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SUMMARY

Methods to connecatmanufacturing machines, processes, and sensors have rapidly
developed through the fourth industrmalolution, known as Industry 4.0. Data collection is
now possible at every pointni a production process, providing exceptional analysis
opportunities to monitor and affect manufacturing operations. Digital manufacturing
technologies can be applied tongouter numeric control (CNC) manufacturing processes to
measure and improve componeguality. Various architectures have been propostiayage
machineconnection mechanisms and extract information in a logical manner. However, these
architectures ofte rely on proprietary software, restricting flexibility farture changes and
upgrales. Furthermore, additional capabilities are neededombine data clgdcted from
different sensing modalities and provide a methoohHitu geometric verification. A malti-
agent open architecture is proposed to collect, aealgpd communicate infomtion of
different formats and sampling charactersstio a strategic amner. This body of work
evaluates the strategic combination and synchronization of informatiomitdtiple sensing
modalities to improve the accuracy of it twin models. A voxemodelling methodology is
developed and investigated treate a digitakwin of the component being produced.

I nformation descri bing t herategiaalyndcombenédswithc ur r en
information from additional sensj modalities, improvinghe accuracy oi-situ digital twin

models by up to Z%. This researchesults in (1) a method to geometrically compare features

of in-situ components from multiple sengiimodalities against desired specifications, (2) a
multi-agent architecture to supgo efficient communication, storage, and use of this
information, resulhg in (3) feedback methodologies for commercial CNC systems tot affe

thein-situ manufacturing proess and correct geometric deviations.
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CHAPTER 1. INTRODUCTION AND BACKGROUND

The integration of digital manufacturing technologies with traditional
manufacturingsydems has enabled revolutionary advances nmanufacturing process
control. Digital manufacturing tealologies can be applied tmmputer numeric control
(CNC) manufacturing procssesto gain a better understanding of processingditions
When strategicajl leveraged, these technologies enable the creation of a digital twin, an
in-situ virtual represent#on of the manufactured component that allows for a coisgar
of accuracy betweenthe realized part and desired specificadiomhe goal of this
dissertabn is to evaluate combinations of process monitoring techniques, information
architectures, and press feedback methodologies to increasgéoenetricaccuacyand
processontrol d components fabricated witANC manufacturingsystemsThis project
is fundamentally different from previous investigations because it evaluates the
combination of multipt sensoinformation sourcet increase thaccuracy of diital twin
models, resuibg in feedback methodologies rfan-situ process and component

modificaions.

1.1 Introduction to Digital Manufacturing

The manufacturing industry hasperiencedeveral sigificant changes over the
past two centuriesThree primary industrial revolutions ca be seen, each focused on
mechaization, largescale production, and tmmation, respectiveljl]. The shift towards
connected manufacturing processeshwigedback methodspresentshe 4" Industrial
Revolution commonly referred to dsdustry 4.0[2]. This new paradigm of connected
machinesand processes enable teneration of tremendous amounts of data describing

manufacturingpperaions [3].



Industry 4.0technologies spama wide range of digital technologies lnding
sensors, data conunication mechanisms, storage capabilities, machine learning and
artificial intelligence algorithms and process feedback methodSmallfootprint
implementations an consst of monitoring mehine production status, whether the
madine is running or idleto calculate Overall Equipment Effectiveness (OEE) analytics
[4]. Theseimplementations areften used to monitor a single misskentical machine,
decreasig bottlenecks in the production lirleargefootprintimplementations eaconsst
of data streams from hundreds of machjmaxh sampling u 1kHz frequencyThese
implementatiors are often used in tr@ntinuous manufacturingdustry, such as pulp and
paper manufacturers, where mmatclesin roll speedbetween two papedryers are
detected, preventinthe sheefrom tearing. The combinationof digital communication
technologies with traditional manufacturing systems createdew classification of
eqgupment, termed CyberPhysical Systems (CPS), which depend on synergy of
compuational and physical componeffits standard operatiori§]. CPS frameworkkave
become integralotthe manufacturing indtry. Technologies developed in support of the
Industry 4.0 revolution hae endled significant opportunities to monitor manufacturing

processes.

1.2 Introduction to Hybrid Manu facturing

Hybrid manufacturing is the combination of adeitimanufacturing (AM) and
subtractive manufacturing (SM) capabilities within the same build ve@lTmogther, these
capabilities enabladdtive, subtractive, and inspection operations to be ihtargeably
used throughouthe build process a single malgine setupWhile hybridmanufacturing
technologies havexisted for two decadethey have onlyecenly found momentum in

commercial applicationfs].



Hybrid manufacturing technadies are often integrated into standard subtractive
CNC machining centers, commonly referred to adCCmachines.Machine tool
manufactures such as Mazak, Okymaad DMGMori have produed integrated systems
with a variety of material depositiand removatapabilitieg7-9]. These manufacturers
often include additive capabilitiedfsetas a parallel column next to standard subtractive
machining spindles, adisplayed inFigure 1 [8]. Other manufacturers such Bybrid
Manufacturing Technologies have developed depositietems thatan be retrofitted on
existing commercial CN@achinedy developing adtlve deposition heaglasremovable

tools placeccoaxially instandard gbtractive spindlegLQ].

\
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Figure 1: Subtractive Spindle (left) and Additive Head (right) [8].



While the results of thisesearch are applicable to acynmercial CNC system,
including standard subtractive systems as well as hybrid systems, this bedyko
leverages a Mazak V600A/5X AM HWD hybrid CNC mache Additive capabilities
are achieved with a lasdrotwire direcedenergy deposition (DED) sysnh, where
standard welding wire is melted and fused to substinabeigh a combination of resistive
and laseebasedthermalheating[11]. The inclusion of additional processing techniques
within standardubtractive systems has drivtse need for increased pesses monitoring
and feetback control capabilities. These efforts are assisted by numerous atifomm

streams produced by modern CNC manufacturing systems.

1.3 Sensing Modalities

Multiple sensingmoddities exist for CNC machinesThese modalities can be
categorized into two main cléfications based on the source of information, (1) machine
direct infomation, including any information that is generatalculated or measured by
the primary machineontroller and, (2external sesor information includingensors that
are retrofited on the CNC system and do not have any direct line of communicatia to

primacy machine controller.

Multiple protocolsexist for capturing machinglirect communicatin, including
MTConnect, OP&JA, and Haas Conne¢fl2-14]. These protocok provide information
such as current machine position, feed rate, spindle speednrachine stateSome
protocols such as MTConnet¢fines a coimon formatting standarfdr the information,
increasing flexibility over multiple system@®theis, such as OROA, do not includea

lexicon-based formatting standardecreasing interoperabilityebveen separate systems.



A third category includes machimeonitoring protocols suchs Haas Connect that only
allow a user to viewmachine usage analyticwith little opportunity for further

development.

External sensing modalitiedten consist of retrafsensors added by theaghine
tool user Most implementabns are driven by the geific need of the manufacturing
processCommon externasensing modaiies include thermocouples and thermal infrared

imaging systemsgccelerometers, acoustic systenmsl @nvironmental sensars

1.4 Technological Deficiencies

Metrics of component verificetn andstatistical process contrateintegral to any
manufacturing prcess. However, these methods are often evaluated in aggregate,
abstrated away fronvariationsof an individual unit with Skwart control chartgl5]. The
integration of CPS withmanufacturingproduction ines enablepportunitiesto include
digital verification methods for evy single part that is produced.The capability to
leveragein-situ certification methods enablesiéreased assurance of part quality and
authenticity for misiontcritical componentssuch as high pressure turbine bladdsere a

single failure is catagiphic

1.4.1 Component Certification

The needor and benefits oEomponentertification can be most edgiobserved
in hybrid manufacturingWhile subtractive maching is a wellunderstod and controlled
process, the inclusion of additive technologresybrid manufacturing creates a new set

of process parameters, techniques, patentid defectsthat musg be investigated and



controlled. In an additive manufacing regime, geometric agcacy continues to be an
active research area to mitigate effects sigchweerbuilding, underbuilding, and thermal
distortion. When subtractive capab#isi are includedhese problems are exacerbated as
error accumulateacross dferent processing segmts. Recent advancements in digital
manufacturing technologies and dajitwin modelling may enable greater monitoring
capabilities to detect and mitigathesegeometricerrors. While methods of geometric
verification and processnprovement are necesgao the success and industry adoption
of hybrid systems, implicationsf dhese technologies includmechanisms for cyber

security and verification of aocmp o n e n t i@ @briatioh. h e n t

1.4.2 Process Monitoring Information

The informaiton produced as part di¢ machine monitoring technologies is often
underutilized or unused abgether due to a variety of factors. Significant infrastructure
such as informatioarchitectures,anmunication mechanisms, and storage capabilities are
needéd to apply this informatin and make actionable changes in the production line.
Additionally, significant technological deficiencies exist withing the process monitoring
capabilites. The MTConnecprotocol is one of the most used machine monitoring
techndogies in the machininghdustry. However, it was primarily designed to provide
manufacturing sugrvisors with operational efficiency metrics such as Overall Equipment

Effectiveness (OEE) and maahé operational time logs.

Recent versions of the MTConngebtocol have includeddditional machine state
information such as current machine positionedferate, and spindle speed. This
information can be applied to digital twin moahgjimethods to foa digital representation

of the fabricated component.



Subtactive CNC machines tygally update the MTConnect informati@n rates
between2 Hz and 10 Hz Given a standarcomponentprocessed with subtractive
machining at a rate of 1000m/min, and MTConect information update rate of 2 Hz, the
minimum distance &tween recorded points i8.3mm. With common dimensional
tolerances of 0.127mm (0.005 in) on stard manufacturing componentsgditional
information is needed to verify the acaay of fabricatecomponents from digital twin
modelling methodsMinimum recorded distanceombinatons of refresh rates and feed

rates are displayed ifablel.

Table 1: Minimum RecordedDistance for MTConnect Sample Rates

Travel Time 9.0s 9.0s 9.0s
Datapoints 18 pts. 27 pts. 45 pts.
Minimum Distance 8.3 mm 5.5 mm 3.3 mm

1.4.3 AdvancedProcess Control

Subtractive mehining has been heaviipwvestigated over the past century and
underlying scientific principleare weltknown[16]. Common areas of reseaticithe field
of subtractive processing parameters are cutting parasmglepth of cut, feed rate, and
spindle speed), tool stability, and surface fifisi. However, process parameters for the
addtive manufacturing are not well understopt8]. While additive manufacturg
enables the productioof complex geometries that are unobtainable by traditional
manufactumg technologies, significant work remains to identify reliable processing
parameters for an arbitsarcombination of geometry and teaal. Feldhausen
demonstated that no one set ofgressing parameters is sufficient for all geomefi&k

Additionally, previous work has demonstrated thatisatocessing parameters may not



be suitable for some geometries due to thermal overhd@thgGeometric inaataracies
are further exacerbated when additive and subtractive processes are interchangeably used

asenabled by hybrid CNC machines.

1.5 Summary

This research inwigates thee technologés b improve process monitorirgnd

part certification

(1) A method togeometrically compare features iafsitu components from the

combination of multiple sensing modads againstiesired specificains

(2) A multi-agent arhitecture to support effient communication, storage, and use

of manufacturingnformation, resliing in;

(3) Feedback methodologies for commercial CNC systems to affech-gitu

manufacturingprocess and correct geometrividgions

These technologgeare developed and intigmted with hybridmanufacturing;
however,they are applicable to anyNT manufacturing proces3hese contributions
further enable industry adoption of hybrid manufactgriechnology, and verificatioof

component accuracy thrgh digital twin modellingechniques.



CHAPTER 2. PROJECT DESCRIPTION

This chapter outlines the bodymsearch conducted &mlvance thenderstanding
andapgicationsof digital monitoring technologiesith feedback methodologiésr CNC
manufacturingystemsThis project is differenthan previous research because it evaluates
the combination of multiplesensor modality techniques facreasethe geometric
understandig of thefabricated componen-situ, resulting infeedback action® affect
the processedor a more desirable outene with commercialy available CNC
manufacturing systemslt is hypotheized that the strategic combination and
synchronizationof information from multiple sensing modidis can be leveraged to
improve the accuracy ah-situ digital twins, resultingin a smaller measure of error
between the fabricatecbomponentandintended specificationsThis error in turn can be
mitigated by thedevelopment of closeldop control mdiodologies to affect the
manufacturing proces$his reseath is conducted with hylt manufacturing operations,
where additive, subtractive, and inspectmapabilities can be used interchangeably to
affect the compaent. This body of work will result irmethodologiedor in-situ process
monitoring, information eommunicatiorarchitecturs, andclosedloop control operations

for reliable, efficient, and corsientCNC manufacturingoperations

2.1 Introduction

This projet consists of three phases for theduationand developmerdf digital
process monitoring anéédback systemBach phae of research busdipon the previous
phase, leveraging subsequent atbes to culminate in process control feedback

mechanisms fomproved geometric component fabricati



Phase levaluatescombination and synchronization efformation from multiple
sensing modalitie® improve the accuracy of digital twin modelsifsitu components
This body of workinvestigates the accuracy the digital representation of tha-situ
componentgreated from the combination of informatifsom multiple digital ad physical

sourcesgnabling anumericalcomparisomrmechanisnto desirel specifications.

Phase Il investigates information architees required to support operations
developed in Phase I. This body of wogkplores multiagentopen architectures needed
to capture, communicate, and store informatfoom multiple sensing mdalities.
Additionally, this body of workevaluates compression mechanisms for sensing modality

informationin coordination with architecture size and digftadtprint.

Phase lllinvestigates methods gfocesseedbackcontrol for commercialCNC
manufaturing systems. Amachineagnostic feedlzk framework is developed and
evaluatedfor three levels ofeedback controleach focused on a different timescale of
operational processes$hree distinct applicationsf closedloop controlareimplemented

and denonstrated.

This dissertation results anframework foprocess monitoring and evaluation, an
information communication architectut@ support monitoring ahevaluation operations
and feedbackmethods for closetbop control of CNC manufacturing procegs on
commercially available equipmernithis research is conducted with hybrid manufacturing
proceses due to process monitoring information availability, twedneed for improved

geometric controlthrough dynamic processing conditiongth hybrid operabns. The
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results of this worlkncreasdabrication accuracy and process control of commercial CNC

machines

2.2 Phase Ii Data Synchronization for Geometric Accuacy

2.2.1 Summary

Previous resarch has demonstrated that components fabricated with hybrid
manufactumg often experience significant geometric deviations from engineered
specificationg19]. These deviations can be detrimentdiutnire additve and subtractive
processing operationparticularly wherfabricatinglargescalecomponentsUnderbuilt
structures do not providbe expected foundatidior deposition of future geometries. In
the subtractivgart of the hybrid processverbuit strudures result in machining passes
that ae deeper than exped decreamg tool life (if not breaking the tool entirely).
Deviations between engineered dpeation and realized components can be detected in
process through a variety of sensing modalitiess hypothesized that the strategic
combination and syhronization of sensing odalities results ina more accurate
understanding of thim-situ comporent, resulting in a comparison between intended and

realized geometryT his numerical comparison drias future corrective actions.

