading and image preparation
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$IWHU FOLFNLQJ 3% ag@ithmMaralybsCad 116MdKta setswith the same
parameters as the used in the imsiggwn

OnceTTI has finished analysing all the files in the sequence, it will retiwondata sets
containing an average positional value for the horizontal and vertical edges for every
thermographic frame that whsaded It also returns an indication of the number of frames that
were rejected, as no internal edges were detected. Iigh@ce, the number of rejected
IUDPHV ZDV UHWXUQLQJ 31RW $ 1XPEHU 1D1 " LQWR WK
data output almostll the NaN values are found at the beginning of the frame sequHrnise.

is because the majority of the thermograares similar to the image shown kigure 6-4 and

have negligible temperature gradients and relatively high noise levels. This in turn leads to the
boundary regioneormally located by the maximum and minimum values in the differentiated

temperature being undetectable.

Figure 6-4: Example of an initial frame for the loaded sequence. Images like this will return

a NaNvalue.
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For the frames that do return values for the vertical and horizontal, ¢dgeserage positional
value is calculated for each edge in each frame. These averaged positional values are then

presentegequentiallyover time,asshown inFigure 6-5.

The geometrical position for afour edges (RH, LH, TOP, BOTTOMIoesnot vary greatly
over time The mean values for each of the edges as well as the maximum and minimum

geometrical variation for this thermograare shown ifmable6-1.

Figure 6-5: Edge position over time

Table6-1: MAX/MIN/MEAN Results for square artefact

VALUE/EDGE LH RH TOP BOTTOM
MAX 8.45 46.35 11.95 71.41
MIN 6.03 41.68 9.22 69.37
MEAN 6.69 43.98 10.27 70.59

As expectedthe internaledge positions do not vasignificantly over timeor indicate any
gradient. This indicatethat thedistance between the internal surface and the external surface
is uniformandthat he feature is glanarprimitive, perpendicular to the viewed exterfade,

whichis correct
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From the results shown ifable 6-1, the mean vales are consistent with firevious

experimental work

Referencing agaiable6-1, large variations between the maximum and minimum values can

be observed. In the case of the RH edge, a difference of nearly 5mm has been recorded. Most
of the differentiation between values within anyttof time serieslatais found at the start of

the thermal data capturd-igure 6-6), when the recorded surface temperatmd resulting
gradients aréow. During the initial heating of the object, the heat conduction from the internal
area becomes visible on the thermograknh this stage,the thermal gradient across the
thermogram starts the rigmit the signal to noise ratio thermogramss large Whilst edge

position can be deduced at this poumttil the signal to noise ratio reducessualised by a

quality colour contrast, the edge position results will vé¥en the signal to noise ratits

reduced byhe temperaturgradientincreasing, consistent results are recovered. This is shown

in Figure 6-6.

Figure 6-6: Showing the locations of the MAX/MIN location the data set.
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In thisexamplg as seen above, results could be gathered from framerd@&-ds However,

for the vertical (LH/RH) edges, stable data was not recovered until around franTEn&0i3.

due to the noise levels in the thermograms combined with the low temperatures in the observed
surface gradientsThe average temperature of tkarface gradint in frame 400, peaked at

24.5°C, this is shown ifrigure6-7 (L).

Figure 6-7: L- Average surfacéemperature for frame 40®- average surface temperature
for frame 600

As can be seen, large levels of noise are present and peak position is difficult to determine.
Obviously, certairpositionshave been deduced as they are presehtigre 6-6, however

these are the results that show the most error. At framim &0§ure6-7 (R), when the distance
(edge)positionsresults starto stabilise the average surface temperature has risen, with a
maximum of26°C. This shows thathe averagenaximumtemperature of the surface gradient
needs to be 2€ or higher,for the signal to noise ratio to be reduced enough that accurate

stable edg position results can be extracted.
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6.2.2.Circular Internal Face»@ample

Figure6-8 shows a cross section @hew artefacthat has external dimensions 50x50x75mm

and an internal cylindrical volume 35mm in diameter and 63meight

Figure 6-8: Circular TestArtefact

The same testing procedure was undertgkentimerunning for approximately eighminutes;
with the capture rate set tdi8. Figure6-9 shows a sample of thermograms that were captured

during this time

This thermographic capture results3000 frames, each consisting of a temperature data set

and a thermogram JPEG.

Thefirst 262 are discardeasthey show the heating medium being added. The remaining sets
are then imputed intdTl. The outputted positional datar the vertical edges is stvn in

Figure6-10 with a geometric conversion factor of 0.294mméP

Figure 6-9: Thermogram showing the changentensity and edge position over time
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Figure 6-10: Results fromT Tl edge detection for curved artefattowing best fit curved

comparison

Overtime theboundary, as viewed from thesttmal camerayidensindicaing that the internal
surface is not flatvhich is correctin the simulation work, the curvature was exponential
therefore the same curve fit was applied andréiselts of this curve fitting is showry the

yellow and purpleihes inFigure 6-10 (individual results are found iippendix 1.&

The fit is very good and validates the simulationsaatiord.3, as well as indicating correctly
that the internal structure is curvdeitendingthesecurves, using the exponential function
shownbelow(3), will predictthe extent of the edg®sitiondrift, indication theposition of the

two apexes of the curved face

B:T; L =UATL>U0T; E ?2UAT1@UT; (3)

Figure 6-11 and Figure 6-12 were generated using the above function with the following

generated coefficients for a,d,and d

X a=8.283
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X b=-00009076
X €=9.218

X 0=6.884el7

Figure 6-11: Addition ofexponentiaturve to peak (X1) best fit

Figure 6-12: Addition ofexponential curve to peak(X2) best fit

Extendng the besffit curves, the predicted appositions of the curved facean be recovered.

As previously statedhis artefact has an internal structure comprising of a cylinder with a
diameter of 35mmiromthe projection from which the thermograms were taken, this would
lead to the apex positions being 7.5mm and 42.5mm from the outsideTedgactual values

from the XCT scan gave the actual apex positions 7.59 and 42.43 giving a diameter of 34.94.

Figure6-13 VKRZV WKLV LQ UHODWLRQ WR WKH SDUWYV JHRPHW
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Figure 6-13: Actualdimensions of circular artifact

The geometric resultecoveredare shown below iTable6-2, and compared to the actuals

from the calibration

Table6-2: Circular artifact geometric results

Actual (mm) Recovered (mm) Error (mm)
X1 7.59 9.2 -1.61
X2 42.43 38.2 4.23

Using these peak positions improves the accuracy in predicting the size of the cylinder
significantly but is still subject to variability caused by the depth and conductivity effects as
well as the accuracy of the curve fit. There are small undulatioséngadeviation from the

pure exponential curve, particularly in the red tracé&igure 6-10 which is likely to have

caused the lower accuracy in the apex of peak 2.
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6.2.3.Angled (diamond) Cavityexample

In this example, aartefact consisting of internal angled plainer featisessed The internal

structure is shown iRigure 6-14.

Figure 6-14: Angled planainternal features

The internal structure is 40mm from apex to apex, meaning each apex is 5mm from an outer

face The other dimensions are the same as the previous artefacts.

The same experimental process weyseated for this artefapesultingin 3000 frames being
acquired. The resulting peak positions for this actedaer time are shown igure6-15. The
pixel conversion fetor for this procedure is 0.28#n/Pixel. The X-axis only goes to 1800

I UDPHV EHFDXVH WKH UHPDLQLQJ IUDPHV UHWXUQHG 1D11V
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Figure 6-15: Edge podion for angled planaobject

Again, abestfit curve is applied to each set of peak position data. This best fit is stsotiva

yellow and purple lines ifigure6-15. Individual plots can be found ippendix lb.

In thiscasegxponentialy extending the besdit curvedoes not yieldviable results for thénal
geometric edge positio@ncethe curve had flattexdout, the final edge position was given to
be 12mm and 36mm (nominally 5mm and 45mm respectively). The exponential curve fitting

can be seen iAppendix Ib.

A comparison betweethe best fit curves fronrigure 6-10 and Figure 6-15, are shown in

Figure 6-16.
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Figure 6-16: Comparison between circular best fit and angled best fit

As can be seen iRigure 6-16 the best fitcurve taken from the results for the circular object,

hasa tightercurvaturethanthe angled object.

These results are consistent with the finding for angled or curved features that were recovered
from the computational simulations. Thiembination of spatial and temporal daktews tlat

this system cadifferentiatebetween differinggeometrical constructions.

In future work a more analytical characterization would be required for each curve. If values
for curvature/gradient were returned for a recovered curve, they could be compared against a

set of known limits that would categorise them into a curved, agladlatplanarfeature.

6.3. Chapter Summg

This chapter has introduced the automated edge recovery prdgranBuilt upon the
techniques used in chapter sI{;l can return an average value for geometrical edge position

for every time step within a given capture period.
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By using TTI, the simulations irChapter 4regarding shape characterisation from thermal
information has been validatelt.has been shown that for PLA, a material with low thermal
conductivity, differing internal primitive features can be variated based upon their thermal

response over time.

This systenhas shown that for plainer features that are parallel with thesdiage, that with
this material, edge shift hardly varies over the capture time. This allows the confident

estimation of the internal features edge positions for that orthogedpieav.

For curved and angled faces, it has been shown here and in ehdphtgredge positioshift
will occur over the initial period of thermal captuFer this low conductivenaterial, we know
from sections5.2.2and6.2.3 that this edge shift must be due to a change in featurth dep

causedy circularity or angularity.

Creating artefacts thdtave such features has allowed the validation of the computational
simulations perforrad in Chapter 4 If has also shown that edge position responses from
seemingly similar thermal captures, can diffepending onthe internal structure. Whilst this
process has been highlighted here, as previously stated, further work is required to allow for
the automated classification of such shapes based upon results gained from using-this time

based system.
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Chapter 7 Conclusionsaand Future Wgrk

This final chapter provides a general summery the work presented in this thesis, as well as a
detailed smmery of each objective laid out in chapter 3 and the work performed to ensure

these objectives are met.

In addition, the contributions to knowledge this work provides are alsa hste as well as

areas that requifeirther investigation in the future.

7.1. Summary of InvestigatidResearch question

This work was envisaged as an alternative method for the PIDV ofsstapsesting of internal
geometry. As referred to chapter 2, with the advent of AM becoming more mainstream in
industry, one of its main baers to that industris a viable method of inspectioWhilst XCT
currently provides the necessary tools for the PIDV of internal geometnig¢st present is the
most viable optionfor reasons also mentioned in chapter 2, its use can also be prelaipitiv
consideredhonviable The aim of this investigation was to determimeethera low cost
thermographicaVision system could extract and deduce internal geometric dimensions, and

thus in the future be considered a viable alternativéoaefor internal geometric PIDV.

As this concept of thermographical PIDV is completely novelptioader researatuestions
laid out in section 3.3, with the above aim in mind, attempted to discern whether this approach

would indeed be viablm anyway:

RQ1l. Can internal dimensional data be extracted from a thermographic image of an
REMHFWY{V VXUIDFH LI WKH REMHFW LV VXEMHFWHG
perturbations?

RQ2. If the answer to the above RQ is yes, can the system differentiate changes in
geomérical and mechanical states from the captured results?
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RQ3. To what extent does analysis of the transient behaviour provide additional
useful information for the measurement task?

RQ4. To what level of accuracy can measurement results be obtained from such a
system.

In answering the above questions, it can be stated that, yes internal dimensions can be extracted
from thermographic images. Whilst this was built upon the worBaoker et al[55], who
detailed the techniques for dimsonal extraction of external featursem thermographic
images, this work expands upon that to extract dimensional informabantlie internal
regions.From this ability to be able to extract internal geometric dimensions, repeating the
process for ta extraction of multiple features of differifigctors such ashapes, size, depth,

and materials etc was proven possible lathlytically and practicallyThis resulthas then

been further built upon allowing for the temporally extracted results to shibevences
between shapes of differing geomettywas observed that circular, angled and planer shapes
all show differing temporal responses throughout their respective heating &edesdless of

the spatial otemporalmethod used in the dagatradion, the final geometric results produced

can either be outputted numerically, or digitally. The generation of digitised data is extremely
important step, as it means the captured data can be used subsequently by seveaatythird
applications, in addiin to dimensional validation. Finallgn initial value of accuracy has
been determined for this system from the practical work that has been performed. In addition
to thisseveral error contributors have been identified that when resolved in the foidde c

increase the accuracy of this system.
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7.2.Summary of achievedbjectives

In addition to the research questions answered above, the following is a summary of the results

for each of the research objectives.

7.2.1.0bjective i

i- Verify computationally that changes in surface temperature are detectable to the
extent that internal geometry profiles can be extracted in the resultant surface
temperature profile. Performing this will validate whether or not geometric
information can indeed bextracted from thermal data form the very basic first
instance.

This first objective was to determine whether this concept of a thermographic vision system
would indeed be possible. To obtain the outcome for this objective, an FEA simulation was
designedsection4.1 and 4.2), taking this idea ointernal heating, and then monitoring the
external face, capturing the resultant surface temperature profile. As seen in 4&tiba
extracted emperature data was used to determine the geometric dimensions of the internal
cavity. The results for one edge were extremely close to the nominal, whilst the other showed
a higher level of discrepancy. Additional simulations were then performed toeréand-EA
specificsimulationfactors such as mesh density and simulation time, to try and reduce this
discrepancy, or ensure that these factors had no bearing on the initial results oWthirstd.

this initial simulation did not provide exact dimensbnesults, this objective did show that
geometric information could be extracted from surface temperature data with a high enough
degree of accuracy to continue this investigation forward. Contirthiagvork would allow

for the addition of several othéactors that couldnfluencethe accuracy of the resulting

geometric data.

7.2.2.0bjective i

ii- Verify that changes in internal geometry, such as shape, depth from surface, size,
and material properties, such as thermal conductivity, still allow for internal
geometry profile extraction. Building upon the information gained from objective
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one, changing a miilude of factors will indicate the limitation of system, and offer
insight into the where this system will yield best results, and where potential pitfalls
may exist.

This objective built upon the workom the objective i. By reusing the simulation used
objective i, serval factors such as depth from surface, size, thermal properties, and shape could
be altered.As seen in section.2.4 4.2.5 and4.2.6the change in these factors didve an

effect on the capture results. Changes in width did result in increases of size in the resultant
geometric data showing that size differences can be distinguished. Changes in depth did affect
geometric results for in aluminium, increasing the epammd, but had less ah effect of less
conductive materials. In addition to that, changes in thermal conductivity showed the effective
monitoring time required for different materials. For example, the surface temperature
gradients from aluminium showegkometric information extraction was only viable up to
around 10s. After that the surface temperature had saturated yielding no further results.
Conversely PLA, with a much lower thermal conductivity, was still able to yield geometric

results 600s after béng start.

These simulations have also shown that different heating techniques provide better results
depending on the materiaCore heating for highly conductive materials leads to surface
temperature saturation very quickly, given as said beforedfidyto extract any usable data.
However, external heating on same material, were the internal structure acts as an air cavity,
provided a much steadier heating cycle, allowing for geometric data to captured for a longer
period. Conversely though, exterrfaating on low conductive materials yields no useable

results even though the heating time was massively extended

Performing these simulations has shown tdmhputationally, under perfect conditions, this
system is capable of discerning changes in internal structures, considering differing material
properties, shapes, etc. However, it has also shown that differing materials produce different

results, and thatifferent heating solutions are applicable when considering different materials.
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With this in mind this thermographic vision system was considered suitable for be taken

forward practicallyfor validation

7.2.3.0bjectiveiii

iii - Design, simulate, andmanufacture test artefacts that can be validated
experimentally, based upon the information gathered in objectives one and two.
These artifacts will need to be calibrated before any experimental validated do
determine their actual internal dimensions.

Following on from objectives one and two, several test artifacts were designed, simulated under

the same conditions as in objectives one and two, and then manufdsaataoh5. 1).

The design aspectonsideredwere a large enough internal structure to ensure suitable heat
generation but be small enough to fill the frame of the thermal camera during heating. Given
the most stable and consistent resiaitsnd in object two were from simulations using plastics,
most artifacts manufactured in the stage was 3D printed from PLA. This allowed not only a
low thermal conductivity and emissivity, which seemed to be more conducive when using the
thermographic sysi, but also meant these artifacts could be manufactured quickly and cost
effectively. From the artifacts manufactured several factors were altered in each one, such as
shape (planer, curved, angled), and symmetry (cubestigped). In addition, one a#dt was
duplicated in aluminium. As found during simulations aluminium gave completely converse
results compared to PLA. It has the highest thegoatluctivityof any material used, andist

highly emissive. This artifact would also allow for the validation of the external heating idea

simulated in sectioBh.4.

After manufacture all artifacts wecalibrated using a-XEK XCT scanner, to find their actual

internal dimensions. This is shown in secttoRandAppendix E

7.2.4.0bjectiveiv

iv- Design an experiment around the manufactured artefacts that will validate the
finding of objective one and two. Emphasis will need to be made upon the thermal
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data capture technique, and the technique used in manipulating the object internal
temperature riative its external temperature.

The design around the practical aspect of this investigation was based on thmahtueed

need and the factors and levels outline@able3-2. As envisaged from the concepiiof this
investigation, the thermal capture would be performed by a thermal imaging (thermographic)
camera. This work had usedralR A655SC since the specification was adequate and it was
available for the research. Further work to see whether a-petferming camera could
provide better results is outside the scope of this thesis. The factors to consider for the design
of the practical work were constrained by the artifacts designed in objective three. Certain
levels, such as internal heating tempamat and monitoring time, were influenced by the
results from the simulation work objectiveii but were dependent on material. The FOV level

was determine by the choice of lens, in this case a 24.6mm wide angled lens. Using this lens
gave a wie@r field of view allowing for the artifact to fill the frame as much as the minimal
focal distance would allow. This is turn would allow for the highest resolution possible. It was
envisaged and proven that this setup would return the expected respdieegofble to
capture surface temperature profiles form which internal geometric information can be

deduced.

7.2.5.0bjectivev

V- Investigate ways in which the recovered data camded and manipulated into
deduced geometric data sets of théernal geometry, which if needsan be
combined with other external data sets to form complete 3D renditions of the object
in question. This will show how versatile the system is, and itsigatbirhitations;
can it be used for single 2D stills or can it produce complex 3D models that can be
combined with third party information.

By using the experimental setup detailed from objective four, both spatial and temporal surface
temperature profile were successfully extracted (Chapter 5 and Chapter 6). With regards to
the spatial capture of all artifacts tested, each one pregsestdtf showing that 2D geometric

dimensions can be extracted from induced surface temperature profiles projedtgrias
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technique to within a certain degree of accuracy. In addition to this, following several
successful geometric extractions from differing projections, several 2D data sets can be stitched
together to form a single 3D PCD of the object in questiothe first instance this PCD can
provide tangible 3D geometric information, but as shown it can also be combined with
externally captured information to form a complete 3D rendition of object comprising of both
internal and enteral geometric featuresisTih turn can then go on to form a 3D solid model

which can then be used in a multitude of differing applications.

Whilst the above result shows that this system can extract geometric information from thermal
data, all the artifacts used in the spatiatraotion consisted of planer features. It was
hypothesised that introducing curved and angled features would lead to the features being
unresolvable spatially, due to the transient nature of the extractable edge as it moved across the
curved of angled faceTherefore, the spatial extraction program was modified to allow for
geometric extraction from every thermographic frame that was inputted as part of a single
heating cycle. By transiently monitoring the heat propagation generated by the internal
featuresthe internal boundaries of that feature can be tracked over time. By performing this
transient monitoring process on artifacts consisting of planer, curved, and angled internal
features, it has been observed that each different fgaegentadifferent response over time.

This difference has shown that when monitored transiently, seemingly similar thermal
responses can divulge different geometric profiles that must be dependent on the internal
structure. Such observed differences, pending amrduvork, could allow for the automatic

classification of features.

7.2.6.0bjective vi

Vi- Determine the accuracy and repeatability of the system. As this is a critical part of
any metrology tool, if the experiment from objective four is successfull, meed
to be repeated several times to ascertain its accuracy and repeatability.
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To determine the accuracy, repeatability, and reusability of the system at thisfcooicept

stage of development the experiment detailed in sebtRwas repeated five times. For each

of the five runs, the X/Y positions for the internal feature was recorded. From this the standard
deviation, average error and maxor were deduced. The average standard deviation over the
five runs was 0.6mm. The average error was found to be 0.9mm with a max error of 1.6mm.
These results are consistent with the average and maximum errors from additional experiments
performed irChapter 5For thecuboid and shaped artifacts the average and maximum errors
were 0.8mm and 1.4mm, and 0.9mm and 1.8mm (average and max), respdctiaddition,

several error sources have been identified and were possible, steps have been taken to mitigate
their effects. Further work is required to fully understand the effects of these error sources on
the overalluncertainty and whatadditional steps and mitigations can be put in place to

minimise their overall effect.

7.3.Conclusons and Contributions tortfdwledge

7.3.1.Conclusions

From this investigation, the following conclusions have been drawn, in order of importance:

x For low materials with thermal conductivity less than 0.5 W/ninkernal geometric
dimensionsf an objectunder investigatiorwan be determined from the temperature
data recovereftom induced differential spatial temperature gradieviten the cavity
is heatedo 8L00°C. For materials with thermal conductivity greatiean 0.5W/m Kk,
computationally internal geometric dimensions have been recovered. However
practically the validation of successful internal geometric extraction remains
inconclusive as only partigesults were obtained.

x Using this systenmthe internal geometrical dimensional accurafyobjecthasbeen

testedand haseendetermined to withmax error ofl.8mmwith an average error of
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0.9mm. Whilst the exact reasbehind such large errors is yet undetermjrsederal
error sources have been identified that will warrant further investigation and resolution.

x For materials withow thermal conductivity less than 0.5 W/mtke internal structure
of the object can bealetermined (either curved, angled or fldtased upon its
differential temporal thermal response.

x Multiple 2D geometric profiles, individually recovered from singbeojection
thermograms can be integrated together to form a single 3Dgbmiratentity, cgpable
of detailing all internal geometric features

x Thissinglepoint cloudof the internal geometrygan be combined withdditional data
concerning the external features to generate a complete 3D solid model of the geometry
in question, that can be usedumther applications.

x Further work is required to devise a more suitable heating techivigsétests in the
investigationsuccessfullyused core heating to excite surfaeenperatureprofiles
Whilst this method has resolved numerous internal datafeetioow thermally
conductive materials, it has only provided partially successful results high thermally
conductive materials. Furthermore, it is potentially not universally suitable moving
forward, and some form of external heating would be a more tatgagolution.
However, as has been foymaternal heating in this investigation proved inconclusive
with regards to internal data extraction. Therefore, moving forward more research will
be required in this area to determine a practical heating soltitadncan resolve

internal geometric data extraction for materials of varying thermal conductivity.