Experiments with four straegically chosengeometres will be performed to
determine the capabilities and limitations ofted#ing the accuracy of the desired
componentthrough in-situ voxel modelling techniquesinformation from the initial
programmed &ode insructions, MTConnetgprocesslata, andn-situ probing datawill be
used to form a digital model of the experimeabgnetryusing voxel methodd he resulting
geometrieswill be compared for accuracy agairsgecified dimensions Finally, exsitu

measurements wetakento provide agroundtruth comparison.

11



2.2.2 Experiment 1.1SubtractiveNIST Geometry

Experiment 1.1 consts of thesubtractivefabrication and digital detection of an
AM test aticle developed by the Nanhal Institute of Standardsid Technology (NIST)
[21]. This article isdesigned to test thdimensional accuracy of features thag difficult
to manufaatre with AM methods. For this experiment, a subset of feaanesxtrected

and placed on round substratésplayed irFigure2.

30 mm

Figure 2: NIST Subtractive Test Geometry

NIST dlows for uniform scalingof the geometry to a size appropriate for the
machine in questiof21]. These featurearescaled appropriately andanufactured with

subtractiv methods only (additive and hybrid features are evaluatexbieriment 1.2.)

2.2.3 Experiment 1.2Additive and HybridNIST Geometry

Experiment 1.Zonsists of th hybrid fabrication of gometrysourcesfrom the
NIST test articlein Experiment 1.1 The sele@d geometry is scaled appropriately for

additive methods and placed on round substdasplayed irFigure3.

12



30 mm

Figure 3: NIST Addit ive and Hybrid Test Geometry

This scale is differerftom Experiment 1.1due tobeadgeometry constraintwo
identical components W be manufactured for this experimen€omponent A was
fabricatedsolelywith additivemethodsComponehB will bemanufctured with additive
methods before subtractive machining to final disiens.ComponenB is designed to be
overbuilt by 2mm on every planar face, then machined to éimaénsions enabling an
investigation to detect evbuild dructures Additive proces parametersvill be held

constant through thesxperiments

2.2.4 Experimet 13: Organic SurfaceGeometry

Experiment 1.3 consists of thg/brid fabrication of a raised organsurface of

varying curvatureslThe organicsurfacegeomery is displayed irFigure4.
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30 mm

Figure 4: Organic Surface TestGeometry

This test article is designed to test the inspection and accuracy meth8@snonplanar
features, as is common with tooling moldedadies. Due to inherentvorkspace
discretization ovoxelized modelling techniques, this geonjas intended to investaje
the accuracy of voxel modelling methods as the geometry continuowstgehin each
coordinate axisThis test article was strageally designed to havearious points of

curvature, ranging from perfectly horizontal to pettiegertical.

2.2.5 Experiment 4: 1ISO-1079%7 Standard Geometry

Experiment 14 consists of the fabrit@n and digital detection ofeometic
featuresdefinal aspart of thelSO-107917 standard for machine precision and accuracy
[22]. Thistest articlecontains a g&es of circle, diamond, and square featedsbreviated
as CDS geomeyj that indicate a measuretbie CNC machining qui pment 6s capa

to fabricate components witperpendicularity concentricity and flathess Geometric
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Dimensioningand Toleranc€dGD&T) specificationg23]. The geometry iglisplayedin

Figureb.

Figure 5: ISO-1079%7 Standard Machine Precison (CDS) Test Geometny|22].

This component was strategically chosen to providevaluation of accurgcfor
the methods by which othegeometriesare inspectedin this experimentThe CDS
geometry will befabricated on the Mazak hybridstgm.GD&T specificationsas defined
in the 1SG107917 standard will be evaluated on a Zeissypsb CMM to provide a
ground truth reference.RE componenwill be inspected with &enishawRMP-60 radio
transmission inspectigorobing system on a Haas \BRo provide an measurd accuracy

of the inspection methods used as part of this res¢24ch5].
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2.3 Phase IlIT Multi -Agent Open Architectures

2.3.1 Summay

The second phase of this dissertation explores the underlying inimnmat
architectures needdo support thefficientcapture, communication, storagad analysis
of manufacturing data produced in Ph&sA necessary componeaf this research is an
evaluation of the bandwidth, computational time, and digital storagpriobneeded to
govern manufacturing data tavarious scalesFurthermore, various communication
ardhitectures are needed to send information both to and fileexmanufacturing system.
The development of twavay dynamic communication mechanisms is esseatiay the

foundationfor more advances control scheneegluated in Phase Il

2.3.2 Experiment 2.1: Mlti-Agent Architectures

Experiment2.1 investigatesnd deelopsmulti-agent openrahitectures for twe
way information communication of manufacturing pss data. This experimiests the
capabilities of control units at different levels within thelti-agentarchitecture to anahg
current machine operationgroviding the groundwok for feedback of machine

instructions

Over the past decade, numeroakisons have beeproposed to capture and store
data from vast numbers of sour¢26-29]. This presents a range of options for an-asdr
where advantages and didvantages are not immediately cle&he dgital storage

footprint is an inherent problem in anyfenmation architecture. Dynamic compression
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mechanisms arexplored and evaluated rfonanufacturing data produced as part of

standard hybrid operations, astlined in Phasé

2.3.3 Experiment 2.2: Information @npression Methods

Experiment 2 evaluates theampression algorithms fatifferent classifications
and conbinations of hybrid manatturing data. Hybrid manufacturing daieoducedn
Phase | is categaed based on the number of axes used and the fyppeoation
(subtractive, additive, or hybridfwo formatting and storage methods are used with five
compression algorithms to detamine the most efficient methods with respect to

compression ratio and sgression time.

The results & Experiment 2.1 and Experiment fovide (1) a understanding of
the design choices in implementing mudtyent architectusefor dynamic tweway
commurication of manufacturing information, and (2) a methodology to deterthime

most efficient informatioompression algorithm for arbitrary manufacturing data.

2.4 Phase lllT Feedback Methods forAdaptive Processing

2.4.1 Summary

Previousresearch has shown thaterial property benefits when advanced control
capabilities are used iadditive manufacturingnd demastrated the need for dynamic
processing capabilitigf®r increasedyeometric control irhybrid manufacturing19, 30].
However, necessarmgonitoring, analysis, an@sulting feedback methods are not typically
includedin commerciahybrid manufacturing sysms.Phase llidevelopshree levels of

feedback methods that enablenttoring and analysis results of Phase | and Phase Il to be
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utilized in-situ with the current compant. This phase explores methods that enable
feedback capalities for commerciallyavailable hybridmanufaturing systemsThree

levels of feedback amxporedand developed for different operational timescales.

2.4.2 Experimens 3.1-3.3: Feedback Control Mkbds

Three experiments using the feedback methodologpeafermedto evaluate the
feedback methodolog¥Experiment 3.lenables dynamic dwell conditionstiviadditive
operations in hybrid manufacturingexperiment 3.2evaluates operations on multiple
components within the same build champbecreasing operatiohafficiency. Experiment
3.3 explores subtractivenachining stability determination witleedbackmethods.This
experimentresults in a stability map describing stable and unstable regions widd var
cutting parameters. In summaRhase lllexplores, deglops, and implements fedeack
methods on thredistinct timescales to enable advanced controlcofmmercial CNC
manufacturing systemghis technology is applied to hybrid manufacturing process to
enable the production of more accurate coneptsm with cotrol schemesthat are

otherwise impossible with the current capabilities of CNC manufacturingregs

2.5 Conclusion

This dissertatiorwill result in the following contributions:

(1) A method to nenitor CNC manufacturing operations-situ, resulting in voxe

based digital twin modiéng methods for geometric comparison
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(20 A method to epture, govern,and efficiently store the manufacturing
information with a multi-agent open architectutie supportof digital twin

modelling and analysis methodsd distriluted feedback control cabilities

(3 A method for discretein-situ feedback controko updateinstructions on
commercial CNC machinespabling dynamiprocessing condition® correct

geometr¢ devidions

These methods will benvestigated, develope@nd demonstratedn a lybrid
manufacturing systemA series ofstrategic experimentare perfomed to investigate
specific aspectsf the additive and subtractive proceBRis project will resulin methods

to measure and control unintended effectsiwitommercialCNC manufaturing systems.
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CHAPTER 3. PHASE |'T DATA SYNCHRONIZATION FOR

GEOMETRIC ACCURACY

Components fabricated through hybmanufacturing processes, the combination
of additive and subtrdive processes within the same build chamber, often exmperi
significant geometd deviations from engineered specificaidd9]. However, [ybrid
CNC manufacturingcenters(hybrid systems)prodiwce multiple streams of information
describing the machi ned shroughoh thee manutacuringo n s
processThis information can be used treate a digital represtation of he fabricated
component, known a sThisbody dfesgarctevaluatethestrategyic mo d e |
combination and synchronization afformation from mutiple sensing modalitie$o
improve the accuracy dligital twin modek. A voxel mocelling methodology isleveloped
and investigate to create a digitaiwin of the component being producddformation
describing the macslisismatgitaly combinad evithtforrogtiomr at i o r
from additional sensing adalities toincreasethe accuracy of then-situ digital twin
model. This work results in a meitth to geometrically compare feataref in-situ
componentsagainstdesired specificationfResearcttonducted as part of Phase Il and
Phase Il builds on thibody of work to supportie communicationstorage and use of
this information, resulting in fedack methodologies to affect thgbinid manufacturing

processn-situ and correct geometric deviafis.
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3.1 Introduction

This chapter evaluates methods to lagermanufacturingdata from hybrid
systemdor creation of a digitatwin modelof thein-situ fabricated componentybrid
systems produce multiple streams of information from different sensingalities
throughout the manufacturing proceshis informdion is generated by faates builtin
to standarccommerciakubtractiveCNC systemsgthe foundéon on which hybrid system
are built)as well as externauxiliary sensos that are installed bthe user. Combined, this
information can be used to createligitaltwin model of he part currently in production.
Thischapter developed methods by whioloxel digital model carbe createthrough the
combination ofmultiple sensing modalities, andetlaccuracyof the digital model when

compared with desiref@ature specifications.

3.2 Literature Review

3.2.1 Hybrid Manufacturing

While hybrid manufacturing hasistedfor over two decadethe capability to both
deposit and remove material in commercial systeassonly recently gained traction in
the commercial spacdhe first tybrid machineswere typically created fromstandard
subtractive CNC machinkaseswith the customretrofit of addtive capabilities. These
include metainter gas (MIG) welders mountetb standard tool holding, polymer
deposition heads fixed ta spindle housing, andderbased directed energy deposition
(DED) attachments motion control stgms [31-33]. Commercial machine tool
manufacturerssuch asMazak, Okuna, and DMGMori have more recentlyproduced

integrated systemby including additive technologes with existing subtractive CNC
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frames to enable control of hybrid fabrication techniqwéhin a single systeni7-9].
Although tis integration is a necessary stephe path to industry adoption of hybrid

technologiessignificant probéms in processontrol remain.

With the inclusion of additive manufacturing technigue traditional subtractive
machining centres, hybrid manufacturing enables the production of eorgpbmetries
that were previously unavailable with a seghachineestup[34]. However, a fundamerita
assumption in the operational paradigm of standard sivieanachnes is the régnce on
highly accurate modelling techniques to produce cutting tdwpaComputeAided
Manufacturing ( CAM) progr ams such as
HyperMILL, responsible for generating subtractive tool paths fecigion mahining,
often rely on lowtolerance models of the machine, work holding, initial Ist@nd in
process component to appropriately select cutting paranid&36]. Thesemodels also
inform collision checking algorithms to predamintended contact beégn the tool and
workpiece. Errors between CAD models and reality arenodlisastrous to an optimized
production line. At best, subtractive tools can be brokenprodessvhile at worst, the
machine can crash into the stock orrkmece resulting in colst damage and machine
downtime. Therefore, it is imperative that geontemodels are accurate within well

defined tolerances.

3.2.2 GeometricEffects inHybrid Manufactuing

Additive manufacturing methods anetorious for producing genetries that are
not within desired geometric specificatior@omponents produced by Powder Bedion

(PBF) and Directed Energy Deposition (DED) often experi¢patireghat are overbuil

22

Aut



(exceeding the specified dimensions) or underbuilt (not readtiegpecified dimensions
Different processes result in geometric errors of different ordeaghitude Additionally,
components manufactured with additive methods are often subjeartoathdstortion
both during fabrication and while cooling, immatily following fabricatn, displayed in
Figure6[19]. Thermal stresses created by the hybrid manufacturingdesredocumented
and are a furmmental technical challenges to the successful adoption of hybed as

industry standard fabrication procg33].

Figure 6: Distortion of HexagonGeometry with Hybrid Manufacturing [19].

3.2.3 Digital Twin Research

Digital twin modelling efforts aim tocreate a virtual representation of the

manufacturing equipent processes, and fatated componentai et. al.defines a
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di gi t al virtvali machie stoolsii of physical machines for cykarysical
manufacturing by usingensory data and informatifusion integration technique$38].
These methods have been @bl to several different continuous and discrete

manufacturing techniques.

Simple implemerdtions d digital twin modelling rely on the input of a few select
sourcedor openloop morntoring solutions This is common ircontinuousmanufacturing
environmens such as liquid chemical and pulp & pap®tustrieswhere highvolume
processes must b@minuotsly adjustedIn these processes, only future product can b
controlled- the curreh material cannot be adjusted to correct for previous operations.
Howeva, the results of information collected to monitor the procesdearsed to grade

the material quéy, enabling more efficiensorting anccosting models.

More advancedligital twin models are often the result of the combination of
informationfrom physical processes and computational simulations. DebRoy provides an
outiine of this frameworkwhile justifying the need for digital twin modelling purely
addtive systemgo predictfinal microstructureproperties of the materifB9]. Knapp et.
al . expands Dby intBooatingtempearadre ane \elocity information from
both experimental measurements and potational simulations for DED systerfé0].

This digital twin is usé to provide the CAM programmer with a more accurate cooling

rate andemperature gradient prediatidor the fabricated geometry.

3.2.4 VoxelModelResearch

Significant research has beeonducted with voxebased modelling techniques.

Similar toa pixel repreenting a discrete-@mensional area with a singtelor,a voxel is
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the 3dimensional expansion #odiscretecube of volumeRecent CAM softwarsuch as
ScuptPrint has been develed to model solid objects witlvoxels, enabling the
repregntation of fatures and geometrical aberrations that are not easily modelled with
traditional parametricCAD techiques[41]]. Lynn et. al. demostrated the use of voxel
models for subtractive machining/ beveraging graphics pcessing units to enhance

computation timg42, 43].