7.3.2.Contributions to Kowledge

1. The aeationand validatiorof a novelthermal vision system capable of extracting internal

geometric dimensions.
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x Prior to this researclihe dimensional validation of an objeatsernal featuresould
only be performed by either XCT scanning, or destructive measureiifemhew
method exploits relatively inexpensive and accessible equipntenperformnon
destructiveinternal measuremenflo the author$ knowledge thermography and
dimensional measuremenave never been combined to ascertain the internal layout
or geometric structure of an jelt.

x It has been found that differing internal shapes resolve different temporal responses.
As has been seen in this investigation differing internal structure present different
resulting responses frotheir surface temperature profiles when observed tivee.

This change in the resultant captured data, can form the basis for a feature detection
algorithm capable of determining internal feature geometry based on temporal thermal
responses.
2. The creation of iftering and edge detection algorithms fitirdefined edges in noisy
thermal image data

x Current edge detection algorithms amaged base@nd designed to return values
greater or lower than a set threshold. This is impractical for this investigation as any
threshold value would be unknown. For treasona novel peak detecticalgorithm
KDV EHHQ FUHDWHG LQ 0$7/$% ZKLFK FDQ GHWHFW D
differentiated temperature data set. This algorithm provides an autonomous function
that can repeat the above procasd return redts for every row or column in a given
data setThesemethods can be seen@hapter 5and Chapter 6with the MATLAB
algorithmspresented iM\ppendix H This process could be adapted for edge detection
in any noisy data set where typical edge detection methods are unsuitable.

3. Detailed simulation®n the effectsthat differing part geometes anddiffering heating

techniqueshaveon resultingsurfacetemperaturgradients.
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X By performing multiple FEA simulations Chapter 4a baseline for the relatiship
between discerned internal geometric edge position, and other variables such as
thermal conductivity, applied temperature and exposure time has been established.
addition, differing internal geometry can be determined based upon the resultant shap
and gradient of the temporal results for edge position. This information can be used in
further investigations fomternal geometryneasurement, or for potential studies in
thermal conductivity dynamics.

4. Repreentation of recovered geometry andmaloud integration.

x For the reconstruction dhe induvialrecovered data, as seenGmapter 5a new
MATLAB algorithm has been created. This algorithm takof the 2DX/Y data
exportedfrom the algorithm metioned in contributions 1 and &d combines them
into a representative 3D point cloud model of the object in question. This data can then
be exported toadditional thirdparty VRIWZDUHYV IIRdAOmpDt&iGnhaW L R Q D
operations

X To register two sets afloud point data togetheifirst, they need to be tessellatéd.
the data is sparse, such as the internal gegndata in this investigatiorgccurate
tessellationis impossible. IChapter YandAppendix DandAppendix G a process is
developed that allows the generation of a dense tessellated mesh fromlmpoimha
cloud data points. @nbined with the generation of nmeagful represetative features,
such as planegsr axis linesthis allows for the registration of both the internal and
external meshesesulting ina single tessellated mesfromthis, a singleCAD solid
model can be producedhis techniqueis applicdle to anypoint cloud data set

consisting of minimal points
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7.4.Closing $atement

This investigation has led to the design and initial implementationnofval vision system
capable of extracting internal geometric dimensions from objects consistingeofaint
featuresBy manipulating thenternaltemperature of a hollow object and observing the surface
temperature gradiemesulting from the conductive heat transfiethas been shown that the
profile of the internal structure can extracted srsgpectedBy compiling this information and
organising ithree dimensionallythe gathered geometrical data will then represent the internal
structure.This information can then beombinedinto existing techniques fahe external
geometry allowing for the realisation of a complete CABlidmodel.Experimental validation
showed that all recovereddimensionsare within £2mm or their correspondingctual
measurandswith an average error for all artifacts measured, of around 0.9mm, dadgbst

error found in this investigation of 1.8mm.

This investigation has also shown tHdterent internaktructures can be identified based upon

the resultant information gathered from their respective heat transfer results.

Whilst this investigation has mainly focused on low conductive materials, as at this stage they
produce the mostasily observable results,hasbeenshown thathe inspectionsf hollow

objects is possible usirthis nortdestructive technique. It hasalbeen shown that using this
technique with other more conductive matexin produce geometric results, but further work

is required fothe method to be refined and tbeseresultsto becomébe fully validated

7.5. Future Work

The preceding chapters this investigation have introduced a novel system for the non

destructive holistic measurement for tAEDV of hollow objects.During this investigation
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several areas that wouldomplementthis solution have been identifiedfor further

investigation.

This sectionproposesareas offurther researctthat have arisen from this thesis in order of

importance

7.5.1.Thermal onductivity, edge positionalationship.

As was seen i€hapter 4materials with low values for thermal conductivity provided the most
unambiguous and stable results over time. In these examples, periods of several minutes could
elapse in which edge positie could be extracted that would be considered within tolerance.
However, with increased thermal conductivity, this period in which accurate edge position
results can be extracted, rapidly decreases. As was seen with models designed from aluminium,
the resllts that were captured for edge position included large values of drift over time. Whilst
repeatedly simulating the model with materials that had lower values for thermal conductivity
showed this drift decreasing, it was only when the matgdarmal onductivity was at its

lowest did edge position results stop being unambiguous.

Therefore going forward, to ensure that this system can work on a much wider range of
materials, other than low conductive polymers, a corrective faetadd be neededthat

considerghe relationship between thermahcluctivity, temperatureand time.

By adding a corrective factor that takes into account thecoraductivity and temperaturé
is envisaged that stable actual results for gubgition can be found at any time step regardless

of drift.

7.5.2.Edge position response curvdmracterisation

As was noted inChapter 5 with low conductive materialsyhere the edge position drift is

caused by internal shape geometry, it is possible to determine the characteristics of the internal
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features based upon the response of the edge positions over ti@Bapter 5 this was
performed as a validation to the simulatexamples undéaken inChapter 41n arealworld
example, the internal shape would not be known. Therefore, for future usage it would be
important to employ classifidans to these response curves. By relating the curvature and
gradient of the recovered curvecénbe compared against a set of predefisteghdardsthat

could classify the internal feature as, curved, angled oetitat

7.5.3. Heating methods

As wasshown inChapter 4a simulation was performedhere the object was not heated from
theinternal cavity but on one of the external faces. The simulation was pedfonren object

with the material properties set to those of aluminium. Normally results from aluminium show
large amounts of edge position drift and quick homogenisatiowever, by heating the object

on an external face, much more stable and accuraitsr@gere obtained/Vhen performed
experimentallyhowever, this external heating technique did not provide the stable results
expected, with the surface temperature gradient not being induced, and the surface temperature

raising uniformly.

Even though irthis investigation external heating did provide the results expected, it is still
maintained that moving forward, and with further investigation, it would be a more attractive
and suitable heating method, due to the control it can offer and the remadaimjwater to

what could be potentially delicate itemdeating techniques that could be exploited with

regards to this such as joule heafiig] or pulsed thermograpHy4].

7.5.4.Large scalecnniry

As said at the onset of thinvestigation, one constraiot XCT scanning is the size of object
these devices can accommodate. This was ainthe rationales behind performing this

investigation, by envisagingsystem thatvas not limited by such siznstants. Whilst it is
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true that the thermal imagery part of this investigation doegl@iine any size limitations
(although resolution will reduce as the size of the object increases), this process has not yet
been performed on any largeale objectsToascertairthis systen§ full viability, one area of

future work would be to perform the full scanning process langeg scale object.

A preliminary simulation has been performed to show that even very large object can have
internal edgepositions deduced from excited surface temperature gradients. The internal void
was heated to 10G, with Figure 7-1 showingthe temperature distribution of a 5m hollow
cube (the size of such parts found in tndl nuclear industry), anéfigure 7-2 shows the
recovered edgepositions over timeWhilst this simulation shows that internal feature
extraction is possible with this technique, raisthg internaltemperatureof such as object

would require large amounts of energy.

Figure 7-1: Example of large component edge recovery. All dimensions are in metres
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Figure 7-2: Edge position of large part
7.5.5.Uncertainty aalysis
To be used sia metrology too] this systemwould require a full uncertainty evaluation to be
undertaken. Several areas of uncertainty have already been highlidhtedy this
investigation. Thermal expansion, the effects of emissivity, parati@ betwesn the object
and the camerahe coma effect of the camera lens, filtering errors in the extracting algorithms
are just a few of theystematic errors that would influenaecertainty in a measurement using
this systemThese systematic errors wduheed to be fully evaluatethd quantified before a

review of random errors that could arise by using this system, could be undertaken.

7.5.6.Enhanced small scaleanning

From previous research done in the arelsresthermography arflDV do overlap, one area
of commonality between thera the use of a combined systene,, the thermal camera and
visible light scannethatare intrinsically linked'see[54]). This allows the use of a common
global regstration between the two devic&uring thisinvestigation the external scanning

and internal capture were performed separakédally, the most optimal device would be one
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that has the visible light scanner and the thermal camera linked on a single stage with the object
under investigation placed betwddiem andillowed to rotate. This concept in showrrigure

7-3.

Figure 7-3: Concept of small object thermal scanner

By linking, the thermal camera and the scanner head to a singlesstggjeal coordinate frame

could be established between the two. As the object rotates, the laser triangulationcscanner
capturea complete scan in a single pass. The thermal imaging camera would take thermograms
at the same rai@s the stages rotational intervals. In gesseijt is similar to the operation of

XCT scanner. Computationally the thermogramsthes assembled in amcance with the
rotation intenals, allowing the reconstruction not from four orthographic viewsnhany
multiple views. From this, a more accurate reconstruction of the internal structure might be
resolved. The external sc&®Dcan then be registered with tG@Dresolved from the thermal

scans in the same way it was performe@lnapter 5
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Appendix A.Mesh modification

In order to recover more accurate results, mesh destsityld be optimum, especiakyong

the probe edge of the object. Increasing the mesh density will increase the resolution of the
result extracted from the probe edge. This simulation has beean keith element lengths of
0.25mm, 0.5mm, and 2mm, examples of which are shoviagure A-1. The results of edge

position accuracy by varying the mesh density are shown belBigumneA-2.

Figure A-1: Examples of mesh density. ERmm, RHO.25mm

70
60
50
40
30
20
10

0.25mm 0.5mm 1mm 2mm

Ih th

Figure A-2: Edge position by varying mesh density
As can be seen iRigureA-2, modifying the mesh density of the object around the probe line
does very little in varying the position results of the internal edges. It also does not correct the

positional error of the LHedge, which shows a geometrical position of betweefltm

regardless of mesh element size.
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This has shown that whilst reducing the element size has no apparent effect on the result of the
simulation, increasing the element size produaemarginal effect Therefore, further
simulations will have an element size set at 1mm. Any larger than this resolution may be lost,
and smaller will provide better insight, but will needlessly increase the computational time of

the simulation.
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Appendix B.Initial simulation dinensions

Figure B-1: Drawing of initial test part
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Appendix C. FEA resuls

a.Change in cavity depth

I. Aluminium depth £2mm

Figure C-1: Thermal distribution aiX=2mm

Figure C-2: Nodal temperature over time for X=2mm
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ii. Aluminium Depth £t8mm

Figure C-3: Thermal distribution at X=8mm

Figure C-4: Nodal temperature over time for X=6mm
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lii. Aluminium Depth £16mm

Figure C-5: Thermal distribution at X=14mm

Figure C-6: Nodal temperature over time for X=16mm
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Iv. PLA Depth £2mm

Figure C-7: Thermal distribution at X=2mm with PLA

Figure C-8: Nodal temperature over time for X=2mmth PLA
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v. PLA Depth £8mm

Figure C-9: Thermal distribution at X=8mm with PLA

Figure C-10: Nodal temperature over time for X=8mm with PLA
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vi. PLA Depth £16mm

Figure C-11: Thermal distribution at X=16mm with PLA

Figure C-12: Nodal temperature over time for X=16mm with PLA
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b. Change in width results

i. Width - 10mm

Figure C-13: Thermal distribution at X=10mm

Figure C-14: Nodal temperature over time for X=10mm
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il. Width £30mm

Figure C-15: Thermal distribution at X=30mm

Figure C-16: Nodal temperture over time for X=30mm
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lii. Width +60mm

Figure C-17: Thermal distribution at X=60mm

Figure C-18: Nodal temperature over time for X=60mm
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c. Change imaterial results

i. Aluminium

Figure C-19: Thermal distribution of aluminium

Figure C-20: Nodal temperature of aluminium over time
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ii. Copper

Figure C-21: Thermal distribution of copper

Figure C-22: Nodal temperature of copper over time
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iii. Ceramic

Figure C-23: Thermal distribution of ceramic

Figure C-24: Nodal temperature of ceramic over time
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Iv. Nylon

Figure C-25: Thermal distribution of nylon

Figure C-26. Nodal temperature of nylon over time
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v. PLA

Figure C-27: Thermal distribution oPLA

Figure C-28. Nodal temperature of PLA over time
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vi. Steel

Figure C-29: Thermal distribution of steel

Figure C-30: Nodal temperature of steel over time
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d. Edge position differencdsr difference profiles

Figure C-31: Parallel planar - difference between peaks

Figure C-32: Circular - difference between peaks
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Figure C-33: Angled plana - difference between peaks

TableC-1: Numerical results for cavity comparison

plainer | plainer | cylinder | cylinder | diamond | diamond
1 2 1 2 1 2
NaN NaN NaN NaN NaN NaN
NaN NaN NaN NaN NaN NaN
NaN NaN NaN NaN NaN NaN
NaN NaN NaN NaN NaN NaN
NaN NaN NaN NaN NaN NaN
NaN NaN NaN NaN 30 NaN
NaN NaN NaN NaN 30 NaN
NaN NaN NaN NaN 30 NaN
NaN NaN NaN NaN 30 NaN
NaN NaN NaN NaN 30 NaN
NaN NaN NaN NaN 30 NaN
NaN NaN NaN NaN 30 40.5
NaN NaN NaN NaN 30 40.5
NaN NaN 24.5 NaN 30 41
NaN NaN 24,5 NaN 30 41
NaN NaN 24.5 NaN 29.5 41
NaN NaN 24.5| NaN 29.5 41
NaN NaN 24.5 NaN 29.5 41
NaN NaN 24,5 NaN 29.5 41
NaN NaN 24.5 NaN 29.5 41
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e. External heating results

I. 20mmcavity width

Figure C-34: Sde heating thermal distribution 20mm cavity width

Figure C-35. 20mm internal edgpositionresults
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li. 25mm cavity width

Figure C-36: Sde heating thermal distribution 25mm cavity width

Figure C-37: 25mm internal edge position results
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lii. 30mm cavity width

Figure C-38: Sde heating thermal distribution 30mm cavity width

Figure C-39: 30mm internal edge position results
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Iv. 35mm cavity width

Figure C-40: Sde heating thermal distribution 35mm cavity width

Figure C-41: 35mm internal edge position results
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v. 40mm cavity width

Figure C-42: Sde heating thermal distribution 40mm cavity width

Figure C-43. 40mm internal edge position results
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vi. 45mm cavity width

Figure C-44: Sde heating thermal distribution 45mm cavity width

Figure C-45: 45mm internal edge position results
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vii. 50mm cavity width

Figure C-46. Sde heating thermal distribution 50mm cavity width

Figure C-47. 50mm internal edge position results
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viii. 55mm cavity width

Figure C-48. Sde heating thermal distribution 55mm cavity width

Figure C-49: 55mm internal edge position results
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IX. 60mm cavity width

Figure C-50: Sde heating thermal distribution 60mm cavity width

Figure C-51: 60mm internal edge position results
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X. PLA t=1200s

Figure C-52: Thermal distribution, external heating, PLA, t=1200s

Figure C-53. Temperature profile from probe edge t=1200s
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Figure C-54: (L) nodal temperature over time, (R) differentiated temperature data at
t=1200s

Xi. PLA t=2400s

Figure C-55: Thermal distribution, external heating, PLA, t=2400s
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Figure C-56. Temperature profile from probe edge t=2400s

Figure C-57: (L) nodal temperature over time, (R) differentiated temperature data at
t=2400s
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xii. PLA t=4800s

Figure C-58. Thermal distribution, externdieating, PLA, t=4800s

Figure C-59: Temperature profile from probe edge t=4800s
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Figure C-60: (L) nodal temperature over time, (R) differentiated temperatata at
t=4800s

xiii. PLA t=9600s

Figure C-61: Thermal distribution, external heating, PLA, t=9600s
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Figure C-62: Temperature profile from probe edge9600s

Figure C-63: (L) nodal temperature over time, (R) differentiated temperature data at
t=9600s
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f. Experimental artefact result

Figure C-64: 160s artefact simulationnodal temperature

Figure C-65. 160s artefact simulationedgeposition
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Appendix D.3D external scanning

The following details the process that was undertaken to capture and digitise the external

geometry as highlighted i@hapter Ssection5.3.1

a. Digitisation

The firststepin this RE process is the recreation of the external geometry. In this investigation,
this was performed using ldexagon Metrology RomrAbsolute 7525neasurement arm

(FigureD-1).

Figure D-1: Romer Absolute 7525 Arm with RS3 laser line scanner

This articulated measurement arm has an integrated triangulatiofin@sgcanner, the RS3,
built into the grip.This laser line scannas usel to capture the externalegmetry of the

artefactTableD-1 RXWOLQHV WKH 56 fV VIFADQQLQJ VSHFLILFDWLRQ
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TableD-1: Romer arm and RS3 specifications

Property Value

Max. point acquisition rate (points/s) 460,000

Points per line 4600
Line Rate (Hz) 100
Line Width (midrange) (mm) 65
Standoff (mid-range) (mm) 150+50
Minimum point spacing (miange)| 0.014
(mm)

Accuracy (u1m) 2 1or 30
Measurement range of arm{m 2.5

The artefacts were then placed on a stand so that the measurement arm could capture all four

sidefaces, the top face, and a partial capture obtiteom face (shown iRigureD-2).

Figure D-2: External scanning of artefact

At this point, the process is repeated three times, one for each of the three artefacts. As the

process for the RE of the external geometrthessame each timet will only be described
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once. The results of the extermalpturefor all three artefastwill be presented at the end of

this section.

After scanning the first artefact,GPD consisting of around twentyvo million points was

recoveredEigureD-3).

Figure D-3: Captured externaCPD of artefact

b. CPD Editing

Following a successful extern&@PD capture, theCPD is subjected to several maling
techniquego reduce the number of poirded remove any unnecessary-baits. The software

used in this part of the 3D recreation is Geonfagiudio.

As the shape in question is rudimeittarprismatic the sampling routines can be quite
aggressive. The loss of large numbers of points will not detract fro@RBV RYHUDOO VKD
To begin with, the points that make up the stand the artefacsituatedon are deleted, as

they are not required. This a manual operation, requiring the user to trim the points as close

as possible to the targéPD without deleting any of the prima@PD points. Secondly, out

liar points are removed. Odiars are any spurious points not connected to the primary scan

data.
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Figure D-4: Out-liars separated from the main bulk of the primary

As can be seen iRigure D-4, these outiars, highlighted in red, are undesirable due to their
separation from the main bulk of tl&PD. During tessellation, these elidrs will cause

irregularities in the mesh and letxghost patches.

Outliars are generated from specular reflection. Sharp edges, high reflectivity, colour variation
and translucency can all lead to the laser light profile being distorted. This in turn leads to
mixed or multipath reflections thatredetected by the scanner receivid]. Selecting the out

liars is done by a distandmsed algorithm. Points that are found to be further away from a

large percentile of other posiby a preprescribed distance are selected and in turn deleted.

After outliar removal, the remaining points are sampled, reducedinmber,and reordered.

As the shape presented is prismatic in nature, a grid sampling routine is used to reduce the
number of poird in the CPD. Grid sampling will reduce the mesh evenly, spacing the
remaining sampled points by a giefined set distance. The routine reduces the number of
points regardless of curvature or origin@PD density. This cold potentially bedetrimental

asthe object was made up of fre@m shapes®r areas with high curvature addtail could be

lost. As the Bape presented consists of plafeatures, grid sampling is ideal.
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After sampling, theCPD is subject to a final noise reduction rowti Again, as the object is

prismatic an aggressive noise reduction can take place, asithiot affect the simple plama

features.

From the initial circa twenty million poistthe resultingcPD, which is now ready for meshing,

has been reded to D0,588 pointsKigureD-5).

Figure D-5: Final SampledCPD - The red areas indicate additional elisrs thatrequire
deletion
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c. Mesh creation
From the sample@PDa tessellated triangular mesh (TTM) can be created. In the first instance,

the raw TTM consists of 199,999 tridag.

Figure D-6: Initial TTM after wrapping

For mesh reconstruction, Geomagic has a usefutinuittol for analysing the composition of

WKH WHVVHOODWHG WULDQJOH 320HVK-int&dettidghs) 'highpQ LGHC
creased edges, small holes, and spikes. It is an autonomous fuhetiaman detect the

anomalies as mentioned above and reppanith no user interface. After running the TTM

through the Mesh doctor, larger holesnain, includingthe area \were the object was in
contactwith the standThese areas are then manually fillexing the hole fill coomand. As

the holes are on planaurfaces this is performed using no curvatwhich results in a flat fill.

7KH PDQXDO 3VDQGLQJ WebkhGhe eddesraioth@ thé ¥ilH ®mubviRg Shape
vertices. Mesh Doctor is run aig. This ensures any irregularities that may have occurred

during the hole filling procedure are removed.
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J)LQDOO\ WKH HGJHV RI WKH 770 FDQ EH VKDUSHQHG 7KLV 1
function built into Geomagic Studio To begin with, tie function breaks down the geometry

of the TTM into regions. Region separation is determined by curvature, minimum surface area,
and separator sensitivity. The value of curvature determines how the regions are separated
based upon area flass. A higher alue will resultin more areas of flatness to be separated.

This can also be achieved by setting the re§iafmnimum surface area. A lower value for
surface area will result in the TTM being subdivided into more regions. Regions can also be
determined bydefining the separator sensitivity. The separator highlights the boundary
between regions. To ensure that the fillets, normally found in the niesie wvo boundaries

merge, are replaced with a sharp edge, the separator must be wide enough to encompass the
entire fillet. Small separators could potentially define the boundary inside the radius of a fillet,

and converselylarge separators could cover over small or delicate features.
Given the TTM inquestionthe following settingwere used:

X Curvature sengtivity: 50
X Separator sensitivity: 80

X Minimum surface area.: 36mri

The value for curvature sensitivity was set at 50. It was found that anytloavehis and the

mesh radius between two perpendicular faces could be overlooked, leading to those two faces
being defined as a single region. The separator sensitivity value was set high at 80. This was
so that any small flat regions in the mesh radius cbaldefined as a separate, and therefore
unwanted, region. Given the two variables above, the minimum surface area factor was
automatically calculated to 36nmimFigureD-7 shows the resultant region subdivision of the
TTM. FigureD-7 also helps highlight the mesh radius found between two perpendicular un

sharpened faces.