Voxel-based modelling also providean interesting techniqudor hybrid
manufacturing due to ease of volume representation forampadditive and subtractive
tasks. CommorCAM si mul ati ons such as thlpyene i n
parametric modalhg techniquego display a prediatin of in-process componén Hybrid
manufacturing with DEEbased additive techniques providesfallt challenge to CAD
modelling due to the highly varied nature of the deposited geonfeésen research
investigatig DED processing parameters find thlae geometry of deposid material is
variable with regard tthe underlying CAD shapéedstak distributions andprocessing
parameterf20, 44]. Unlike in a puely subtractive regimeshere removed ntarial is often
consistent and of normal geometry, deposited material is highly variable. Thithisr fu
complicated by random effects, often leading the gedoal defects that amifficult to

predict.

Voxel modelling offers a solution to model somfetlzese features and ndaeal
effects without significant changes to the underlying modelling fwaore Since a voxel
basedmodelling systemrelies on determing if a discrete poinbf volume is filled or

unfilled the representation of these featuraaase easily achieved.
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3.3 Sources of Data

Numerous sources of information exist from which operatmma CNC machine
can be monitored. These information sosraee often a combinatiaf functionality buit
into the madhirree,t 46 Mdaliamgdensorstidathave been added
to the system by end s e exst ,e rn a | i nf om eranplescohniachirdCeztm mo
information sources includeITConnect, OP&JA, and HaasConnect[12-14]. Probing
and inspection capabilitieare also considered rtanedirectinformation sources since
they are usually iegrated with and acceskalthrough the machine controllétxamples
of common external informatth sources are thermal cangefar temperature information
environmental sensossich as humidity masuremiets and feedstock monitoring systems.
Informationsources uskin this body of work are described below. Howeveypporting
architecture method® tcapture, communicate, and store produced al&alescribed in

Chapter 4.

3.3.1 G-codeMachine Instrudbns

G-code is the industrgtandard method for providingput instructions to CNC
machineq45]. G-codeis a textbased interpretation language that provides a linear set of
instructiondor the machin¢o follow. Advanced implementations ofapde allow for low
level programming suchsalogic and conditional operations, however, thest used
functionality is limited to position and speed information. A sampledesnippetwith

commenéd commands is slwn inFigure?.
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Y-axis:’

(3,12) (8,12)
(1,10)¢ -0
- (1,3) (8,3)
(0,0) X-axi;
N1 GO X1.0Y3.0 Setup move, Rapid motion

N2 G1X1.0Y10.0F100.0 Linear move, Feed = 100 mm/min
N3 G2X3.0Y12.012.0J0.0 CW circle, Feed = 100 mm/min
N4 G1X8.0Y12.0 F50.0 Linear move, Feed = 50 mm/min
N5 G1X8.0Y3.0 Linear move, Feed = 50 mm/min
N6 G1X1.0Y3.0 Linear move, Feed = 50 mm/min

Figure 7: G-Code Example with Motion and FeedComments

However, Gcode is not a completrecord of the motion required to fabricate a part.
G-code only describes the beginning and enchigodf each linear or arc segment. It is
assumed that the N&C machine controller ietpolates between these two points to
generation motion paths. The exacterpolation, and therefore the accuracy of the final
component, is not defined by thed@de. Addtional information is needed to generate a

Voxelized digitl twin to represent acalioperation within the CNC manufactugisystem.

3.3.2 MTConnectProcess Data

I nf ormati on about the machi neidcollecegper at i
through the MConnect protocol . The MTCoaemangicc t pro
vocabulary for maufacturing equipment to provide structured, contextualized data with

nopr opr i et HZ.yMTConrrectvariobdessuch as macheposition, tool number,
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and feed rateverecollected for his research. A completkescription for data acquisition,

communication, and storage methodm@uded in Chapter 4.

3.3.3 Renishaw Inspection Data

Geometric inspection data was colEttwith a Renshaw RMP60 onboard
probing system. This system uses {fmace contact methods to téet and measure the
relative position between a geometric feature gme-defined origin. Resulting inspection
data can be made available to the machimérobler, accssible via MTConnect, or stored
locally in a text file.A complete description foraia acquisition, communication, and

storage methods is includedChaper 4.

3.4 Methodology

3.4.1 Summary

Each of the experiment geometriesrefabricated on a Mazak V600A/5X AM
HWD laserhotwire hybrid CNC machining centek.digital voxel modelrepresentinghe
outcome of the manufacturing operation was crefited process infoanation A method
to computediscrete voxk models of solid geomt&y was developedFor subtractive
methods, toogeometrywasme asur ed wi t h -bbalddengthamd dianme®wrd s o n
inspection capabilitied-or additive methods, standard bead geometryassismed from

previous researcii9].

MTConnect information washe primary source of informationsed tomodel
actual nachine actions and opstions However, modelscreated from MTConnect

informationaloneare limited in fieklity due to information shortcomings. Information from
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other sensing naalities such as omachine probing systemsgereused toincreasehe
accuracy of these model€diper measurements of key features was used to provide
grownd-truth measurements. Adionally, alaser line scanner was used to provide ground

truth measwementsof complex geometries

For methodology desiptions matrix operationsand dataframe operatis are
jointly used. Matrix math is used to describe thederlying mathematical fictions for
voxel model creationdisplayed with standarthear algebraquations However, as this
process was implemerd in Pythonusing a variety of numerical procestataframe

operations aresedto implementhe computatiomal process

3.4.2 Experiment @ometry

Four test geometries were selected for fabrication in thisndsda@ach geometry
wasdesigned to produce a repeatative dataset utilizing different machine dalitzes.
One geometry was produced witimly subtractive rethods, providing aontmol for
standardsubtractiveCNC machines. The remaining three modelsemaroduced with
various combinations of additivena subtractive processes, utilizing the full scae

fabricationcapabilities included in aybrid system

3.4.2.1 SubtractiveNIST Geometry

The National Institute for Standards and Technology (Nfib)ished a additive
test piece intended to serve as a uniform comparison for additive processes for resolutio
stepover, dimensional accuracy, and overh§®gjs The original NISTadditive test piece

is displayed irFigure8A. The NIST aldtive sample geometry was modified for use as a
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test piece for subtraet and wirebased hybrid operations. The modified subtradtii&T
geometry is displayed irigure8B, and a diagram with dimensiongshtures is displayed

in Figure9.

Figure 8: (A) NIST Additive TestArticle (B) Subtractive NIST Geometry
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Figure 9: NIST Subtractive Geometry Engineering Diagram [units: mm]

This diagrampresented irFigure 9 provides supplemental calltsufor speiic
features that will be the focus of measurement for this experiment. Feaiuewill be
moddled and measureftom MTConnect datalncreases in accuraavill be measured
form the addition ofinspection probe data. Feature dimensions tafetancesfor the

subtractive NIST geometigre displayed ifable2.

Table 2: Subtractive NIST Geometry Feature Dimengons

Dimension (mm) Tolerance (mm)
Feature 1 17.5 0.1
Feature 2 25.0 0.1
Feature 3 17.5 0.1
Feature 4 5.0 0.1
Feature 5 37.5 0.1
Feature 6 5.0 0.1
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Common tolerance bands for standl precision CNC subtractive parts range from
+0.127 mm(0.005 in) to £0.0254 mm (001 in). Highprecision part tolerances can fall
below £12.7um (0.000m), while ultraprecision CNC components may require tolerances
smaller than 5 um (less than 0.000%2 For this experiment, a tolerance band of £0.1 mm

(0.004 in) was chosen as ad¥point for common components.

It is hypothesized that theseof MTConrect data anaddition ofinspection data
will increase the accuracy of the digital modkdcreasingieometricerror when compared

with ground truthmeasurerans.

3.4.2.2 Additive andHybrid NIST Geometry

The stepped feature didstandardNIST additive tesarticle was segmented and
scaled for a size appropriate the Mazak VC500A/5X AM HWD hybrid machinend
placed ori52mm round stock21]. A CAD model and dimensioned drawiarge presented
in Figurel0. This geometry was selected tiest the digital modelling process against 2.5

Axis components as thedire can be fabricated in incrementdbyers.
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Figure 10: Additive and Hybrid NIST Geometry Specifications [units: mm]

Two versians of this geometry weréabricated under different conditions to
evaluate accuracy of digital xel modelling methodd he first version was produced with
only additive methods. Theecondversionwas additively manufactured with a 2 mm
overbuild o everyplanar face. The resuliy preform was machined to the original

featur eds st aithdhe sathe tdol patlk as :iExperimenis.

3.4.2.3 Organic Surface Geometry

The four previous geometries medesigned to test voxel models created for 2.5
axis toolm@ths Full 3-axis toolpahs are commonly used for complex geometry fabrications.
A fifth componers was designed to evaluate the accuracy of voxel models created for

organic surfaces. This experintegeometry was designed wighcontinuously changin
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curvaure in two dimensionsmoothly transitioning from perfectly horizont@ngentsat

the edges othe part to perfectly vertical tangenits one location.The geometry is

presented inFigurell.
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3.4.2.4 1S0O-107917 Geometry
The final experiment geortrg was designed to match standards set forth by the
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measurement3.he geometry is presentedFigure12.
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Figure 11: Organic 3-Axis Experiment Geometry[units: mm]

ISO-1079%:7 machining precision specification3his experiment was designed to

determine the accuracy pfobing measurements wheampared against certified CMM
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Figure 12 1ISO-107917 Machine Precision Geometry[units: mm]

3.4.3 Voxel Model Creation

To createa voxel nodel, informatim about the initial stock size and additive
subtractive operations must known. If a subtractive operation is being modelled, the tool
diameter and length must be knowhthe model is representing an additive operation,
bead gemetry mwst be known. Forthe following process, we assume subtractive
operations. Additive opetians will be a modification to the initial framework used for

subtractive operations.

Two primary pieces of information are use create the stock modethe
ma ¢ h i XiY£ @ositionand activetool number. The XYZ position is split inthe first

threecolumns ofan N x 4matrix, where N is the number of position points, displayed in
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Equationl. Tool numberis stored in the fourth columfhis information carbe provided

from multiple sources, as described in Sectioni3i¥ormation Sources.

. (D) (D) ) Y
0 o@&@mp B W¢ VI WTY @D
é é é é

The maximum and minimum positisnof the Xaxis are computed from the
columns of thenatrix, shown in Equation 2 and Equatiarsanilar equations are used for

theY-axisand Zaxis.

W 0 QY 2

AN A

A 0 W R (3)

These boundaries are used to create a digital stdek.digital stock is always
represented as rectanguldimensions regardéss of atual stock used in the physical
processHowever, the rectangulatigital stock always encapsulates tpBysical stock
through this methodologyhe digital stock model is used to create associated dataframes

to store this information.

After stockdimensons have been determined, the resulting shape is used to create
three dataframesf matching shapéo store the voxel informatioriThe first two data
frameshold indices for the Xaxis and ¥axis positions of one -Fevel slice of the voxel
stock. As the sbck modelrepresents a finite series of discrete volume locations, a
resolution factor must be cken. The standard resolution used is 0.05mm (slightly under

0.002 in.) This resolution provides a compromise between computation time and
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dimensionatesoluton. The X-axisand¥a xi s i ndex datafr ames
meshgrid functionThe numbeof points Xinda and Ying, is compute from the resolution

factor,Res,shown inEquation4 and Equation.5

p

. . . ]
» A » Y 4
o .‘ o P
Z
) ) W YO (5)

The index values for the X and Y axes are used to gersraeandex matrices,

® and® , corresponding tahe discrete X and Y positions of each voxel, shown in

Equation6 and Equation.7

mE Q

A mE Q (6)
mE Q
T 1T T

® € é € 7)
Ko RN oRNe!

While the XY stock limits are generated from analysis of MTConneclYX and
Z- axis limits, the user must specify the number of layers to consider in-aes 40 ,

similar to the choice of resolution in the 2nd Y- axes displayed in Eqation 8

6 o o Tz ®)
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The underlying voxemodel is based on a Boolean masking operation, where a 2D
matrix of the same shape as the rectangular stock records True for filled voxels and False
for empty voxelsThis can beexpanded to a 3D matnixhere planar indices havéth the
same dimensionssahe X and Y-indexmatrices andadding a third dimension of length
k for the Zlayers The matrix is uniformly filledwith Boolean valuesdisplayed in

Equation8. This is referred to as the mask datafraine

Yi O 6YT 6°Q
0 é & & (9)
Yi 6¥T 6Yi 6°Q
In subtractive operations, the dataframe is initialized wii o @lues,
representing solid volume at eadiscrete voxellocation. This is accorplished with
PythonNu mpy 6s f ul | me t h avih,Booeaneaiabiesrofjoneavaliee s h g r i
additive operations, the dataframe is initialized wilw & val@s, indicating that there is
not volume at those locations. Volume will be seletfiveemoved or added in the

following stepsto model the madhn e 6 s 0 A eisualization fstheworkspace

digitization method is displayed Figure13.
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Figure 13: Workspace Digitization for Voxel Model

Throughout this processie assume the stock is of uniform shape and does not
change throughout differentldyers. Therefore, the same indeatrix can beused for all
Z-layers. Once the digital voxel model is creatsdptractive and additive opei@ts can
be applied to model the fabricated componé&hibtractive operati@requireknowing the
tool diameter. Common tools can be represented by a cirdiarokter Dand center (¥
Yo) as shown in Equatiof0. While other tools with specialized egit this analysis is

limited to standard flat endmills, displayedrigure14.
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Figure 14: Flat Endmill with Dia meter D

o
< (10)

To perform a digital subtractive operation, the center point of the tool set to match

the point of interest by updating theo(X o) values, as shown in Equatiaa.

Y AR AR (11

In this form, the X and Y points used are dataframes on index values.a3ieeter
point, (Xpoint, Ypoint), & grid of radius values is generated and saved in dagaRmatrix.
Note, this opration results in a matrix of values, where every X and Y index point is

computed against the equation.

Finally, this matrix of radius values is subtracted from the matrix mask with

Boolean comparisons, as shown in EquatiBrand visualizé in Figure15.
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Figure 15: Subtractive Operations with Boolean Mask

This process is iteratively repeated with the next provided pairthe subtractive
operation. B comparing the previous Boolean mask with the current radius affected by
the new subtractive point, a digital layer is created reflecting the subtractiatiopd he
subtractive layer process is subsequently repeated for ekgleiZ After all layerhave
been processed for all subtractive points, The Boolean mgsiesent slices of a 3D voxel

mode| displayed irFigurel6.
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Figure 16: Voxel Model Stackup for Z-layers

Each of these masks amocesed to provide a list ofartesian coordinates (X,
Y, Z) form of True values. These points are plottedavisualization of the digital voxel
model. A visualization ofan example voxel model is displayed Figure 17. A low

replution was chosen to visualize and demonstrate the use of discrete voxel volumes.