260



Figure D-7: Region subdivision of the TTM

The region separators highlighted in redrigureD-7 are then replaced with placement curve

lines. Nominally, these lines would be placed at the apex drabe of the mesh radius, but

noisy mesh may prevent this, leading to irregularities in the continuity of the line. This issue

can be edited manually until the placement curve line in question best replicates the required
edge. When the placement curve $rf@ve been placed, and if necessary, edited, thdy are

EH SHIWHQGHG"™ 7KH H[WHQVLRQ RI WKH SODFHPHQW FXUY
curve lines on either side of the master curve line. These additional curve lines enctpsulate
affectedmesh radius, illustrating the start and the finish of area that is to be sharpened. Again,

this can be manually editeelnlarging orshrinking the extension area so that the entire radius

area is covered. The extended placement curve lingsi$of TM areshown inFigureD-8.
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Figure D-8: Placement curve lines and their extensions

Followingthisfunction will presupposéhat these regions aretteassimilated, and rmeshed
to form sharpedges between the sept# regions as showkigure D-8. The final sharpeed
mesh is shown ifrigureD-9. The external 3D scanning is now completetfas part of the
reconstruction. Before surfaces or features can be extracted, the internal TTM needs to be

recovered and incorporated into the TDelow.

Figure D-9: Final sharpened TTM
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Appendix E.Artifact Calibration Results

a. Square Artifact

Figure E-1: PCD of Square artifact

TableE-1: Square Artifact result

SQUARE PLA
Xo 49.75mm
Yo 49.7mm
Zo 74.87nm
Xi 34.77Fmm
Yi 34.58mm
Zi 59.43nm
X1 7.62mm
X2 42.25mm
Z1 10.62nm
Z2 69.76mm
Y1l 7.52mm
Y2 42.26mm
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b. Rectangular Artifact

Figure E-2: PCD of rectangular artifact

TableE-2: Rectangular Artifact result

Rectangular PLA
Xo 74.34nm
Yo 50.35mm
Zo 74.02nm
Xi 64.56mm
Yi 40.4mm
Zi 64.12nm
X1 4.89mm
X2 69.45mm
Y1 4.76mm
Y2 45.16nm
Z1 5.26mm
z2 69.37mm
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c. Cylinder Artifact

Figure E-3: PCD of Cylinder artifact
TableE-3: Cylinder Artifact result

CYLINDER
Xo 49.94mm
Yo 49.64mm
Zo 74.77mm
Zi 64.77nm

DIA 3494mm
Z1 5.04dmm
Z2 69.8Imm
X1 7.59
X2 42.43
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d. Angled Artifact

Figure E-4: PCD of Angled artifact
TableE-4: Angled Artifact result

ANGLED
Xo 49.74mm
Yo 49.7mm
Zo 75.2mm
Xi 28.21mm
Yi 28.19mm
Zi 64.45mm
ANG 45.1%¢
Z1 5.4mm
Z2 69.85mm
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e. L-shaped Artifact

Figure E-5: PCD of L-shaped artifact
TableE-5: L-shaped Artifactesult

L SHAPED
Xo 74.73nm
Yo 49.42nm
20 75.17mm
Zil 22.3mm
Zi2 59.93nm
Xil 27.24nm
Xi2 59.83nm

Yi 34.66nm
X1 7.36mm
X2 34.6mm
X3 67.19mm
Y1 7.38nm
Y2 42.3mm
Z1 7.54mm
z2 29.84nm
Z3 67.47mm
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f. Aluminium Square Artifact

Figure E-6: Sgn convention of aluminium artifact

TableE-6: Aluminiumartifact results

Aluminium square
Xo 50.92mm
Yo 50.92mm
Zo 73.87mm
Xi 34.99mm
Yi 35.02mm
Zi 57.94mm

X1 7.5mm
X2 42.32mm
Z1 9.36mm

Z2 67.32mm
Y1 7.35mm
Y2 42.32mm

268



Appendix F.Feature Extraction with

traditional Edge Detection Algorithms

Whilst the Canny edge detection method was used to identify the external profile of the object,
in the first instance traditional edge detection methods, such as Canny, were used to try to

determine the internal edge position as well.

As shown inFigure 5-16, edge detection techniques require the imputed data to be an MxN
array with values between 0 and 1. This was why the imaggume5-14 was converted from

an MxNx3 RGB image to the MxN monotone image showfigare5-16. To perform internal

edge detection on this thermogram; the cropped selection for edge detection is taken from the

monotone image shown Hgure5-16. This cropped seleon is shown irFigureF-1.

Figure F-1: Cropped Monoton&hermogram

Having cropped the required selection, Sobel, Canny, Prewitt and Roberts edge detection
algorithms were each in turn applied to the above cropped image in an attempt to deduce the

internal edge position.
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Figure F-2 shows the results of applying the above edge detection methods to the selection

shown inFigureF-1.

Figure F-2: Results from applied edgketection algorithm. From left to right: Canny, Sobel,

Prewitt, Roberts

As can be seen iRigureF-2, without applying a sensitivity threshold factor, only the canny
method returns any kind of insight into the internal shape. Even so, the results the Canny
method returns are ambiguous, withh definitive indication of the internal edge. What the

Canny results does show is an indication of a change in hue within the image.

This process was then repeated, but with a value for the sensitivity threshold added. The
sensitivity threshold can be dmtween 0 and 1. The above process of applying different edge
detection algorithms was then repeated but with a sensitivity threshold value of 0.01, 0.5, and
1. FigureF-3 shows the results of this varying sensitivity using the Canny megualeF-4

using the Sobel methoHBigureF-5 using the Prewitt method, afkijureF-6 using the Roberts

method.
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Figure F-3: L-R Canny method at 0.01, 0.5, 0.9@nsitivity threshold values

Figure F-4: L-R Sobel method at 0.01, 0.5, Q.98nsitivity threshold values

Figure F-5: L-R Prewitt method at 0.01, 0.5, 0,98ensitivity threshold values
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Figure F-6: L-R Roberts method at 0.01, 0.5, 0.9@nsitivity threshold values

As can be seen in the above figyr@djusting the sensitivity threshold does affectrttmber

of edges returned. However, tocacately ascertain the internal edge position, the sensitivity
threshold must be continually tuned in order to obverse the most meaningful result. For
example, the result using the Canny method with the sensitivity threshold set to 0.5 produced
the most rpresentative result from the above examples. By adjusting the threshold to 0.49, a
marginally more representative result of the internal structure was obtained. However even
with this result, shown ifrigure F-7 edge position is still not definitive, as there are several

recovered edges present.

Figure F-7: Canny method with 0.49 threshold
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Further adjustment in the sensitivity threshold, does provide better results for the estimation of
some of the internal edges but can completely remove others. This is sHegurét-8, with

the sensitivity increased to 0.6.

Figure F-8: Canny method with 0.6 threshold

As can be seen iRigure F-8, there is now a more definitive result for three of the internal
edgeshut the bottom edge has been completely eliminated. However, if positional results are
taken from the three disceth edges and combined with a conversation factor of 0.285Px/mm

the following edge positions are deducEdy(ireF-9).

Figure F-9: Positional resultsrom Canny method with 0.6 threshold

3 Given by the average of width of the object in mm divided by the number of pixels in X, and the height of the
object in mm dived by the number of pixels in Y, C=0.285=38)+(75/259)/2
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As can be seen lRigureF-9 using the Canny method in this way has provided accurate results

for the three edges that were retuned. However, going forward it cannot be considered a viable
method for the following reasonBy tuning the sensuality threshold to gain definitive results

for some edges, other edges could be lost. Furthermore, these settings for the Canny method
are only applicable to this specific thermogram. The edge detection methods work on the image
propeties of the thermogram not the temperature data. With monotone images, this is based

RQ WKH LPDJHYV OXPLQDQFH 7KLV OXPLQDQFH FDQ FKDQ
therefore the setting used to gain the results showigireF-9, will not be applicable to any

other thermogram. Additionally, different users may use difter@lour palettes when

visualising the thermal data. This will greatly change the hue and saturation of the RGB image,

influencing the luminance in the converted monotone image used for edge detection.

By using the absolute temperature data, that theameaperties of the thermograms are based
upon, this will allow for an edge detection technique that is universal of all imputed

thermograms.
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Appendix G.Internal/External Reconstruing

With the successful extraction of the geometric data for the internal struendethe
generation of the corresponding CPD, the internal and external data sets can now be combined.
To begin with, the internal CPD is imported into Geom&gtudio. Figure G-1 shows the

imported CPD, with a point count of 3051 points.

Figure G-1: Imported internalCPD

To begin with all six internal faces atittee external faces are assigned plane featigsr€
G-2). The planes assigned to the internal faces will allow the generation of a new TTM, and

the phnes assigned to the external faces will allow registration with external TTM.

The planes are applied using the Hestmethod and are then converted into designated
LQGLYLGXDPiQUEgGB8VI7TKH QHZ 770V HQFRPSDVV WKH HQWLUH
built on. This, as can be seerFigureG-3, includes a large amount o¥erhang, which needs

to be removed. This is easily done by cropping each plane where they intersect with a

corresponding perpendicular plane.
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Figure G-2: Assigning planes to individual faces.

Figure G-3: Planes representing inside mesh after tessellation.

After the TTM has been cropped using perpendicular plafigare G-4 (L)), the inner and
RXWHU 770V FDQ EH UHJLVWHUHG WRJHWiteHUdInt8ofth®@ J WKH
LQQHU GDWD VHW DQG SODQHV UHJLVWHUHG RQ WKH FRU!

FRPELQHG %\ FRPELQLQJ FRUUHVSRQGLQJ SODQHV RQ ERYV
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D PLQLPXP RI WKUHH SDLUV RIb& bs@aihed Botk Fotondlly admd V] FD
translationally. The software then performs a best fit, ensuring the best alignment possible. The

new combined TTM is shown igureG-4(R).

Figure G-4: L - Internal TTM after croppingR - Section view of the new merged TTM
'LWK WKH WZR 770VYT QRZ UH]J Isiepbdforé garam@&ricksunfachdlis ta/ KH |L

finish the TTM and connect the inner and outer segments. The hole in the top of the TTM
(where the heat medium was added) was mostly captured during the external scanning. As it
connects to the internal structure, fleetion that was captured during external scanning needs

to be extended so that it intersects with the internal part of the TTM. The TTM will then need
to be manipulated to ensure a constant mesh surface withmateedections or highly creased
edgesFinally, a new boundary will need to be added to distinguish between the planer top of

the internal section and the cylindrical hole.

This is performed using feature generation. The partial cylindrical section that was captured in
the initial external seg can be used to generate a best fit cylinder which, can then be extruded

down (using the top surface of the TTM as a reference point) until it intersects with the top face
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of the internal section of the TTM. As this stage a function can be used thd¢leitt any part
of the mesh that intersects with the constructed cylinder feature. By deleting this section of the
mesh, a new circular boundary is created that is coincident with the circular boundary on the

top face of the external mesh.

With the genergon of this new boundary on the internal section, this boundary and the
boundary that signifies the termination of the partial scan of the captured cylindrical feature
can be merged together. This action denotes that the TTM, comprising of both internal a
external features, is now continuous. It also ensures that the TTM has a complete selection of
boundaries signifying the start and end of individual features. This will be important when

assigning parametric surfaces to these features.

With the acquisibn of a complete and continuous TTM, parametric surfaces can be added to
the mesh. It begins with the TTM being broken down into separate regions. This function is
performed by analysing the mesh and bisecting the TTM based upon the mesh curvature. Given
that this TTM is made up of planar features, there is very little curvature to the mesh, so the

regions are broken down according to their planar faces.

Figure G-5: TTM broken down into separa®undary regions
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This is shown irFigureG-5, with each region being identified with a separate colour. With the
regions identified, surfaces can be fitted to each region. This function is performed
DXWRQRPRXVO\ EDYV ktiGn. Rk W stlektg thérgdiorvtiraOdHo be fitted, and
the function will fit a primitive feature that best represents that region. A colour map is then
presented showing the deviation of the feature from the mesh that it is representing. As is shown
in FigureG-6, the worst deviation for this set of added features is between 0.1mm and 0.18mm.
This is accefable, as the deviations appear to be in relation to surface errors on outer faces,

which will have been present during the scanning phase and need to be discarded anyway.