Figure 17: Voxel Modelfrom Cartesian Coorinates
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Additive operations can be modeled with the same methodofogiandard bead
geometry is assned to be a circle, similan Equation 0, based on research by Feldhausen
et. al.[19]. It is noted that this assumption is less accurate for certain scenarios due to a
lack of documented research lingi process parameters to bead geometry. In the same
manner as subtractive operatiomsfockvolume is created. Often, it is useful to only create
a stock for the initial substrate, instead of the full rangepsration points as in the
subtractive modéhg process. After the stodk createdthe circle approximating bead
geometry is shifted tepecific locations by adjusting the {XYo) coordinates. However
the additive operation isnodeled by changing values within the bgadmetrycircle to
True,instead of False, representing the addition of volume to the stock mibbghrocess

is visualizedin Figure18.

FIFIF|F|F|F|F|F|F|F|F
Bead Diameter | F ® IR R LR A
..... F FFEFFF FF F @ F
FITIT TiT T TT T T
FIT F F/F F FF F FF
FlojT|T|T|T [T @T|T *
|: FIF F FIFIFIFITIF E
F FFF FF FF FFF
F F FFFFFFFFF
F FFF FF FF FFF
F FFFFFFFFFF

Figure 18: Additive Operations with Boolean Mask
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The same process is followed to combined Boolean masks and form a 3D

representation of the digital voxel model

3.4.4 Modelling MachineActions- MTConnect

The voxel modelling method described predicting the output of the
manufacturing operationslhis provides a valuable tool to monitor the actiarsl
processes ongoing in machine andmake a digital representation of the resgjtin
componentMTConnect information must be captured, processed, and stored in a common
format like JSON or CSVIhe collection and communication process is covered int€hap
4. After collection,it can be imported inta pandas datafrante serve as theput to the

voxel modelling process

MTConnect provides two me a shsoluesnachihe t he
position and (2) worcoordinate position. The abstdumachine position is with respect
to the machi nTai$isconmomywcatedtheign thner secti on of a
table frontleft corner and top surfac&he absolute position is not affected by any machine
operation.The Workcoordinate positio is given with respect tan origin set by the
operator. Common uses dceset the origin at eornerof the initial stock, or at theenter
of table rotation. For all voxel modelling processeswhek-coodinate system is used for

simplicity.
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3.4.5 Onbard Machine Probing

Many modern CNC machiningystemshave onboard probing systems for part
setup such as the Renishaw RMP60 system displaydeigare 19 [46]. The probing
systemsoperate by sensing force at the end of a touch stylus. The probe is moved at a
known speed along a vector direction. Once the stylus collides with the object, the probe
is retracted ahortdistance, and moved back in the same decit a slower speedihe
second collision is more accurate due to the redspedd The detected location is

reported back to the CNC machine controller and saved in a specific user variable.

50 (1.97 19 (0.75
._( ) ( ) A range of probe ready

RMP80 window shanks is available from
l Renishaw upon request

M4 Stylus - Q\l_
_ 2L M1 ] _ —m..
e
|
I
T Battery cover
063 (92.48)
76 (2.99)

STYLUS OVERTRAVEL LIMITS

Stylus length =X / =Y Z
50 (1.96) 21 (0.82) 11 (0.43)
100 (3.93) 37 (1.45) 11 (0.43)

Figure 19: Renishaw RMP60Inspection Probe with overtravel limits [46]

Touch probesrecommonly usedor workpiece setup operations, such as finding
and recording the worgiece coordinate system described in the puevichapter.

However, they can be programmed for inspection operations. The probe can be
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commanded to inspect a pdefined geometric feature, such as a plane, circular boss, or
pocket. Afterreachinga setugocation the probe is used to measure the agbosition of
these éatures. The error between programmed and actual measurements is reported back

to the controller.

Multiple software components were used to program the inspection operations for
this research. Fusion 360 was used to generate inapeytles for complefeatures such
as bosses and pock¢Bs]. A custom python script was developed to generate inspection

cycles for planar faces smaxial orientation.

3.5 Results

3.5.1 SubtractiveNISTGeometry

Subtractive fabrication of the NIST subtractive geometExperiment 1was
performed on the Mazak V600A/5X AM HWD CNC machine. Tool paths were

generated in Fusion 360, consistingh# followingoperations:

1. Facingoperation to prepare the stock
2. Adaptive cutting operation for the rough profile
3. Contour operation for finish machining

4. Pocket operation for finish machining of

A summary of theperations is displayed Figure20A-D. These operations were posted
with Fusion 360 6-500Apost pratessodandveaerudek on\the Mazak
hybrid system. Finally, aeriesof inspection operations were programmed gi$tasion

360, displayed ifrigure20E-F. The final component is displayedfigure21.
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Initial G-code instructions and MTConnect data producedaa®sult of the
experiment were captutt@nd recorded witthe multragent architecture developed as part
of Phase Il.Additionally, inspection data was collected and analysed to determine the
improvement in accuracy of the digitabxel model. A selection of three points was
measured for each feature of interésich of these three points were measured 4 times,
providing an indication of uncertaintijthe fabricated geometryas laser scanned and
measured with calipers calibrated with NIST traceable equipment to provide ground truth

dimensions.
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Figure 21: Subtractive NIST Geometry Fabricated Component
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A voxel model was produced from the initial€ddeinstructions Displayed in
Figure 22. However, due to the nature of-d®de, the voxel model was a poor
approximation of the intended geometry. This is largely due to the fact tbatl€&only
specifies the beginning and ending points of features. The previousnligecade
(corresponding tdhe current position of the tool) is assumed to be the starting, point
location A The next line of &ode describes the ending poildication B,and the speed
at which to traverse the distance between location A and locatiddhe the mode of
operaton assumes a linear or circular path (G1 or G2/G3), no information is given between
these two points. It is left to the machine controller to determine the interpolation between
these two points. Therefore, the model created f@wode instructions doesohwell
describe the exact path between the points, resulting in a poor approximation of the
geometry. This lack of information poses significant problems to certification of

componentsvith respect to aybersecurity effortdescibed in Section 3.7.
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Figure 22 Subtractive NIST Geometry G-Code Voxel Model

MTConnect data produced by the subtractive process was captured andgarocess
as described in section 3.4.2. A voxel model was created from MTCodatacT hree

different views of the resulting MTConnect voxel model are showRigure23.
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Figure 23: Subtractive NIST Geometryi MTConnect Voxel Model

To determinadimensions fronavoxelized mode| the following process was used:

1. Points representing the center of each voxel for the area of interest were
croppedrom the initial dataseW/oxels for a single layer were isolated into
a separate dataframe frahe cropped subset.

2. A grid was created to mdtadhe dimensions f t he voxel model

and points from each vertical increment was assigned to a list.
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3. Each verticalcolumn was processed to determine the maximum value.
These values are stored in tirstfrow of a dataframe matching the voxel
grid dimensions
4, This process is repeated for each layer. The resulting datafegmesents
the maxi mum voxel | ocations fo+ a si.

direction.

This process was modified to prage the maximum and minimum of a voxel
surfacein each cardinal direction. For example, to find the maximum voxeéspdéne
facing the-X direction, the voxels can be distributed into horizontal rows, and the
minimum value is recordedlhe resulting dataframe is a 2D matrrepresenting the
maximumvalues of voxel model face. Each of these values were averaged to determine
the final dimensionMeasurements for Features $ of the NIST subtractive geometry
voxel model were determined withi$ processAn example of computing the maximum

points froma voxel model is displaydad Figure24.
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Figure 24: (Bottom) Edge Voxel PointgTop) Initial Z -layer Slice.

The resulting measurements are displayeé#igure 25. Relative measements
were calculated to provide a measure against grtuld physical measurements,
displayed inFigure26. This cdculation is possible with four pairs of measurements on the
NIST subtractive geometrppimensions for each faare of the NIST subtractive model
were verified to be well within the defined tolerance, £0.1 mm, by both the voxel modelling
method and mspedion data. However, uncertainty in measurements from inspection data

decreased by an average of 67%.
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Figure 25: Voxel Model and SpecificationDimensionsfor Subtractive NIST
Geometry
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Figure 26. Feature MeasurementUncertainty for Subtractive NIST Geometry

A measure of error from the specifietmegnsions is psered in Figure 27.
Uncertainty values in the figure are calculated with respect to the dimension measurement
for each method. They are presented withethrer to provide a indication of confidence

for voxel andnspection metbds to determine if the true value could be encompassed by

54



either method alone. For example, the uncertainty in measurements from themodgél

with Features 15, and 6 do not encompass the (more accurate) error giviesgsction

data. The result isan mprovement in accuracy of the part with inspection data is
considered.Relative features were measured with calibrated calipers. Aeaserin
accuracy can immediately be seen with the inclusion of inspection data. By including
inspecton data in thealigital model, the error in the digital model was reduced by an
average of 52% across each of the four relative feature dimensions. Tite aEfuese

measurements are displayed-igure28.
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Figure 27: Feature DimensionError for Subtractive NIST Geometry
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Figure 28. Relative Feature Error for Subtractive NIST Geometry
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3.5.2 Additive NISTGeometry

Two versionof the HybridNIST Geometry were fabricateas describd in Section
3.4.2 The first version waabricatedwith only additive operatios A raster toolpath was
used beginning in the bottom right hand corner of the geometry, processing horizontally to
sweep out the surface ardde twlpath was designed toatth geometrymecficationsi
the beginning and end points of the raster fellh@mfeature boundaries. This was a design
choice tomeasure potentiallgverbuilt or underbuilt aregs contrast to the Hybrid NIST
geometry, which was fabricated with a @roverbuild). The fabricated component is

displayed inFigure29.

Figure 29: Additive NIST Geometry Fabricated Component
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MTConnect datavas used to create a voxel model, displayédgare30. Methods
described in the previous section were used to identify the maximum and minimum points
in the voxel modl. Resulting edges were compared against probe data and caliper
measurements. Data collected to measdditige dimensions arenore varied tan he
NIST subtractive dimensions. Howevethe scale of the additive component is

approximately60% larger in ge.

Figure 30: Additive NIST Geometry Voxel Model
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Figure 31 Additive NIST ComponentFeature Dimensions

It was observed that the probe often hi
weld to the larger component during the inspection process. This increased the error in
inspection data, displayed Figure 32. Additionally, uncertainty values for thadditive
NIST component were significantly higher than for thgbtractive NISTcomponent
displayed inFigure 33. This can be attributed to the rough surface finish pratilge
additive manufactuing with Laser Hotwire DED methodslowever, the inspection data

is on average more accurate than the voasét data.

Additive manufacturing toolpaths result in a series of raster passes that closely
match previous layers, if natperfect duptaton. This results in very uniform buildup in
the edges in the voxel model. Therefore, additive may be well mauletad voxel process

whereas subtractive processes are not, due to constantly changing geometric toolpaths.
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Figure 32 Additive NIST Geometry Dimension Error

Feature Dimension Uncertainty
Voxel Model vs. Inspection

H Voxel
| M Inspection
Feature 1 Feature 2 Feature 3 Feature 4 Feature 5 Feature 6

Figure 33: Additive NIST Geometry Uncertainty Measurements
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Figure 34: Additive NIST Geometry Relative Feature Dimensions

3.5.3 Hybrid NISTGeometry

The hybrid NIST geometry was produced with both additperations to fabricate
a preform geometryand subtractive operatisrio fabricate the final featurds. contrast
to the additive NIST geometry, the additive operation of this componelntied a 2mm
overhuild on each faceThis allowed for an investagion of digital detectiomethodsor
additively overbuilt features in comparison to subtractive features fabricated to intended
geometric specificationdnspection operations were prognaed between thaddtive
and subtractive operations to measuraieaxy of the designed 2mm overbuilthe final

component is displayed Figure35.
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Figure 35: Additive NIST Geometry Fabricated Componert

MTConnect dat from the production process was used to create a voxel model. The first
modelling operations considered additive data to represent the preform gedwestry.
subtractive operationwere applied to the additive voxel model to representfitied
fabricaed omponent. This process interchangeably used the additive and subtractive
methodologies presented in Section 3.4 for selectively adding and removing material in a
Digital Twin model. Twoviews of the resulting voxel model for a compong@ndduced

with hybrid manufacturing techniques is displayedrigure36 andFigure37.
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Figure 36: Hybrid NIST Geometry Voxel Model - View 1

Figure 37: Hybrid NIST Geometry Voxel Model- View 2
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Although rectangular stock was used foe t/oxel model process (compared to the
physical component fabricated on cylindrical stock) the voxel modelling methodology
developed was successful on true hybrid operatidnterchangable additive and

subtractive operations were successfully modeled.

The hybrid voxel model was used to measure the 6 features as outlined in previous
sections, displayed iRigure 38. This component demonstratedigngficant increasein
accuracy when inspection points were included in the digital model. Dimensional errors
calculated from the voxel model indicated thatdtbmponent exceeded defined tolerances.
However, by adding inspection pointsin the digital mode geometric ewlor was

demonstrated the be within defined toleranessshown ifrigure39.

The hybrid NIST geometry is distinct in this regard because features nbagre
both voxel and inspection methofts previous subtrdive and additre geometriedell
within the defined tolerance. Therefore, this experiment ptesanmore valuable
indication of success, as the addition of information demonstrates a significant decrease in
modelling error A voxel model created from pressinformation alone would have

indicated ouof-tolerance features.
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Figure 38 Hybrid NIST Geometry Feature Dimensions
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Figure 39: Hybrid NIST Geometry Feature Dimension Error

Dimensional measurementwith the hybrd NIST component demonstrated
uncertainty values similar to the subtractive compgnasitdisplayed ifrigure 40. This
makes sense as the final inspettisurface closely resembles the subtractive NIST

component, buat a larger sle. However, a larger error was measured in the process data
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voxel model when compared with ground truth measureméisidayed irFigure41. This

could be also be attributed to the scale of the geometry in cmpavith the gbtractive

NIST component
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Figure 40: Hybrid NIST Geometry Feature Dimension Uncertainy
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Figure 41. Hybrid NIST Geometry Relative Feature Dimensions
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3.5.4 Organic Surface Geometry

The organic surface geomet was fabricated as hybrid component, where a
preform geometry was additive manufactured, and the fwaface features were
subtractively machinedlhis component was chosen as a test artiokto continuously
changing radius of curvatelin two dimesiors. This provided a strategic test of the voxel
modelling process to represent smooth geometry, itrasirto the 2.5D shapes that were

investigated abovd=our di ffer ent s tfabgoaisn aiedisplayéden c o mp o

Figure42.

Figure 42: Organic Surface Geometry (A) Additive operations (BC) In-process
Subtractive (D) Final Component
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Two voxel models were created to represent this component, each at different points in the
fabrication proces. The first voxel model was created aftadditive operations,
representing the preform additive geometiisplayed inFigure 43. The second voxel

model was created after subtractive operations

Figure 43: Organic Surface Geometryi Voxel Model
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Inspection operation were conducted after both the additive operations and after the

subtractive operation$hese results are compared against voxel model measurements.

Throughou this researcha design chee was made to have independent
resolutions for the XYaxis and Zaxis workspace discretization. This aims in computation
efficiency while still preserving planar featurAssignificant decrease in accuracy was
expectedwhen neasuring featws of the organ surface voxel modelue to lower

resolutiondiscretizationin the Z axis in the voxel modelling process.

Six features of the organic surface were measured with the voxel model and with
inspection operations. The resultindditive featue dimensions ar presented irFigure

44. Uncertainty values for these measurements are displayedure45.
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Figure 44: Organic Surface Geometry Additive FeatureDimensions
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Figure 45: Organic Surface Geometry Additive Feature Uncertainties

A significantdisagreement in measuremewmas found with featureimensions
calculatedfrom the voxel modeland those measured via inspectidris @nfirms
expecttions that thevoxel modelling method would be less suited to model organic
surfaces with a constantly changing radius of curvatitthough it is difficult to
determine the true accuracy of points on this surface with physeasurements past
expeiments, inspecion measurement had significantly lower uncertainty values,
indicating increased accuraciowever, the voxel modelling performed better than
expected when used to model the subtractive process. This may be due to themmah ste
values sed in subtracte machining (0.1mm) compared with the relatively large stepover
value used in additive manufacturing (3.5mrihe small stepover results in more
opportunitiefor MTConnect to register the tool location within a given regiiecreasing
the accuracy oftte nodel. Features dimensions and uncertainty values are presented in

Figure46 andFigure 47, respectively.
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Figure 46: Organic Surface Geometry Subtractive Featue Dimensions
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Figure 47: Organic Surface Geometry Subtractive Feature Uncertainties

It is noted that the uncertainty values calculated from inspection points are almost
negligible. This may be attributed to the resulting smootfaseof the organc geometry
after subtractive machining. In additive componentsrolighsurface finish may lead to

less consistent measurements. However, this should not be confused with accuracy.
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Inspection cycles are intended to approach the inspegbint on aoute that is normal to
the surfaceas programmed in the previous 2.5D ekpents Inspection cycle$or the
organic surface geometry were programmeajjoroach the surface in the negativexis
directiondue to CAM toolpath constraint¥herefore, \hile the resultingmeasurements
are therefore repeatable and prowedgialmetiics against which the voxetodelprocess

can be compared, the true accuratthe dimensioms unknown.

3.5.5 1SO107917 Standard Geometry

The 1SO10791 Standard Geornng was fabricted with both additive and subtractive
operations on the Mazak V&D0A/5X AM HWD. This experiment served to determine
the limits of inspection capabilities with respect to GD&T specificatidhe fabricated

component is displayed in

Figure48. Four planes were selected for flatness measurements, displd&ygdria

49,
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Figure 48 1SO-107917 Standard Geometry Fabricated Component

Plane 4
e Plane2 — |

Plane 3

Figure 49: ISO-107917 Standard Geometry Inspection Planes

Each of these planes were measured with NIST traceable calibrated CMM to

determine the ground truth flatness. The CMM used a seriousitifigous measurements

73



following standard operatg proceduresThe minimum distance between two parallel

planes that encapsulate all points was calculated to provide a measure of flatness.

A series of discretespection operationsn thewere completed ith a Renishaw
inspection probe on a Haas \gFvertical CNC mabkining centeto evaluate the capabilities
of CNC inspection operations against calibrated CMM equipnTdre inspection probe

retained the same repeatability and calibration metrics as iropse@xperiments.

The resulting points were rexed using tharditecture presented in Chapter 4.
Two planeditted to encapsulate the points, in a similar method to compusationpleted
with the CMM. The parallel planes were allowed to rotate by +3 degrees to minimize the
fit error stemming from a@rt perpendicar with respect to the machine coordinate system.

A comparison ofhe resulting flathess measurements is display&igure50.
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Figure 50: ISO-107917 Standard Geometry Flatness Comparisn

It is cleary evdentthat a range of accuracy exideéatness measurements Rlanes 2 and

4 weresignificantly different from measured CMM values. Inspection measurements for
Plane 2 are nearly an order of magnitggleaterthan CMM measurementdnspection
measuemerns far Plane 4 was nearly seven times greater than the CMM vahese
measurements indicate that the inspection process used to determine accuracy within

GD&T specifications is not valid

However, flathess measurements for PlaBesnd5 werecloserto the CMM values.
Inspection measurements for both planes differed from CM values by no more than 0.004
mm. These measurements indicate that the inspection process used to determine accuracy

within GD&T specifications is could be valid, widdditional deelopment.

It is interesting to note that Planes 2 and 4 weiented along the CNC machisey-axis

whilePlane8 and 5 wer e or i e n-“asdtisgpdsabiethatHdaeVFma c hi
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5 CNC machine on which these experiments weréopred has sigficantly different

accuracy in one axis of motion than the other.

Overall, the results of the 1ISC07917 Standard Geometry comparison are inconclusive.
While some data indicated a successful method for inspection to GD&T specifications,
other data indiatesa sgnificant difference between measured and true values. Additional

experimerg are needed to determine the validity of this method.

3.6 Discussion and Limitations

Some limitations in the voxel model exist for the naonform bead geomeyrthat
is oftenfound with different additive processing parameté&gundamental contribution
of this body of research aims to increase the accuracy of modeled parts by combining
additional data sources with the voxel models. A better understandingaigbemetry
distributions with respect to processing parameters waidghificantly improve the

modeling capabilities of the voxbhased digital modelling process.

It is alsonoted that additional computational methods may be more appropriate for
computingthe average Vae of nonplanar surfaces. For example, the methodplog
presented above is more accurate when the surface texture and surface finish approaches a
true plane. However, additive deposition in hybrid manufacturing commonly produces a
rough suface, often redtedto the bead stepver and layer height parametdrsthis sense,
the maximum value of each face will be found at the peak of each bead, while the true
surface average is somewhere below the peak and base of the surface beads. & weighte
average caldation may provide a more useful number to determingdsion for future

operations, such as subtractive finishing.
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3.7 Conclusion

This chapter evaluated methods to leverage manufacturing data from CNC
manufacturing systems farreation of a gital twin mocel of the in-situ fabricated
componentMultiple streans of information from hybrid CNC systems were used to create
a digital twin model of the part currently in production. This chapter details the following

contributions:

1. A method by whichdigital voxel modd can be created through the
combination of multipt sensing modalities

2. A method to measure and compare the accuracy of the digital model when
to desired feature specifications.

3. An evaluation of this digital voxel methodology against@xts and 3axis

components produced with subtractive, additive, aytatid techniques.

This research results enables methodologies ifiesitu process monitoring, and
mechanisms for measuring and comparmgitu features against desired specifications.
The results ofhiswork can be used to generate feedback commaraffett the process

studied in Phases Il and IlI.

3.8 Future Work

Computation time is a significant factor iretiioxel modellingprocess. Assuming
a standard component of ¥ Y by Z dimengons, with a djital voxel model of0.01mm
resolution, up td0 million points must be processed to digitally create the final model.

This methodology used Boolean masking and dataframe operations where possible to limit
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the number of iterative loops. Howar, this resaah focused on the process methodology
development. Fure work is needed to further refine and optimize the computational

implementation of this process.

Additionally, significant work exists to apply this methodology ¢gbersecurity
applcations. Whilethese moded were created by pegirocessing batch MTConnect data,
the methodology could easily be modified to create the voxel model as the component is
fabricated, providing immediate feedback. This foundation for this capabilftyrtiser

developed inthefollowing chapters with feedback control mechanisms.
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CHAPTER 4. PHASE Il T MULTI -AGENT OPEN

ARCHITECTURES

The adoption ashuse of digital sensors, controls, and communication protocols in
modernCNC machina is one of the primary results tfe fourthindustrial Revolution
[47]. These capabilities provide unparalleled opportunitiasdaitor the manufacturing
processand provide an evaluation of the fabricated component as demonstrated in Chapter
3. However, an underlying information architecture is needesfficiently govern data
produced by the manufacturing systermarthermorea communicaon architecture is
needed to transfer this information efficiently between disparate analysis tools. This
chapterinvestigates multagentarchitecture methodology and compression mechanisms
for system information governance to support autedhat-situ and future feedback

control operations.

4.1 Introduction

I n the current era of the Fourth I ndus-
connected manufacturing equipment, process control equipment, and analysis equipment
produce tremendous amourtkdata atevel stage in the manufacturing process. The
ability to take data from all points in the manufacturing process andhliérkto features
and attributes of the resulting product provides an extremely valuable tool for
understanding and improvirige manufaturing processCommercial CNGystems often
included numerous digital components to support controls, sensing, and path planning

operations. Due to the unique combination of capabilities in a hybrid system, multiple

79



information streams are ptaced throghou the fabrication process, each with a different
format and structureHowever, this data is largely wasted due to lack of efficient
transmission, storage, and analygissupporting information architecture is required to

capture this datand governt in anefficient manner.

Various architectures have been proposed to leverage machine connection
mechanisms and extract this data in a logical manner, but many of these architectures rely
on proprietary, enterprise software, that restricts fthxibility and adaptability of the
architecture. These architectures tend to be static in structure and operation, providing a
solution that cannot readily adapt to the current manufacturing nidedsever, recent
developments in loveost computationalnits, highbardwidth communication protocols,
andhigh-capacity storage units enable information processing to occur physically far away
from the information source. Therefore, it is necessary to develop a-agatit
information architecture to suppottet capturecommunication, and analysis dfybrid
manufacturing data. It is hypothesized thHatthe compression ratio and speed can be
improved by applying different compression algorithms based on the type of
manufacturing data. This study evaluate® ftompressiomalgaithms againsta portfolio
of hybrid manufacturing data packages. The resulthig work is an information
architecture that can efficiently govern different data streams from multiple sources,
describing a common manufacturing procéssthermore, his architecture provides the
groundwork for information feedback into the manufaaty systems, supporting adaptive
closedloop operations. The following section discusses relevant literaturerthiales this

work.
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4.2 Literature Review

4.2.1 Cyber-Physical Syemsand Industry 4.0

Digital Manufacturing technologies, the collection and appboaof digital
information for the enhancement of manufacturing process, have existed in the
manufacturing community for the past four decafigs While the term Digital
Manufacturing once referred the use of digital contcomponents within a
manufacturing line (opposed to analog control mechanisms) it now implies a much
larger scope, referring to the merging of manufaoturiechnology, network
information technology, and information analysis to provide better unddnstan
coordination, and control of manufacturing proce$d4@s However, recendidvances
in computational speeccommunication protocols, and information storage capacity
has influenced the manufacturing industry. The decrease in cost and increase in
accessibilityfor these technologies has enabled manufacturers to integrate advanced
sensing andantrol capabilities in traditional manufacturing equipmé&hiese systems
are considered as a new classification of manufacturing equip@gnerPhysical
Systems (CPS), rosystems that are built from and depend upon the synergy of

computational and physal componentgs].

Across the broad manufacturing industtige shift toward intelligent and
connected manufacturing processesccepted as the fdbrindustrial Rvolution,
referred to as Industry 4.0. Thisvolutionis a subsequent iteration from the first three
major technology advances which focusedhmgchanization, largscale production,

and automation, respective]¢8]. These technologies have provided thenidation
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for significant advances in da wmllection, communication, and analysis across

manufacturing processes.

4.2.2 Distributed Computing (Edgeog-Cloud)

The third industrial revolution, automation of manufacturing process, served as
a steppingstone by gviding the mechanismg mformation geneation and utilization.
However, this information typically remained within the same machine or process and
was only used for local adjustment$e integration of communication protocols for
connectivity betweenigparate manufacturingid computationaequipment is one of
the defining accomplishments of the fourth industrial revolution, distinguishing it from
previous developments iBigital Manufacturing.Combined with access to high
bandwidth communication pratols, it is now possibléo transmit lage datasets in
practical timeframes for analysis that is physicdlltantfrom the point of information

generation.

As aresult three primary locatiasof computation have been developed and
discussed in recentédrature, Edge computi Fog computig, and cloud computing.
There is significant debate on the most appropriate method to classify computational
methods into these three categofd. However, physical location of the computing

devices forms aonvenientmethod of distinction, as displayedkigure51[50Q].
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Figure 51: Edge, Fog, and Cloud Computing Diagrani50]

For the purposes of this research, the following terminology will be [E»81]:

Cloud Computing (CC): This method of computing refers to processes that
take place omlemand at a physically distant location, often relying on
centralized shaed omputing resources.CC is currently the most

commercializednethod.

Fog Computing (FC) Fog computing included devices that connect cloud and
edge computing devices. These are often integrated with supporting networking
and trafficcontrol devices. Thee avices are often physically located within

the same building or mamadturing plant, but not immediately next to the

information point of origin.
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Edge Computing (EC): Edge computing devices are the closest in physical
proximity to the ifiormation pointof origin. These devices act as the first point
of contact to collect,drmat, and begin transmission to other deviddsgse
devices can include lowost sensors that are designed to monitor a specific

aspect of the manufacturing procgsg|.

4.2.3 Connection frameworks

Multiple connection schemaxist to linkdifferent information systemdlodern
research has focused on developimghlevel connectionschemas to connect various
information producers and consumers. Some of these methods detail the connection pattern
for only two layers of connegity, such asbetween Edge and Fog layers, while other

methods detail connection patterns between the EQtré-C, and CC spectrum.

Lee et. Al. proposed a widebccepted higthevel model for connecting CPS that
specifies hierarchal levels for communioaandus¢53. The A5C Model 0 de
different levels of Connection, Data Conversi@yber, Cognition, and @hfiguration

necesary to provide a sustainable analytics platf¢&# 55].

4.2.3.1 DCS andSCADA Frameworks

TheDistributed ControlSysem (DCS)developed inthel 9 7 &nakdedeliability
in controls. This designenabled continued operation of the manufactupragess even
if one system failedUnder DCS, anulti-layered network is created where granularity of
contrd is related tophysical proximity of the controlled devic&or example, werall

scheduling of production is located at the highest layer while direct control of motion is
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located at the lowest laygs0]. ThisDCS architecture provide the framework ffeliability

considerations when designing modern information architectures.

Supervisory Control and Data ArchitectuJADA) frameworkshave also been
considered as a framework formmeced devices withCC capabilities. The SCADA
structure is an industrgtccepted frameworkor industrial machine control. Recent
publications have proposed leveraging this framework for internet connedivitgnkov

et al. discussed a power line conmuaion based on [6 erabling PLC systemfb6-58].