For this TTM the surface fitting function returns twelve planar features (the ahtana
external walls of the object), one cylinder (the pouring hole), with a standard deviation of

0.03mm for the entire TTM.

Figure G-6: L - Deviation colour map for fitted surfaces

After the surfaces have been stitched, the resultant part can be considered a complete

parametric model. A section view of this is showrigure G-7.
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Figure G-7: Section view of the stitched model

This is a key milestone in this investigation. Up until this point, the data either gathered from
the external laser scanning, or from the thermographic capture was only fit for purpose within
the context of the capturing techniques. The culmination setdata sources leading to a full

and completesolid model means this model can now be exported in several different file
formats to be used in other engineering applications, such as FEA, CFD, drawing generation,

and if needed can evée reprinted.
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Appendix H.Matlab Code

a.LoadSW £ Single Solidworks temperature extraction
program

%Script for loading SW results files
close all
clear data t fnames

%--- OPTIONS: --—- %
binDebug = 1;

rawPlot = 1;

doFit=1;

mmPerNode = 0.125;

%--- FOLDERS----- %

%Top surface folders:

%basePath ='C:  \ Users \ sjwfl \ Box\ TF THESIS \ SW sim\ Results files \ Cuboid
square void top thickness varying';

%Cylinders

basePath = 'D: \ Documents \ PHD thermal sims  \ result files' ;

%SW FEA uses 200 nodes equally spaced along the top surface

%150 and 200W/m/k conductivity, use 1second resolution over 20 seconds or

more

% filename = 'Response Graph - Square void X50 5mm thick 36s 1800s
0,5Wmk.csVv';

%filename = 'Response Graph - Square void X50 5mm thick 4s 120s 100Wmk.csV';
%filena me ='Response Graph - Square void X50 5mm thick 1s 40s 150Wmk.csVv';
% filename = 'Response Graph - Square void X50 15mm thick 1s 40s 200Wmk.csV';
filename = '0.25 mmele.csv'

%Cylinders:

% filename = 'Response Graph - Cylinder void X50 5mm thick 36s 1800s
0,5Wmk.csV'
% filename = 'Response Graph - Cylinder void X50 15mm thick 36s 1800s 0,5Wmk

AreaMatched.csV'

%%

[data,t, fnames]=floadcsv( 'Point' , fullfile(basePath, filename));

t = data(:,1); %Extract time data from first column

a = data(:,2:end -1);  %Trim

%a5 05 = a'; %Transpose to get nodes as columns

%t5_05 =t;

%am=a - mean(a,2); %Removing he eman seemed to have no effect.

if doFit
[pmax2,pmin2]=feapeaks(a’, t(2) - t(1), mmPerNode, 1, binDebug);
% [pmaxlm,pmin 1m]=feapeaks(a’, t(2) - t(1), 0.5, 0);

% [pmax_5 150,pmin_5_ 150]=feapeaks(a5_ 150, x(2) - x(2), 0.5, 0);

end
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if rawPlot

figure;
plot(t,a);
xlabel(  'Time (s)' ); ylabel( "Temperature ( \ CircC)' )
%Range plotting: (To see what gradient there is along the tope surface
figure;
plot(t,range(a"));

end

%%

%%

function [data,t, fnames]=floadcsv(headerString, fnames)

% FLOADASC: Loads ascii CSV files into variable

%

% Use: [data,fnames]=floadcsv

%

% Modified: November 2018 - New version for CSV and appending
% By: Simon Fletcher

% Description: filenames outputted & file dialog string input

if  nargin == 0; headerString= sec’ ; end;

string= 'Selectf iles' ;
ftypes={ ‘"*.csv' };
if nargin<2

ver=version;
if ver(l)>= '7" %uigetfiles does not work on Matlab 2007 version or

later
[fnames,pathName] = uigetfile({ *.csv' , 'CSV-files (*.csv)'
o, Al Files (*.*)' H
string,
'MultiSelect' ,'on' );
else
[fnames,pathName] = uigetfiles(ftypes, string);
end
else
pathName = " ;
end

if iscellstr(fnames)
numfiles=size(fnames,2);

else
fnames=cellstr(fnames);
numfiles=1;

end

if numfiles==1;
fname=char(fnames(1,1));
fname=fullfile(pathName,fname);

[t, data]=getData(fname,headerString); %data=load(fname);
if nargout ==
varName=char(fname(1:size(fname,2) -4));

assignin(  'base' ,varName,data);
end
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else
data=[];
t=[;
for i=l:numfiles
fname=char(fnames(1,));
fname=fullfile(pathName,fname);
[newt, newdata]=getData(fname,h eaderString); %load(fname);
data=[data;newdata];
if i>1
maxt=max(t);
else
maxt=0;
end
t=[t;newt+maxt];
end
end

% if nargout > 1

% t=data(:,1); data=data(:,2:end);
% end

end

function [X_Value,data] = getData(filename,headerString)

delimiter = ;. %comma

fileID = fopen(filename, ro);

%Need to auto determine number of columns to define correct format string
%Assume time column is there

frewind(filelD);

[lineFound,scratch, lineCount]=gotoLine(filelD,headerString);
dataString = fgetl(file|D);
cols=0;

while  ~isempty(dataString)
[val,dataString]=strtok(dataString,delimiter);
cols=cols+1;

end

formatSpec_f= '%f" ; %Time col
formatSpec_s= '%s' ; %Time col
for i=l:cols -1

formatSpec_f = strcat(formatSpec_f, "%f ),
formatSpec_s = strcat(formatSpec_s, '%s" );
end
formatSpec_f = strcat(formatSpec_f, '%*s%[™ \ n\r]" );
formatSpec_s = strcat(formatSpec_s, '%s%[* \ n\r]" );

frewind(fileID);

startRow = lineCount+1; %23;
if startRow~=11;
warning(sprint( 'Expected start row for data to be 11. Check file.
Using: %d' ,startRow))
end
endRow = inf;
% delimiter=' \ t
%% Read columns of data according to format string.
% This call is based on the structure of the file used to g enerate this

% code. If an error occurs for a different file, try regenerating the code
% from the Import Tool.
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try
formatSpec=formatSpec_f;

dataArray = textscan(filelD, formatSpec, endRow(1) - startRow(1)+1,
'Delimiter’ , delimiter, 'EmptyValue' ,NaN, 'HeaderLines' , startRow(1) -1,
'ReturnOnError’ , false);
catch

formatSpec=formatSpec_s;

dataArray = textscan(filelD, formatSpec, endRow(1) - startRow(1)+1,
'Delimiter’ , delimiter, 'EmptyValue' ,NaN, 'HeaderLines' , startRow(1) -1,
'ReturnOnError' , false);

end

for block=2:length(startRow)

frewind(fileID);

dataArrayBlock = textscan(fileID, formatSpec, endRow(block) -
startRow(block)+1, 'Delimiter’ , delimiter, '‘EmptyValue' ,NaN, 'HeaderLines'
startRow(block) -1, 'ReturnOnError’ , false);

for col=1:length(dataArray)

dataArray{col} = [dataArray{col};dataArrayBlock{col}];

end

end

%% Close the text file.
fclose(filelD);

%% Post processing for unimportable data.

% No unimportable data rules were applied during the import, so no post
% processing code is included. To generate code which works for

% unimportable data, select unimportable cells in a file and regenerate the

% script.

%% Allocate imported array to column variable names
X_Value = dataArray{:, 1};
convert=0;
%s=size(dataArray);
if iscellstr(X_Value(1,1));
convert=1,

for j=2:cols
data(:,k) = dataArray{;, j};

k=k+1;
end
h = waitbar(0, 'Please wait...' );
if convert
try
ri=1;

for i=1:length(data)
rowval=str2num(char(X_Value(i,1)));
if ~isempty(rowval) & isnumeric(rowval)
newX(rl,1)=rowval;
for j=1:size(data,2)
newdata(rl,j)=str2num(char(data(i,j)));
end
rl=ri+1,
end
waitbar(i/length(data),h)
end
X_Value=newxX;
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data=newdata;

catch ME
error;
end
end
close(h)
end

0

(¢

function [lineFound,line,linecount]=gotoLine(fid,lineString)

frewind(fid)

lineFound=0;

linecount=0;

while  ~lineFound & ~feof(fid)
line = fgetl(fid);
lineFoundl = instring(lineString, line);
lineFound2 = strfind(line, lineString);
if any([lineFoundl, lineFound?2)); lineFound = 1; end;
linecount = linecount+1;

end

end

function [f,startindex]=instring(stringBit,string,onlyFirst)

% INSTRING: checks string exists in another string.
%

% [f,startindex]=instring(stringBit,string,onlyFirst)

% returns '1' if 'stringBit' exists in 'string’

if nargin<3
onlyFirst=0;
end

there=ismember(stringBit,string);
f=0; startindex=[]; j=1,;

if all(there)
%worth looking at
extra=length(string) - length(stringBit);
if extra==0; extra=1; end;
endl=length(stringBit);
startl=endl - length(stringBit)+1;

while endi<=lengt h(string)
if  strcmp(stringBit,string(startl:endl))
f=1;
startindex(j)=startl;
if onlyFirst
continue
end
=+
end
endl=endl+1;
startl=startl+1;
end
end
end
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b. feapeakstFEA peak extraction code

function [pmax,pmin,rawRange]=feapeaks(nodedata, timePerStep, mmPerStep,
interpFactor, doPlots)

% FEAPEAKS: get peaks of FEA node temperature data
%
% Use: [pmax,pmin]=feapeaks(nodedata)

if nargin < 2; timePerStep = 1; end;

if nargin < 3; mmPerStep = 1; end;

if nargin < 4; interpFactor = 1; end;

if nargin < 5; doPlots=0; end;

if interpFactor > 1 %Do interpolation to increase resolution of peak
shifts

%Trim x to match diff data
len = (length(nodedata) - 1)*mmPerStep;
x = linspace(0, len, length(nodedata));
xi = linspace(0, len, length(nodedata)*interpFactor);
ali = interpl(x, nodedata, xi‘);
else

ali = nodedata;

end

i=1;

numSteps = size(ali,2);
rawRange=zeros(numSteps,1);
NANSfound = 0;

for intTimeStep = 1 : numSteps

%Store the range of temperature across the profile
rawRange(intTimeStep,1) = range(ali(:, intTimeStep));

%Gradient of raw data
d1 = diff(ali(;, intTimeStep));

%Filter the data to avoid quantisation issue (Less of an issue with
real
%thermal imaging perhaps)

f1 = filtdata(d1,[2,0.085,interpFactor],0);

delta = range(f1)/5;

if delta<0.04

delta = 0.04; %This may need adjusting
end
%xlength=(0:1:length(Fdifffilt) -1);

[maxtabl, mintabl]=peakdet(fl, delta);

if size(maxtabl,1) <1
sprintf( 'No max peak on time step %d' , INtTimeStep);
maxtabl=[NaN, NaN];
NANSfound = NANSfound+1;

end

if size(mintabl,1) <1
sprintf(  'No min peak on time step %d' , intTimeStep);
mintab1=[NaN, NaN];
NANSfound = NANSfound+1;
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end

if doPlots %Plotting
close all
plot(f1)
hold on

plot(maxtabl(:,1),maxtabl(:,2), 'b* ,mintabl(;,1),mintabl(;,2), ™),
plot([maxtabl(:,1), mintabl1(:,1)],[delta,delta]);
title(sprintf( 'Raw range: %1.1f, Gradient range:
%21.2f" ,rawRange(intTimeStep),ra nge(fl)))
hold off
pause
end

try
peakPosl(i,:) = [maxtabl(1), mintabl(1)];
t(i,1) = intTimeStep * timePerStep;
i=i+1,
catch ME
disp( 'Calc error' )
intTimeStep
end

end

%
peakPosl = peakPosl * mmPerStep;

figure;

plot(t,peakPosl/interpFactor, t-F)
xlabel(  'Time (s)' )

ylabel( 'Peak shift (mm)' )

legend( 'Peak 1" ,'Peak2" )

figure;

plot(t,range(peakPos1,2)/interpFactor, -
xlabel(  'Time (s)' )

ylabel( 'Distance (mm)' )

legend( ' Distance 1' )

title(  'Distance between peaks' )

pmax = peakPos1(:;,1);
pmin = peakPos1(:,2);