4.2.3.2 OSI Interface Model

The Open Systems Interconnectig®SI) model provides a convenience and
industry-accepted solutiofor encryptionandauthentication techniquesrhe OSI model
is published by the International Organization for Standardization @& )rescribea
7-layer communication interactiospecification by which different applications and
protocols may intexd [59, 60]. Each layers assigneds own unique capabilities and uses.
Layer1 (Physica) ddails electrical characteristics of the netwalch as the type of the
cableand other hardware componetitat transfers data. LayefRata Link Laye) details
access stratégsfor sgnals.Layer 3(NetworK) details interaction patterfier multi-soure
information. Folexample the is the layer where standard wirelesgers operatd.he OSI
model can be applied to machine tool communications to increase the security and

authorized access to the dfgd].
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4.2.4 Manufacturing Architectures

There is significant precedce in recentiterature for the development of
manufacturing architecturesEarly research into information artégture for
manufacturing focused on local architectures. These systems were intended to govern
information in close proximity to the physlagaanufacturingequpment.Anderson et. aJ.
as part of a US Airforceesearch initiativejefined a set of speaifationsin 1993that must
be considered when defining manufacturing architectures. These specifications include
Interoperability, PortabilityScalability,andinterchangeabilit [62]. These specifications
were condensed and implemented by Schofield et. al. in[68R55chofield outlined a set
of guiding principles for information architectures that increase the flexibility and
interoperability of ay singular arbitecture component. These guidelines state that

architectures must 4é3]:

1. Flexible in hardware and softwagdlowing for changes ircorfiguration at
all levels of control

2. Standardizedo allow thirdparties to develop hardware asdftware for
use within any level of the system

3. Enables integration with other systemsaay level, i.e. at the system level
for multi-machie coordinationard at the process level to integrate sensors

and feedback mechanisms

Research by Anderson an8chofield formed the foundationfor decentralized
manufacturing architectures, where the process could be controlled from a centralized

managemet point withina poduction facility. Combined wittdevelopmentf low-
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bandwidthcommunication protocols in ¢hearly 21 century,these architecturesere
adopted for a variety of decentralized control applications. Hillaire documented an open
architet¢ure in 2001 teexpand CNC capabilities beyond what was traditionally provided
through the original manufacturj@4]. Otaalso applied a decentralized concept to building

efficiency applications, with a wirelesemonstratedf HVAC control in 2007 65].

In the past decade, decentralized architectures have evolved to handle streams of
information from mulfple sources, each requesting or supplyirfigrmationas dictated

by another device in the systerindrealis proposed a system in 2014 to lodjica
distributenodes in a multiagent architecture based on groupings of information producing
agents,information consuming suagents, and communication mediatpé$]. Pabu
expanded otthis system by proposing a method to define rradfent architectures based

on which noés have decisiomaking capabilitie$67].

Many moderrdata conmunication architectures are intended for static operations.
Operations considered static are typically characterized byvagiecommunication with
few, if any, changs tothe data monitoring techniques over the production schedule of the
machine. Some pduction facilities deploy an architecture to monitor the state of their
machi nes. This O6staticbé i mplementatda on <co
frequencyanavith t he same processing tools, regard
though thecomponent may change, or the machine may experience downtime, data
collection and processing techniques remain constant throughout. An example static

implementation iglisgdayed inFigure52.
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4.2.5 Compression mechanisms

Information compression mechanisms have existeckinformation has requed
storage. Itcan be argued that one of the first information compression mechanisms
included the development of Morse Code, where common letters in the English language
such as fiedo and At o wer e rapficercye Withagel wi t h
advent of anlag computers in the mi@0" centuryand digital computers in the late'20

century,information compression mechanism became a focal point of countless research

initiativesto optimize computational processes

Two caegories of informatio compressionmechalism exist (1) lossy
compression, where the original information is not fully recoverable from the compressed
representationand (2) lossless compression where an identical copy of the original

information can bgenerated from the cqressed reprea&ion.

88



Each of these methods are employed for different uses depending on the underlying
principlesof informationbeingcompressed. For exampbydio data is often compressed
with lossy methods where sounds tha autside of the norrhauditory rang of most
people are discarded. This results in an audio file that only preserves audio frequencies
within a standard range, leaving those outside ridmege unrecoverable from the
compressed file. It is debatable whetloe not the lost fregencies improvehe overall
guality. On the other handpsslesscompressions mechanisms are often used to store
financial data, such afigital transaction records and payrmceipts. In this case, loss of
any piece of informations detrimental to theaccount ledgerand therefore must be

preserved with lossless methods.

Significant research has been conducted to determine approgiaggession
mechanismsvith manufacturing datkkom single processes systems, such as compression
of chemical subtradve CNC,and adlitive manufacturingperationsMisra investigated
data compressiomechanisms via waveleta 1999 for multi-variate data irchemical
processing plantsy encoding wit68]. Similarwork was commtedby Yaman and Dolen
in 2013by evaluating threeompressiomechanisms$or direct command generation with
subtractive CNC systenfi§9]. Sallouminvedigatedlossy @ompressiortechniques in 2019
for additive manufacturing datan laserpowder bed systenig(0]. This work resulted in

methods tawompress data uden defect degction mechanisms.

However, limited attention hdseen given to data compression mechanisms from
multi-process systems as found in Hybrid manufacturing. In this paragignufacturing
data with different characteristics, formats, and usest be efficiatly compressedrhis

work is fundamentally differg because Hybrid manufacturing looks at compression for
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multiple processes in the same systdinis work deviates from previous research by
investigating methods dbsslesscompressiorfor datasets thahclude information from

multiple processes withithe same system.

4.3 Methodology

4.3.1 Information Sources

A fundamentalrequirementfor process monitoring on hybrid manufacturing
systems is the ability to capture, transmit, and store data ifphadtirmats fom mnultiple
sources. This imecessarylue to the unique combination cépabilitieswithin a hybrid
system, including subtrdge machining,additive deposition, and inspection processes,
among other potential possibilitieBherefore, an r@hitecture waslesgned to handle the

following types of data.

4.3.1.1 MTConnect

|l nformati on about t he machi ndidnswasoper at
collected through the MTConnect protocol. The MTConnect protocol is standardized
Asemant i c vimacuadwiig guipyentftooprovide structured, contextualized
data with no pl2oThe initeltvasioy of heoMT@umregrotocolwas
released in October of 2009, and subsequent iterations havechessed every-3 years.
Since inception, the MTConnect protocol has been expanded to communicate information

from a variety of machine tooiscluding mills, lathesand hybrid machine tools.

Information provided by the MTConnect protocol beginsontheathi neds cont

systemin normal motion planning operations. This data is periodically provided to the

9C



MTConnect Adapter. The adapter formahe data into proper structure and makes it
available to the MTConnect Agent. The agent is responsible for réisygoto request
from application clients who wi dllsptogcessisecei Vv ¢

displayed inFigure53[12].

[ |
DEVICE ADAPTER : AGENT }—’l APPLICATION ,

DATA SOURCE SOFTWARE/HARDWARE SOFTWARE CONSUME MTC DATA

CNC Machine bldr C++ agent OEE
Sensor Control bldr 3rd parties Monitoring

PLC 3rd party PHM

Figure 53: MTConnect Informat ion Flow [12]

There are two primary methods to request data from the MTConnect iigengh
polling and streamingn a pollingmode of operatiarthe client application requests new
information from the agent on apodic kasis.For each update, a merequest must be
sent, acknowledged, and returnédthe streaming option, new information is sent to the
client applicationwhen it isavailable at the agenPolling was used for all MTConnect
information in this resarch tocaptue al variables at pre-determinedrequency . After
polling the machine, th®1TConnectinformation is returnedormatted in an eXtensible

MarkupLanguage (XMLJfile. This XML file can be subset for information of interest

For this researclaselectsetof 35 MTConnect variables were included in analysis.

These variables are presented able3.
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Table 3: MTConnect Variables from Mazak VC-500A/5X AM HWD

Category Variable Units or Format
¥ Absolute mm
¥ Absolute mm
Z Absolute mm
B Absolute deg
Position C Absolute deg
X Workpiece mim
Y Workpiece mm
Z Workpiece mm
B Workpiece deg
C Workpiece deg
¥ Load Yo
¥ Load %
Load Z Load %
B Load %
C Load %
¥ Feed mm/min
Y Feed mm/min
Motion Z Feed mm/min
B Feed mm/min
C Feed mm/min
Linear Feed mm/min
Feed Override %
Override Rapid Override %
Spindle Override %
Laser Power Command Watt
Laser Power Output Watt
Timestamp uTC
Door String
Execution state String
System State Controller Mode String
Tool Number Int
Line Number Int
Line Label String
Program Name String
Program Comment String

Although the system timestamp éxtracted from theXML file generation time, an
additional timestamp is collected for each of the position, feed rate, and laser power
variables. This timestamp is more accurate to the sample of dwficpatapoint thathe

XML generation timestamplue tothe wayvariadesare passed between the MTConnect

adaptor and agent.
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4.3.1.2 Infrared Thermal Images

Thermal images are captures by a FLIR A35 infrared camera. While the camera is
capable of capturingmages at 30 frames/second, the rate of conduction for most
components ian ader of magnitude slower. Therefore, thermal images were captured at
a rate of 0.5Hz for this researde A35 camera has a resolution of 320 x 256 pixels and
a temperature rangd -25°C t0 135°C. Images were stored in FLERs s e fijeu(.seq)c e

proprietary format A standard thermal image is displayedrigure54.

Figure 54: Thermal Image from FLIR A35 Camera

These images were made available to the architecture through networkedyme
location. The .seq files can be postpress with open source Python packagdse
temperature from ach pixel can be extracted and stored in a common data format. This

process is described in section 4.3.2.1.
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4.3.1.3 Inspection Data

Inspection data was measdrwith a Renisav RMP-60 onboard probing syem.
Data from the inspection process is stored on the machine in two ways. First, specific
inspection points are stored in macro variables that are accessible to the MTConnect
protocol. This provides a conventemethod of acessfor a small number of spection
points. Second the points are also written to a text file that is local to the machine

controller. These can be accessed througgtaorkstorage system.

For this research, inspection routines werly performed inaxial directions. For
example, the probe was only instructed to move parallel to the X, Y, or Z axial direction
for all points. The inspection location and error from expected location weneleecim

the system file.

4.3.2 Architecture Compomds

4.3.2.1 Summary

An open agentbased architecture fohybrid manufacturing processes was
developed This architecture is capable of capturing, transmitting, and storing the
information types and formats discussedthe previous section. The architecture is
corsidered agerbasedbecause each devices connects in one of three configurations, as
data producer, a local control unit, or as a supervisor control unit. The architecture is
consideredpen in that any compational unitcan connect to the architectuag any of
the threeroles toproduce or consume data as needed, if given the proper credéials.

overview of the connection pattern is showirigure55.
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4.3.2.2 Data Producer

Information about the manufacturimgocess or environmetn be produced at
many different points in the hybrid system Data Producer (DR} the first EC device
that either (1) measures this information throughseey methodsor (2) captures this
information from an information stream inherent to the hybmachine. Th®P nodeacts
as agateway measuring oreceving this information and converting it into a common
format before transitioning the data to tleedl control uit. The data producer is often
used to stream discrete values, such as temperatgceleration, and humidity
measurements. The data producer provalesmformationto the local control unit for
furtherprocessing. Although it is possiliie stream datto any other point in the network

(hence, the open network), a specific choies wade to provide a decentralized apgroac
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Information generated by the data producer can be formatted and transmitted in one
of two formats, depending on tineeasurement z¢ and information type. Measurements
of a continuous variable, taken at discraetervals, are stored in a JSON strucfure
modified from previous researg¢iil]. Each piece of information is assigned a tomid a
paylcad following the convention ifable4. This structure is designed to handle data from
a variety of sources, with different timestamps, and different units or precidiide also

keeping a consisteahd convenient formator transmisson via MQTT.

Table 4: MQTT Payload Specification for Manufacturing Measurements

Field Description Format Notes
assetld ID of the machine, sensor, or node generating the data Integer
dateTimeM Timestamp at time of measurement or data generation UTC Timecode
dateTimeW Timestamp at time of first gateway receipt, synced with world time. UTC Timecode
dataltemld Measurement Classification (Xposition) String
Precision
value Data measurement String determined by
sensor
(optional) unit Integer correspondingto pr-determined unit(ex. 1=mm, 2=RPM) String
(optional) optA Numericalinformation String
(optional) optB String information String

Measurements of variables in mutiimensions, such as a thermal field produced
by infrared measurements, are converted and stordeeiRlDF5format. In effect, this
results in an 2@&rrayof values corresponding temperatureat specifigixels HDF files
canalsobe sent via MQTTIif they are under a usapecified size limit. In practice, most
data generated by a data producer @&@eretemeasurmens that can be transmitted via
the JSON structure. HDF5 files are more likely generated by processes connected to local

control units.
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4.3.2.3 Local Control Unit

The local control uni{fLCL) is the primary information manager for the hybrid
sydem. It is respnsble for collecting, managing, and transmitting db&ween data
producers The LCL receives information from other data producers, extracts specific
pieces for processing, and forwarthe information to the larger netwoitowever, the
local controlunit can also act as a data producer, sampling from the process or recording
data from the machine controller when needBde LCL is the main interface with
MTConnect data Each of the MTonnect variables listed ifable 3: MTConnect
Variables from Mazak/C-500A/5X AM HWD is collected, converted, and transmitted by

the LCL, as shown ifigure56.

SR, —_— —

Mocro anduser vorioble: Polling MTConnect Data g MQITT Standardized ':f
Convert to JSON T Payload Format .

e -

Figure 56: MTConnect, JSON, and MQTT Conversion Flow in LCL

However,the local contl unit was designed to support data from any sourcdiakat
back to a machine or process. We can accept inputs from almost any output, program,

operating software. An example of this is the Local control unit capturing data from the IR
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camera and owextanal sensors while managing the MTConnect streans fitavides us

with a thermal image that can be linked to the machine position at a given time.
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Figure 57: Local Control Unit Information Flow

The Local Conbl Unit was sgcifically designed with both data input and output
capalilities to support future feedback mechanisms. The development of a feedback

mechanisms presented in Chapter 5 are built on this LCL foundation.

4.3.2.4 Supervisor Control Unit

The SupervisoControl Unit SCU)is a node in the system thatresponsible for
high-performance computing amatensive feedback analysis. It is distinguished from the

LCL due to increased computational, storage, and graphics capabilities. Furthermore, the
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SCU does at receive anynformation directly from DP node# only accepts information

from the LCL due to a decentralized communication structure.