NANSfound

c. manySW+Loading multiple solidworks file program

function [pmax, pmin, alldata] = manySW(fileFolder)

% MANYSW: Loads selected group of SW results CSV files
%--- OPTIONS: ---- %

rawPlot = 1;

doFit = 1;

mmPerNode = 0.5;

if nargin<l1
fileFolder = pwd;
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end

currentFolder = pwd;

try
cd(fileFolder)

ver=version;
if ver(l)>= '7" %uigetfiles does not work on Matlab 2007 version or
later
[fnames,pathName] = uigetfile({ *.csv' , 'CSV-files (*.csv)' ;
wx . C'All Files (*.*) h
string,
'MultiSelect' ,'on' );
else

[fnames,pathName] = uigetfiles(ftypes, string);
end
cd(currentFolder)
if iscellstr(fnames)
numfiles=size(fnames,2);
else
fnames=cellstr(fnames);
numfiles=1;
end

legendText={};

alldata(numfiles).t = [];

alldata(numfiles).data = [];

alldata(numfiles).filename= "

%%

for i=l:numfiles
fname=char(fnames(1,));

[data,t, ~]=floadcsv( 'Point' , fullfile(pathName, fname));

t = data(:,1); %Extract time data from firs t column
a = data(:,2:end -1); %Trim

alldata(i).t = t;

alldata(i).data = a;

alldata(i).filename = fullfile(pathName, fname);

%ab5 05 = a'; %Transpose to get nodes as columns
%t5_05 =t;

% am= a - mean(a,2); %Removing he eman seemed to have no effect.

[pmax(:,i),pmin(:,i)]=feapeaks(a’, t(2) - t(1), mmPerNode, 1, 0);
% [pmax1lm,pminlm]=feapeaks(a’, t(2) -1(2), 0.5, 0);
% [pmax_5_150,pmin_5_ 150]=feapeaks(a5_150, x( 2) - x(1), 0.5, 0);
pause
legendText{i} = strcat( file' ,num2str(i));
end
pmax = pmax;
pmin = pmin;

plot(t,pmax,t,pmin,t,[pmin - pmax])
title( 'MAX/MIN/DIFFERENCE' )
figure
plot(t,[pmin - pmax])
legend(legendText)
title( 'DIFFERNCES' )
catch ME
cd(currentFolder)
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rethrow(ME)
end
cd(currentFolder)
end

%ou -

function [data,t, fnames]=floadcsv(headerString, fnames)

% FLOADASC: Loads ascii CSV files into variable

%

% Use: [data,fnames]=floadcsv

%

% Modified: November 2018 - New version for CSV and appending
% By: Simon Fletcher

% Description: filenames outputted & file dialog string input

if  nargin == 0; headerString= sec' ; end;

string= 'Select files' ;
ftypes={ ‘"*.csv' };
if nargin<2

ver=version;
if ver(l)>= '7" %uigetfiles does not work on Matlab 2007 version or

later
[fnames,pathName] = uigetfile({ *.csv' ,'CSV-files (* .CsV)'
o, Al Files (*.*)' H
string,
'MultiSelect' ,'on' );
else
[fnames,pathName] = uigetfiles(ftypes, string);
end
else
pathName = " ;
end

if iscellstr(fnames)
numfiles=size(fnames,2);

else
fnames=cellstr(fnames);
numfiles=1;

end

if numfiles==1;
fname=char(fnames(1,1));
fname=fullfile(pathName,fname);

[t, data]=getData(fname,headerString); %data=load(fname);
if nargout==
varName=char(fname(1:size(fname,2) -4));
assignin(  'base' ,varName,data);
end
else
data=[];

t=[1;
for i=l:numfiles
fname=char(fnames(1,i));
fname=fullfile(pathName,fname);
[newt, newdata]=getData(fname,headerString); %load(fname);
data=[data;newdata];
if >l
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maxt=max(t);
else
maxt=0;
end
t=[t;newt+maxt];
end
end

% if nargout > 1

% t=data(:,1); data=data(:,2:end);
% end

end

function [X_Value,data] = getData(filename,headerString)

delimiter = ' ; %comma
fileID = fopen(filename, ™)
%Need to auto determine number of columns to define correct format string

%Assume time column is there

frewind(fileID);

[lineFound,scratch,lineCount]=gotoLine(fileID,headerString);

dataString = fgetl(filelD);

cols=0;

while  ~isempty(dataString)
[val,dataString]=strtok(dataString,delimiter);
cols=cols+1;

end

formatSpec_f= '%f" ; %Time col
formatSpec_s= '%s' ; %Time col
for i=l:cols -1

formatSpec_f = strcat(formatSpec_f, "%f ),
formatSpec_s = strcat(formatSpec_s, '%s" );
end
formatSpec_f = strcat(formatSpec_f, "%*s%[™ \n\r1]" );
formatSpec_s = strcat(formatSpec_s, "%s%[M\n\r]" );

frewind(filelD);
startRow = lineCount+1; %23;
if startRow~=11;
warning(sprint( 'Expected start row for data to be 11. Check file.
Using: %d' ,startRow))
end
endRow = inf;
% delimiter=' \ t
%% Read columns of data according to format string.
% This call is based on the structure of the file used to generate this
% code. If an error occurs for a different file, try regenerating the code
% from the Import Tool.

try

formatSpec=formatSpec_f;

dataArray = textscan (filelD, formatSpec, endRow(1) - startRow(1)+1,
'‘Delimiter’ , delimiter, 'EmptyValue' ,NaN, 'HeaderLines' , StartRow(1) -1,
'ReturnOnError' , false);
catch

formatSpec=formatSpec_s;
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dataArray = textscan(filelD, formatSpec, endRow(1)
'Delimit  er' , delimiter, 'EmptyValue' ,NaN, 'HeaderLines'
'ReturnOnError’ , false);
end

for block=2:length(startRow)

frewind(fileID);

dataArrayBlock = textscan(filelD, formatSpec, endRow(block)
startRow(block)+1, 'Delimiter’ , delimiter, 'EmptyValue'
startRow(block) -1, 'ReturnOnError' , false);

for col=1:length(dataArray)

dataArray{col} = [dataArray{col};,dataArrayBlock{col}];

end

end

%% Close the text file.
fclose(filelD);

%% Post processing for unimportable data.
% No unimportable data rules were applied during the import, so no post
% processing code is included. To generate code which works for

- startRow(1)+1,
, StartRow(1) -1,

,NaN, 'HeaderLines'

% unimportable data, select unimportable cells in a file and regenerate the

% script.

%% Allocate i  mported array to column variable names
X_Value = dataArray{:, 1};

convert=0;

%s=size(dataArray);
if iscellstr(X_Value(1,1));
convert=1,

for j=2:cols
data(;,k) = dataArray{;, j};

k=k+1;
end
h = waitbar(0, 'Please wait...' );
if convert
try
ri=1;
for i=1l:length(data)
rowval=str2num(char(X_Value(i,1)));
if ~isempty(rowval) & isnumeric(rowval)
newX(rl,1)=rowval,
for j=1:size(data,2)
newdata(rl,j)=str2num(char(data(i,j)));
end
ri=ri+1;
end
waitbar(i/length(data),h)
end
X _Value=newX;
data=newdata;
catch ME
error;
end
end
close(h)
end
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% - - -
function [lineFound,line,linecount]=gotoLine(fid,lineString)

frewind(fid)

lineFound=0;

linecount=0;

while  ~lineFound & ~feof(fid)
line = fgetl(fid);
lineFoundl = instring(lineString, line);
lineFound2 = strfind(line, lineString);
if any([lineFound1l, lineFound2]); lineFound = 1; end;
linecount = linecount+1;

end

end

function [f,startindex]=instring(stringBit,string,onlyFirst)

% INSTRING: checks string exists in another string.
%

% [f,startindex]=instring(stringBit,string,onlyFirst)

% returns '1" if 'stringBit' exists in 'string’

if nargin<3
onlyFirst=0;
end

there=ismember(stringBit,string);
f=0; startindex=[]; j=1,;

if allth ere)
%worth looking at
extra=length(string) - length(stringBit);
if extra==0; extra=1,; end;
endl=length(stringBit);
startl=end| - length(stringBit)+1;

while  endl<=length(string)
if  strcmp(stringBit,string(startl:endl))
f=1,
startindex(j)=startl;
if onlyFirst
continue
end
=L
end
endl=endl+1;
startl=startl+1;
end
end
end
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d. Extract- Feature extraction code

function [ faceoneav,complied,startpoint,startpoint2] = extract( input_args
);

%UNTITLED4 Summary of this function goes here
% Detailed explanation goes here

close all

clear

disp ( 'enter true length and height in mm' );

realheight=input( '‘height="" );

reallength=input( 'length="");

image=uigetfile( *.jpg’ , 'image file name' ), 'select image' ;% image file
name remember to have image export on actual size

tempData=load(uigetfile( *.mat" ,'te mp mat file name' )) % mat temp data load

image=imread(image);

figure,imshow(image)

bw=rgb2gray(image); % colour to gray convertion

edgedec=edge(bw, 'canny' ); % edge dectection

image_edge=edgedec;

figure,imshow(image_edge)

disp( ‘'pick X1, X2, Y1, Y2(return after each pick)' ) %pick XY edge
coordinates

[X1]=getpts;

[X2]=getpts;

[not,Y1]=getpts;

[not,Y2]=getpts;

Length=X2 - X1;Height=Y2 -Y1; % height and width of images
backcrop=imcrop(image,[X1,Y1,Length,Height]); %cropping function
cl=reallength/Length ;

ch=realheight/Height;

conversion=(cl+ch)/2; % conversion factor from pix to mm
tempcrop=imcrop((tempData.Frame),[X1,Y1,Length,Height]); % temp cropping
figure,surf(tempcrop)

noise=wiener2(tempcrop, [5 5]); % wiener 2D noise filter
figure,surf(noise);

d1=designfilt( 'lowpassiir' , 'FilterOrder’ ,20, 'HalfPowerFrequency' ,0.35, 'Desi

gnMethod' , 'butter’ );

delta=0.12

xlength=(0:1:Length - 1);

peakNum=[];

%ginput command to get initial line location

figure,imshow(backcrop);

disp( 'choose ref point' )

[x,y]=ginput(1);

rl=y; %selected row of image

numLines=10;

Fsection=noise(rl - numLines/2:rl+numLines/2,:); %averanging of selection
avsection=mean(Fsection);

figure,plot(avsection);

Fdiff=diff(avsection);

figure,plot(Fdiff);

Fdiffflit = filtfilt(d1,Fdiff); %No filter in iteration version.
missStart = 5;

missEnd = 5;

%[maxtabl, mintabl]=peakdet(Fdiffflit, delta, xlength)
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[maxtabl, mintabl]=peakdet(Fdiffflit(1,missStart:end
xlength(1,missStart:end - missgnd));
%Nunber of peAKS FOR INITIAL SCAN

numPeaks =size(maxtabl,1);

tolBand = 10

maxtab=[];

r=1,

figure

for i=1:size(noise,1)
Fsection=noise(i,:);
if size(Fsection,1)>1
avsection=mean(Fsection);
else
avsection = Fsection;
end
Fdiff=diff(avsection);
%Fdiffflit=filtfilt(d1,Fdiff);
Fdiffflit = Fdiff;

plot(Fdiffflit);

hold on

% delta=input(‘delta=");

[maxtab, mintab]=peakdet(Fdiffflit(1,missStart:end
xlength(1,missStart:end - missEnd));

if isempty(maxtab) || isempty(mintab)
continue

end

xmaxtab=maxtab(:,1);

ymaxtab=maxtab(:,2);

xmintab=mintab(:,1);

ymintab=mintab(:,2);

%No filter in iteration version.