The SCU node is intended to provide moradapth analysis for more accurate
corrective actions in the process. LGhits are ofterstandard desktop computer, limited
by memory and storage constraints. The SCU enables connections to a larger system that
can be leveraged tmalyzdarge data sets that are otherwisgractical for analysis at the
LCL node.Furthermorethe SCU contra anoverriding command stream, dééal in the
following section, tosupersede@ny commands given by tHecal control unit to the

manufacturing system based on the results of its analysis.

4.3.2.5 Control Command Architecture

There are two paral MQTT streamdgor control commands. The first islacal
Control Stream (LCSis intended to pass commands between the local control unit and
any subnodes that are producing information. This is particularly useful when dealing with
low-cost sensors sgad around thenachne, collecting measurements as DP nodigem
this controlstructure, we can change the sampling parameters, change operational modes,

or check the status of sutmdes in the system.

The second parallel MQTT stream is the Supervidantrol Stream(SCS). This
stream allows for feedback from a node that is outsidgorimary system of the machine.
The supervisor control unit can connect to the local control unit to provideldvigh
direction, information, or updated instructions. Tégpervisor combl computer and

streamweresetup to mimic a shop supervisohig allows the local control unit to handle
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operations for analysis of the rigktale bujprovide an opportunity to increase analytical

and computational power when needed.

4.3.2.6 Data Historians

Data Historians (DH systems)for archiving manufacturing informatn are
included as a fourth class of device nodes. DH systems can be used to temporarily store
files related to a single component, or information collected over multiple grodwuens.
Comnon formats for data historiarese SQLdatabases that insert MQImessages into
matching relational tables. Although historians are not the focus of this research, they
provide power opportunities for future creation of a Digital Passpairigithe fabriation

of an arbitrary hybrid component.

4.3.3 Compressioinalysis

The architecture presented in Section 4.3.2 was used to collect data throughout the
experiment performed in Chaptei hase |A significant roadblock in the usage of data
for process analysiss the size of data collected for a single component. Theee is
significant need to provide mechanisms for data compression to efficiently transmit and
store manufacturing informatiorhis capabilityis a keystone in successful industry

adoption of compnert certification technologies.

A subset ofdata collected inChapter 3 experiments was used to evaluate
compressionimechanismgor efficient transmission and storage of Hybrid manufacturing

data. The datasets used are liste@lahle5.
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Table 5: Datasets for Compression Analysis

Dataset Type | Motion Operation Filesize (Mb
1 2.5-Axid ISO-10791-7 Standard Subtractive Machining 380.6
2 Subtractivg 3-Axis Organic Surface Geometry Subtractive Machining 318.7
3 5-Axis Turbine Blade Subtractive Machining 130.4
4 Additive | 3-Axis Organic Suface Geometry Additive Toolpath 1194.2
. .| Organic Surface Geometry Additive and Subtractive Tool
S Hybrid | 3-Axis (Dataset 2 and 4 combined) 1287.4

Each of the datasets chosen were designed to provide a representative sample of the
different process withimybrid manufacturing.Three categories of datasetere used,

subtiactive processes, additive processes, and hybrid processes.

Three datasets werehosen torepresentsubtractive machining subtractive
toolpaths from the 1SQ079%7 Standard geometry experimewnperationsfrom the
organic surface geometmgxperiment, ath operationsfrom subtractive machining of a
mock geometry higipressure turbinblade.One dataset was chosen to represent additive
deposition additiveoperationdrom the organic surface geometiywo of the previous
datasets were combidieto representHybrid processesthe additive and subtractive

operationsrom theorganic surfae geometry.
Each of these datasetemsaved in two different formats for analysis:

Format 1. Raw MTConnect Data - The full MTConnect XML output was
capturedand convertedot a JSON format. This results in one complete JSON
structure for each sample @dta. Every sample was stored on a single line in a text

file with ASCII formatting.

Format 2: CSV MTConnect Data Subset The MTConnect output was process

with the method desibed in Sectior4.3.1.1. A total of35 MTConnect variables
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were extracted anstored in a Comm&eparated Value (.csv) format with ASCII
encoding. Each line of the .CSV format corresponds to a single sample of the

concatenated 35 variablekhe resultindil e was used as the compression dataset.

Each of these dataseis both storge formatswere compressed withve common
compression algorithm3he algorithmsvere evaluatetly compression speed and rdto
determine the most appropeatethod for eah process. The selected algorithms are

presented imable6.

Table 6: Compression Algorithms

Acronym Full Name Type Initial Release
GZIP GMNU GZIP Algorithm Lossless 1992
ZLIB ZLIB Algorithm Lossless 1995
LZMA Limpel-Ziv-Markov Chain Algorithm Lossless 1996
BZ2 BZIP2 Algorithm Lossless 1996
LZ4 LZ4 Algorithm Lossless 2011

Most algorithms offer aiserselectabldradeoff between compression speed and
compression rat For these sts, all algorithms were set at the maximum level of

compressiono provide arequal comparison.

4.4 Results

4.4.1 Architecture Evaluation

The architecture described in sectio® 4vas successfully implemented with a
Mazak VG500A/5X AM HWD hybrid ma&hine. The ardkecture included a local control
unit, supervisor control unit, andlata producers vht auxiliary sensors. A total of five

experiments were performed to evaluate thhitacture. The first experiment was a simple



investigation anddemonstation of the dpamic sampling characteristics of the
architecture, detailed below. A prary goal of the architect is to provide a foundation for
adaptive feedback control of the hybridanufacturing. Thus, the remaining four

experiments are detailed in &fter 5.

Thefirst experimentconducted on this architecture implementatias designed
to investigate and demonstratgnamic data collection capabilities. The goal of this
experiment was to verify the dynamic sampling mechanisms of the architecture
components. An eaxmpk program was setup on the Mazak Hybrid to serve as the

manufacturing operation. The experiment wasduwted as follows:

1. Local Control Unit (LCU) monitoring Mazak under low data rate state via
MTConnect. Minimal data recording duringeyption pause.
a. LCU polling current status every 0.5 seconds.
b. LCU watching f or viaMCTJAohngckEodriggelo mma n d
high data rate sampling
c. Once triggered, LCU send notification to Supervisor Control Unit
(SCU) for measurement decision
2. SCU enables hlydata rate capresettings
a. SCU sends command to LCU to enable high data rate sampling
b. SCU sends command to Photon Ic¢alerometer) to enable high
data rate sampling
3. Data capture continues for duration of manufacturing operation

4. LCU monitoring Mazak \va MTConnect foendof cycle
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a. LCU watching for AREADYO command
cycle
b. LCU sends notification to@GU
5. SCU disables standard capture settings
a. SCU sends command to LCU to disable high data rate
b. SCU sends command to Photon 1 (Acceleremdb disablehigh
data rate capture

6. LCU returns to monitoring Mazak under low data rate state via MTConnect.

Theresus of the experiment indicate a succ
dynamic data collection system. After a period of in actjvatyuser begathe example
program. The LCU correctly identified the start of operations and notified the SCU, which
in turn triggered the high data rate sampling characteristics. Machine process data and

accelerometer data was collected accordingly, aygul inFigure58.
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Figure 58 LCL displaying process data from Mazak hybrid system

FFT analysis was conducted on the accelerometer data. Two peaks at
approximately 70 Hz and 190 Hz are observed in thguecy spectrumThe 70 Hz
frequencycorresponds to a spindle speed of 4200 RPM. The nominal spindle speed set by
the program was 4000 RPM, confirming this result when accounting for error and operator
override. The 190 Hz frequency corresponds to a ortakispeed of 1,400 RPM, which
is alove the maximum spindle speed of the machine. Upon closer inspection, the
accelerometer was placed on the machine casting near a cooling fan. 11,400 RPM is a
reasonable speed for the fan frequency and large amplitutie aperationduring the

process.
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Figure 59: FFT analysis of accelerometer data

The successful implementation of an adaptable architecture for dynamic sampling
parameters was demonstrated. A control mechanism was implemealtiesvtboth Loca
Control Units and Spervisor Control Units to modify the data collection parameters on
the fly. This capability provides a foundation to collect, analyze, and transmit data with
dynamic sampling parameters as local and supervisor cotuotuses adapio current
monitoring needs. The result of this work will enable significant improvements in the
manufacturing process including analysis driven machine actions and machine feedback

control mechanisms.
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4.4.2 Compression Analysis

Each of the fivedatasetsvereevaluated against thieve compression algorithms.
Both rawMTConnectdata and subset MTConnect data were evaluated to determine any

differences in the resulting compression ratio and compression time.

The LZMA algorithm demonstrated th@vest compressioraio (highest amoun
of compression) out of the five algorithms evaludtedaw MTConnect dataAn average
compression ratio d¥.004 (0.4% of original file sizeyas achieved across all five datasets.
However, it also required thgredestamountof time to achieve thisevel of compression
in all caseslt is noted that all other compression algorithm performed within the same
range of each other with respect to compression range across all datasets. The maximum
difference incompressin ratio betwea ary two algorithmsand datasets is between the
ZLIB algorithm compressing the subtractiveakis dataset and theZMA algorithm
compressing the Additive-&xis dataset, resulting in a difference of 0.016 in compression
ratio. All compressin algorithmsachieve a compressioratio of 0.02 (2% of the original

dataset size) or better, displayedrigure60.
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Figure 60: Raw MTConnect Compression Ratio

Although all compression algorithmperformed reasondp well on Raw
MTConnect data, theraas a significant difference in computational timéhile the
LZMA algorithm outperformed thether algorithms in compression ratib,took two
orders of magnitud®nger to reach that level of comps®n. The averageompression
time across datasets from all processesMésseconds. The maximum compression time
was 225 seconds while compressing the Hybralxi8 dataset. The LZ4 and ZLIB
algorithmswere the besperforming with respect to compressitime, resultingin an
average compression time of 3.72 seconds and 3.97 seconds, respectushynary of
the compression times are displayedrigure 61 andFigure62. Note a different cale is

presentd in Figure62to easily compare the top performing algorithms.
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A commonmetlod of evaluating compression algorithms is to determine the
relationship between compression ratio and compression time for datasets of different sizes

and formatsFrom this plot, optiral datasets for eaalgorithm can be identified hE top



performing dgorithms for time and compression ratio wittw MTConnectdata (LZMA

and LZ4) are displayed with scatter plotd-igure63 andFigure64.
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For both algoritims, the subtractive 5-axis datasestruck the bdashalance betwen final
compression ratio and compression time. Surprisingly, any data set that included additive

operations resulted inigher compression times, but lower compression ratios. This may
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beattributed to thedyered nature of additive toolpa, where therissignificant repetition
in Z values for discrete layeras repetition enables higher compression, these processes
stend in contrast to subtractivedkis tool paths where each motiorriahle is constanyl

changing which resulted in digher compressn ratio.

The same experiment was performed with subset MTConnect data, where
significant variables were extracted frohetinitial MTConnect XML fileand stored as a

concatenated CSV stgnThe results argisplayed inFigure65 andFigure66.
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Figure 65: Subset MTConnect Data Compression Ratio
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The subset NIConnect data provided more eqal distribution of results for
compression ratio and compression time. The ZLMA algorithm once again provided lowest
compression ratio. While the time required was gtilaterthan all otheralgorithms,all
compression thes were the same ordd#rmagntude.Additiondly, The GZIP and ZLIB

algorithms outperformed the LZ4 algorithmith respect to time

A less significant tradeofietween compression time and compression ratio was
observed in this expenent. Noted abovdinal compression rat®from al algorithms
were comparable. The maximum span in compression time was less than 6 seconds
between compressing subtractivaiS data with the GZIRlgorithm andcompressing
hybrid 3-axis data with the LZM algorithm. Therafre, there is less befiteo optimizing
the cloice of compression algorithm with this dataset format. It is hypothesized that the

significant reduction in initial file size affected the results.



4.5 Discussion and Limitations

The resul of this researchprovidea methodology for desigmy, implementng,

and evaluating a mulagent architecture for manufacturing processes.

Additionally, the research results in a process that can be used on an arbitrary
computational unit in the muigent architectureot determinethe best compression
method for thé system given a representative datasktis noted that the computer
proessor and available RAM play a significant factor in this experiment. While these
results are valid for the speicifsystem on whiclthe experiment was conductedeyhare
expectedo vary significantly from system to system. Additionally, it is interegtmnote

that while the compression tiniffer slightly for each iteration of the compression
experimentthe resulting compressefile was identical in size anétio for eachteraion.

This is attributed to the deterministic naturdasfslesssompresion methods.

It is also acknowledged that decompression speed is an important factor in selecting
the most appnariate algorithm fo efficient storage and transmisn of manufaturing
data. An intentional decision was made to defer this research astediomal units in EC
and FC layers are more often limited by processing power and RAM stbiagever, the
LCL nodes and SCL uniteho receive the information (anderefore ar@espnsible for
decompressing it) typically have more processing capabilitteerefore, an argument can
be made that decompression rate is not as signifasacompression rate due toreased

computationbpower.

Finally, it is acknowedged that therae countless methods of data-pre@cessing

and formatting that e¢asignificantly influencethe results of this research. For example, a
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design choice was made to evaluate compressiarh lhides, datasetthat describe the
complete procss from startd finish. There is a significant body of reseatolevaluate
incremental conpression of information strearttsat was not considered in this research
Furthermore, information stream comies often relies w lossy data post processing
metods,invalidaing one of the foundation assumptions that each piece of information
must bepreserved. Future work remains to investgthese methods and applications to

manufacturing data.

4.6 Conclusion

The successful impmentation of an adaptable atelsture for dyamic sampling
parameters was demonstrated. A control mechanism was imp&shierailow both Local
Control Units and Supervisor Control Units to modify the data collection parameters on
thefly. This capabiliy provides a foundation to colle analyze, amh transmit data with
dynamic sampling parameters as local and supervisarot@tructures adapt to current
monitoring needs. The result of this work will enable significant improvementtsein
manufacturingprocess including analysis drivenachine actios and machine feedback

control mechanisms.
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CHAPTER 5. PHASE IIl 7 FEEDBACK METHODS FOR

ADAPTIVE PROCESSING

Hybrid manufacturing systems provide unparalleled manufacturing flexibility by
combining aditive and subtraote capabilities within the santmiild chamberHowever,
numerous challenges exist to fabricating components to geomegedisations on the
first attempt. Effects such as geometric distortion, thermal overheating, and losses in
efficiency have been wetlocumented19]. While theseeffects canbe mitigated with
iterative teing, commercidoperations demand a repeatable process with reliable results
on thefirst attempt. This phase of research explores and develops -tbagedontrol
mechanisms for commercial hybrid manuéaig systems, eilding dynamic processing

conditions.