- missgnd), delta,

- missEnd), delta,

if length(xmaxtab) == numPeaks && length(xmintab) == numPeaks;

checkGood=zeros(1,numPeaks);
for pl=1:numPeaks
if abs(xmaxtab(pl) -
checkGood(pl) = 1;
end
end
if all(checkGood)
maxpeakxfv(rl,:) = transpose(xmaxtab);
maxpeakyfv(rl,:) = [i,i,i];
maxpeakafv(rl,:) = transpose(ymaxtab);
minpeakxfv(rl,:) = transpose(xmintab);
min peakyfv(rl,:) = [i,i,i];
minpeakafv(rl,:) = transpose(ymintab);
ri=rl+1;
end
end
end
yheight=[0:1:Height - 1];
figure,imshow(backcrop);
disp( 'choose ref point' )
[x,y]=ginput(1);
cl=x; %selected column of image
numLines=10;
Fsection=noise(:,cl - numLines/2:cl+numLines/2);
avsection=mean(Fsection,2);
avsection=avsection’;
figure,plot(avsection);
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Fdiff=diff(avsection);
figure,plot(Fdiff);
Fdiffflit = filtfilt(d1,Fdiff); %No filter in iteratio
missStart = 5;
missEnd = 3;
%[maxtabl, mintabl]=peakdet(Fdiffflit, delta, yheight)
[maxtabl, mintabl]=peakdet(Fdiffflit(1,missStart:end
yheight(1,missStart:end - missEnd));
%Number of peAKS FOR INITIAL SCAN
numPeaks =size(maxtabl, 1);
tolBand = 10;
maxtab=[];
ri=1;
figure
for i=1:size(noise,?2);

Fsection=noise(:,i);

if size(Fsection,1) > 1

avsection=mean(Fsection,2);
else
avsection = Fsection;

end

avsection=avsection’;

Fdiff=diff(avsection);

%Fdiffflit=filtfilt(d 1, Fdiff);

Fdiffflit = Fdiff; %No filter in iteration version.

plot(Fdiffflit);

hold on

% delta=input('delta=";

%[maxtabl, mintabl]=peakdet(Fdiffflit, delta, yheight)

[maxtab, mi  ntab]=peakdet(Fdiffflit(1,missStart:end
yheight(1,missStart:end - missEnd));

if isempty(maxtab) || isempty(mintab)
continue

end

xmaxtab=maxtab(:,1);

ymaxtab=maxtab(:,2);

xmintab=mintab(:,1);

ymintab=minta b(:,2);

numpeaks(i)=length(xmaxtab);

n version.

- missEnd), delta,

- missEnd), delta,

if length(xmaxtab) == numPeaks && length(xmintab) == numPeaks;

checkGood=zeros(1,numPeaks);

for pl=1:numPeaks

if abs(xmaxtab(pl) - maxtabl(pl,1)) < tolBand

checkGood(pl) = 1;
end
end
if all(checkGood)
maxpeakxfh(rl,:) = transpose(xmaxtab);
maxpeakyfh(rl,:) = [i,i,i];
maxpeakafh(rl,;) =t ranspose(ymaxtab);
minpeakxfh(rl,:) = transpose(xmintab);
minpeakyfh(rl,:) = [i,ii];
minpeakafh(rl,:) = transpose(ymintab);
ri=ri+1,;
end
end
end
a=(1:1:realheight)’
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b=size(a);

c=zeros(b);

LH=[c a];

e=(1:1:reallength)’;

f=size(e);

g=zeros(f);

BOT=[e g];

TOP=[e (ones(length(e),1)*75)];
RH=[(ones(length(a),1)*50) a];
complied=[LH;BOT;TOP;RH];
figure,imshow(backcrop)

hold on

plot(maxpeakxfv, maxpeakyfv, *g' )
plot(minpeakxfv, minpeakyfv, *g' )
plot(maxpeakyfh, maxpeakxfh, )
plot(minpeakyfh, minpeakxfh, !
hold off
maxpeakxfh=maxpeakxfh*conversion;
maxpeakyfh=maxpeakyfh*conversion;
minpeakxfh=minpeakxfh*conversion;
minpeakyfh=minpeakyfh*conversion;
maxpeakyfv=maxpeakyfv*conversion;
maxpeakxfv=maxpeakxfv*conversion;
minpeakyfv=minpeakyfv*conversion;
minpeakxfv=minpeakxfv*conversion;
fln=[maxpeakxfv,maxpeakyfv(:,1)];
frh=[minpeakxfv, minpeakyfv(:,1)];
ft=[maxpeakyfh(:, 1), maxpeakxfh];
fb=[minpeakyfh(:,1), minpeakxfh];
faceone=[flh;frh;ft;fb];
figure,plot(faceone(:,1),faceone(:,2), )

set(gca, 'YDir' |, 'reverse' )

xlabel( X' )

ylabel( 'y' )

axis equal
flhav=[ones(length(maxpeakxfv),1)*mean(maxpeakxfv),maxpeakyfv(:,1)];
frhnav=[ones(length(minpeakxfv),1)*mean(minpeakxfv), minpeakyfv(:,1)];
ftav=[maxpeakyfh(:,1),ones(length(maxpeakxfh),1)*mean(maxpeakxfh)];
fbav=[minpeakyfh(:,1),ones(length(minpeakxfh),1)*mean(minpeakxfh)];
faceoneav=[flhav;frhav;ftav;fbav];

hold on
plot(faceoneav(:,1),faceoneav(:,2), o)
plot(complied(:,1),complied(:,2), ‘0" )

startpoint=flhav(:,1);
startpoint2=frhav(:,1);
%edge2=

end

e.Peakdet Peak d&ctionCode

function [maxtab, mintab]=peakdet(v, delta, x)

%PEAKDET Detect peaks in a vector
% [MAXTAB, MINTAB] = PEAKDET(V, DELTA) finds the local

% maxima and minima ("peaks") in the vec tor V.
% MAXTAB and MINTAB consists of two columns. Column 1
% contains indices in V, and column 2 the found values.

%

% With [MAXTAB, MINTAB] = PEAKDET(V, DELTA, X) the indices

% in MAXTAB and MINTAB are replaced with the corresponding
% X - values.

%
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% A point is considered a maximum peak if it has the maximal
% value, and was preceded (to the left) by a value lower by
% DELTA.

maxtab = [];
mintab = [];
v=v(); % Just in case this wasn't a proper vector

if nargin<3
x = (L:length(v))"

else
x =x();
if  length(v)~= length(x)
error(  'Input vectors v and x must have same length’ );
end
end

if  (length(delta(:)))>1

error(  'Input argument DELTA must be a scalar' );
end
if delta<=0

error( 'Input argument DELTA must be positive' );
end
mn = Inf; mx = - Inf;

mnpos = NaN; mxpos = NaN;
lookformax = 1;

for i=Ll:length(v)

this = v(i);
if  this > mx, mx = this; mxpos = x(i); end
if  this < mn, mn = this; mnpos = x(i); end

if lookformax
if this<mx -delta
maxtab = [maxtab ; mxpos mx];
mn = this; mnpos = x(i);
lookformax = 0;
end
else
if this > mn+delta
mintab = [mintab ; mnpos mn];
mx = this; mxpos = x(i);
lookformax = 1;
end
end
end

f. Squareass AssemblyCode

function [set] =
squareass( faceone,facetwo,surroundl,surround2,start,start2,start3,start4 );

%squareass reassembles data
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% Detailed explanation goes here
close all

disp ( 'enter true width in mm' );

width=input(  ‘'width=");

Length=input(  'length=");

profilef=[surround1(:,1) zeros(length(surround1),1) surroundl(:,2)];
profilerh=[ones(length(surround?2),1)*width surround2(;,1) surround2(:,2)];
profileb=[surround1 (:,1) ones(length(surroundl),1)*Length surround1(;,2)];
profilelh=[zeros(length(surround2),1)*0 surround2(:,1) surround2(:,2)];
frontface=[faceone(:,1) ones(length(faceone),1)*mean(start3) faceone(:,2)];
lefthand=[ones(length(facetwo),1)*mean(start) facetw o(:,1) facetwo(:,2)];
backface=[faceone(:,1) ones(length(faceone),1)*mean(start4) faceone(;,2)];
righthand=[ones(length(facetwo),1)*mean(start2) facetwo(:,1) facetwo(:,2)];
set=[profilef;profilerh;profileb;profilelh;frontface;lefthand;backface;righ

thand] ;

scatter3(set(:,1,:),set(:,2,:),set(:,3,:), A
set(gca, ‘'zdir ,'reverse’ )

axis equal

end
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Appendix [.REVETTI results

a. Curved feature line fitting results
i. Peak 1 curve fitting

FigureI-1: Curve fitting for peak Dbf circulate profile

ii. Peak 2 curve fitting

Figure1-2: Curve fitting for peak 2 of circulate profile
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b. Angled feature line fitting results
I. Peak 1 curve fitting

Figure |-3: Curve fitting for peak 1 of angled profile

ii. Peak 2 curve fitting

Figure I-4: Curve fitting for peak 1 of angled profile
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iii. Exponential curve extension for peak 1

Figure |-5: Exponential curvexdension from bedit curve fran peak 1

iv. Exponential curve extension for peak 2

Figure |-6: Exponential curve extension fromdbéit curve from peak 2
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Appendix J.Thermograms used in accuracy

and repeatability testasquareartifact
a.Run 1

Figure J-1: L - Horizontal edges, Rvertical edges for run 1

b. Run 2

Figure J-2: L - Horizontal edges, Rvertical edges for run 2
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c.Run 3

Figure J-3: L - Horizontal edges, Rvertical edges for run 3

d. Run 4

Figure J-4: L - Horizontal edges, Rvertical edges for run 4
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e.Run b5

Figure J-5: L - Horizontal edges, Rvertical edges for run 5
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Appendix K.Thermograms used In accuracy

andrepeatability teststl -shaped artifact
a.Run 1

FigureK-1: L - Vertical edges 1, CVertical edges 2, RHorizontal edgegor run 1

b. Run 2

Figure K-2: Vertical edges 1, CVertical edges 2, RHorizontal edges for run 2

c.Run 3

Figure K-3: Vertical edges 1, €Vertical edges 2, RHorizontal edges for run 3
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d.Run 4

Figure K-4: Vertical edges 1, CVertical edges 2, RHorizontal edges for run 4

e.Run 4

Figure K-5: Vertical edges 1, CVertical edges 2, RHorizontal edges for run 5
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Appendix L.Thermograms used in accuracy
and repeatability testesquareartifact with
A35

a.Run 1

Figure L-1: Horizontal edges, Rvertical edges for run 1
b. Run 2

Figure L-2: Horizontal edges, Rvertical edges for run 2
c.Run 3

Figure L-3: Horizontal edges, Rvertical edges for run 3
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d.Run 4

Figure L-4: Horizontal edges, Rvertical edges for run 4

e.Run 5

Figure L-5: Horizontal edges, Rvertical edges for run 5

310