5.1 Introducti on

Feedback control is a fundamental field of science and engine&hegability to
recognize deviations from a desired path, determine the appropriate amount of corrective
action to takeand executive theompensation is common to cow#$ applicatiomwithin
electrical, mechanical, amthemical engineering. Althoughete are many types of control
systems, schemas, and methodologies, a few commonalities 8kigble process
controllerscan be classifiethto two main categories: opéaop control (wihou process
modification) and closetbop control (process monitognand modification).Hybrid
manufacturing systems provide a unique platform where standardaecontrol is used

to drive processes thdemand closéoop control. Thé body of workresuts in amethod
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for discrete,in-situ closedloop control of commecial Hybrid CNC systesito enhance

resulting components.

5.2 Literature Review

5.2.1 Control systems

An openloop control systens defined a®ne wherefithe output has no effecho
the control ationo [72]. These systems aggevalent in many household electronics,
automotive devices, and even manufacturing equipn@grloop control systems ke
on a setpoint tdetermine the resulting systeutpoint, disphyedin Figure67. While the
operator can manually adjust the setpoint, the system itself has no capabilities-for self

regulation to account for disturbances thairaye the ultimateudput.

. Setpoint — Controller

imarually adjusted)

Process e Process Qutput

v

Figure 67: OpenLoop Control System

Standard manual &dractive mills and lathes can be represented as-lopgn
systems. The operator enables the spindle before manually adjusting the position to the
desired point. Eacbhange in action must be drivby the operatoModern CNC systems
developed as part dfie 3% industrial revolution (focusing oautomation), implemented
feedback mechanisms for motion plannifij. This resulted in losedloop control

systems, defined as a systéimat maintains @resribed relationship between the output
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and the referenceinpbty comparing them and using the d
[72]. Motion and conol systems develaal in pursuit of automation aveell studied ad
understoodln the simplest configuration, a sensor monitors the process output, computes
necessary correction actions, and updates the input accordirgggndard form oflosed

loop cantrol is displayedn Figure 68.

Imanually adpustad]

Setpoint _p@—b Controller > Process # Process Qutput

Sensor [

Figure 68: Closed-Loop Control system

These systems have been implemented in commengahining equipmenas
earlyas he 19406s with the i mohneardonftBlnHowelver, CNC me
while closed loop control systems are used for motion control, they are not used for system

and process control.

5.2.2 Hybrid Manufacturing

ModernCNC systems are notorioustgpeatable and relble systems. They are
designedto execute prasion motion paths with minimal positional error. These
commands are provided by-€ade, a texbased lowlevel programming language that

describes incremental motion positions. While exggnadvanced lovevel closedloop



control systemsxist for the nation plannng within a CNC system, there is no commercial
method to dynamically control the overall proc&dsmmercial CNGnachinesely on the

operator to manually update theegde whemew instructions & required.

This mode of operain is sustainble for a sibtractive machining paradigm, where
stock is within defined tolerances and the same component is fabricated thousands of times.
However, the inclusion of additive capabilitiedHgbrid CNC maching drives a need for

enhanced piess control.

Additive processes are often plagued with geometric errors due to overbuilding or
underbuilding Feldhausemlemonstrated that significant distortions can ocluing the
hybrid process as @esult of repeatetieating and cooling cycld49]. Feldhausn also
demonstratethat theras not a singlsetof processing parameteisr arbitrary geometries
Appropriate processing parameters are dependentatarial, substrateand geometry.
Theseparametersnay require adjustment over tento account fomachine wear, decay,
and other envonmental faabrs. Hybrid CNC systems provide a unique opportunity to
account for geometric errors due to the combination of additive and subtractive capabilities

within a single system.

Other benefits an be achieved thogh closedoop control of hybid manufacturing
processes. Thermal overheating is often experienced withwtlinstructures.Higher
powerfor material depositiors needed when the build begtasheat the substrate. Gn
the substrateeaches thermal edibrium, the power can be reded to prevemvereating.
While thermal time constants can be simulated forgpogrammed power modulations,

environmental factors and machine error prevent complete accuracy of thé mode
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method of &€edback control isequired to sustainably leveragpgbrid manufaturing
processes. Development of a clo$eap control system for commercial hybrid CNC

systems will increase their repeatability and improve industry adoption.

5.3 Methodology

This section diails themethodolgy used to design and investiga method for
disaete feedback control of a commercial Hybrid CNC systemcommercial hybrid
manufacturing systemsAn evaluation of the current information input and output
pathways isconducted. Theresulting communidéon pathways are investigatedrf
dynamic contol mechanisms. Finally, three methods of control are designed for different
time scales. The resulting techniques are implemented and leveraged for dynamic process

control d three experimets, two additive xperimentsand one subtractivexperiment

5.3.1 Information Input and Output

An evaluation of the information input and output (I/O) capabilities was conducted
for Ma z-800A5X AM BWD hybrid vertical machining center @dak hybrid
systm) [8]. A significant amount of data output opportunities exists for this system, as
described irdepth in Chapte8, Phase 1. Inforation available directly from thcontroller
consigs of process monitoring data through the MTConnect prot¢td). This
information includes current machine position, state, mactbuser variabl, and theg

codecommand currently being executéch 1/0 diagran isdisplayed in

Figure69.
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Figure 69: Information input/output diagram for commercial hybrid manufacturing
systems

Additional informatian sources are available from ensial systemgetrofitted on
the hybrid systemMany modern maghing centers includa geomety inspection suite
The Mazakhybrid system includesRenishawnRMP-60 probing systemwvi t h  Reni s haw
Setand Inspect softward24]. Themal monitoring sy'ems ae often usedn additive
manufacturingnonitoring systems. A FLIR A35 camera was included to provide thermal

informationin-situ [74].

Although numerous information output sources are present, werinfermation
input pathways exisThe primary pathway for information input is througkcGde, a se
of textbased inguctions that commands machim@tion. Gcodeis described in depth in
Chapter 2, Phase CNC machines are designed to run repeatdivhe and time again,

without any input.Most machine tool manufactures go to great lengths to pteven
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disturbances oruside influences from changitige process, & from static, fixed, and
pre-compiled G-code. While this information setup is logicah a subtractiveonly

paradigmit is not scalable for additiver hybridmanufacturing.

It must benoted that one othéow-level information input pthway exists Many
commercial CNC systems utilize a combination of -neal timesystems for the HMI
sygem, with realtime system for motion control. This enables the opportunity to overwrite
selective mmory locations to fect the current process actmrrhis approdt typically
requires support from the machine tool manufacture for safe implementatamver,
this information input pathway has the potential to enable-sgged dynamic feedback

proceses.

5.3.2 Supporting Arbitecture for Feedback Control

To sustainalyl implement feedback methods utilizing the information I/Chgadentified
above, three maj framework components arequired Each of these three components
have been described in deptidifferent sectionsn this dissertation. The thirand final
compment feedback methods, is described in this chapter. A short summary of the three

comporents is provided below:

1. A process monitoring architectuise neededto collect data. This architectu
captures everythg produced orthe data input/atput slide. Tks data must be
collected, transmitted, synchronized, and stored for efficient analysssprocess
is documented in Chaptdy Phasdl.

2. A coordinated analysis process needed t@rocess and compare datgainst

desired outcomesseomdric and thermbharalysis is needed, depending on the
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feedback control application. Geometric analysis methods for hybrid
manufacturing are documented in Chapter 3, Pha€¢her supportingoftware
usedn this procesareopensourcepython librariesncludingPandasNumpy, and
FlirImagéextractor[75].

3. A communication pathway is neededmake actionable changes on the machine.
These mechanisms ardnet core contributios for this chapter. Although
implemented andestel on the Mazak hybrid system, theyst be applicable to

any commercial hybrid manufacturing system.

5.3.3 Levels of Feedback Control

Three levels of feedback control have béereloped as eesult of this resarch
These levels are classifidoy timescalef communication Actions appropriateor these

feedback levels aniimescales are displayedkigure70.

Level 3: In-Situ Process Control
P Timescale: 0.1 -3 seconds

Level 1: Motion Control m
Timescale: Imin + B g\osrg\#n oectlggﬁve process
— High-level system control — Bead-level control
— Stgndcrd my(]chine — High—fidelityoddiﬁve
functionality recipes

Level 2: Feedback Control
Timescale: 10 seconds +

{ — Adaptive sectional path
planning
— "Chunked" Operation

Figure 70: Levels of feedbackcontrol with corresponding timescales
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Level 1 contol is focusedn pimary machine functions his control is designed
to command @y standard machine setup preprogrammedopemtions such asool
changes, program file changes, atatic Gcode prograns Level 1 controloperates on a

minimum time sca of 10secondsndgreater.

Level 2 controis designed to handle segmentedrapens.This level of control is
applicable todynamic processes, where a small segment of the desired operations are
exeated, the status dfie process is monitored forgdeed resultsandsubsequent sections
are modified for any corrective actionsriexample, this level of control is appropriate for
dynamic layetby-layer additive operationto change process parameters the next
deposiion path Level 2controloperdes on a minimon timescale of 3 secondBhis level
of control provides most capabilities that we currentlyuse in dynamic hybrid

manufacturing operations

Level 3 control in designed to handle hifyaquency process parategs changes
within a single depsition path, schasdynamic laser powehotwire power, and wire feed
rate.Level 3 control is the most difficyltequiring a lowevel feedback pathway on the
hybrid system. Thisevel of controloperdes on a minimum imescale o0.01 seconds
Level 3 control has significant opportunities fo future work in controlling material

properties during the hybrid manufacturing process, it was not the focus of this research.

5.3.4 Feedback Mechanisms

An analysis ofthe information iput and output pathwaywas competed to
determine possible mechanisms lhich machine instructions could be updated. Two key

functionalities were identified:
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(1) The underlying operating system of the machine controller operates on
the Windows 7 platfan. This is an embedded systentheutflourishes reserved
for standard dektop systems. However, it retains full standard functionality and

networking capabilities

(2) The MTConnect output of the Mazak hybrid system incluaegent
maao variable valueas well as the current line nuetand inline comnentsfrom

current Gcode command.

The combination of these two capabilities enablesdiscrete tweway
communication system between the Mazak hybrid machine and an extemaiten
Since the underlying merating system of the Mazak dwoiler is a whdows machine,
various memory locations internal and external to the controller can be mapped and
networked. This enables a pathway to feed information back into the machine.
Furthermore, curent values of mao variables can be changed ¥dacode commands
during live operations. Ris enables a pathway for information output that can be leveraged
to signal an external source and request updated instructions. Together, thesgiespabil

allow for discrete updats t o t h e-codesinsthctionse 6 s G

5.3.5 Integation with Information Architecture

The multragent architecture developed in ChaptérRhase Il was instrumental in
enabling discrete closddop control for the Mazak hybrigystem. A local ControlUnit
(LCU) was configured to receive MConnect information produced by the machinéhe
primary harddrive of theMa z a k 6 s ¢ ometworked tbd teerLClwsach that the LCL

could read and write files in a specific directory. Hjnarhe LCL was connected wht
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other external sensors as domnted in Chagr 41 Phase Il. The enabled a connected
feedback loop, where the LCL could read the current status of the MachM&@iannect
andtransfer updated Gode to the machine via tmetworkedhard drive.A diagram of

this configuration is showin Figure71.

/ Local Control Unit \

Control Manager

!

Analysis Analysis
Algorithm 1 Algorithm 2

Data
Communication

Module

( . .
{__ Process Monitoring Data € CNC

[ Data Acquisition E Acoustic Data [¢——— Machining
Unit Acceleration Data Je————— Center

Figure 71 System setup for feedback communication wittocal control unit

Two G-code programs were used to operate the CNC machipimary control progam
and a suiprogram. The primarcontrol progam was enabled by the usérhis program
set appropriate macr@riablesto signal that the Mazak machine hatered closetbop
control mode. A variable delay was used to provide computditne for the LCL The
LCL polled the macro varial e 6 s a iata of 2 $z. When the variabignalled

closedloop control mode, the LCtransferreda new set of instictions to the networked

memory | ocation on the Msamakgetofiostctionsocekn er 0 s
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include any commandsnabled by stedad G-code. After the delay expired, the controller
entered the suprogram and executed thed®de statemds. Finally, the sulprogram
returned to the main program, and the flag wast tesidicate thatipdated instructions
were requeed This loopcomgetes until a termination signal is given by the LGL.

timing diagram is provided iRigure72.

| User selected length of time |

Flag1 .
/ \ System Disabled
System Enabled System Enabled ystem Disable

L I |
L 1 |
50 ms 2000 ms Variable time

Flag 2 Ready for new instructions Ready for new instructions
Flow Control

Execute Instructions

Data
Machine Instructions

Transfer new instructions

Figure 72 Timing Diagram for Closed-Loop Control System

This process was designed torwamn any commeeia CNC system with a standard
operatingsy®#@m as the foundation of the machi neds
presented ifrigure73. The specific immmentation flow fothe Mazak hybrid machine is

presented irFigure74.
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CNC Machine

’ 1. Set Flag 1 ON: Enable fransfer loop

Enter Transfer Receive Loop
2. Setf Flag 2 ON : ready for next fransfer —

4

3. Delay for fransfer
4. Set Flag 2 OFF: not ready for next fransfer
5. Execute fransferred program

6. Goto step 2 or exit loop

Exit Transfer Receive Loop
7. Set Flag 1 OFF: Disable fransfer loop

Control Computer

1. Poll CNC Machine for Flag 1 ON. Pause
and check every 500ms.

Enter Transfer Send Loop
> 2. Poll CNC Machine for Flag 2 ON. Pause
and check every 500ms

3. Compute next G-code instructions

4, Transfer next G-code instructions

/

5. Goto Step 2 or exit loop

Exit Transfer Send Loop
6. Goto Step 1

)

Figure 73: GenericLevel 1 and 2ClosedLoop Control for Arbitrary Commercial
CNC System

Mazak

main program

1. Sets flag — begin transfer loop

M'E‘,onnecta

python

r_

2. Wait for next sub-program
e

3. Set flag - sub-program execution

4. --—--Execute Program

5. Set flag - ready for next
sub-program

6. Last sub-program, set flag to

end loop i

— = e = —Mazak
Windows Server

Message Block
(SMB)

1. Pulldata via MTConnect
- o
2. Pulldata from auxiliary sources

3. Complete analysis and update
G-code

4. Queue next G-code file

5. Transfer to sub-program on

Y

e

Figure 74: Level 1 and 2 Closeel oop Control Implementation for Mazak Hybrid



5.4 ResUts

A series ofthreeexperiments were performed to evaluate the capabilities of the
ClosedLoop Control System. Thedbree experiments were designed to test different
capabilities of e hybrid manufacting system under a closéabp control regime.The

experiments perfornteare as follows:

1. Dynamic dwell control toprevent thermal overheating of a thimll
structure during additive material deposition
2. Multiple part fabrication basechahermal control

3. Continuous inspection fan-situ distortion motitoring during cooling

5.4.1 Experiment I DynamicDwell

Thermal control of additive processes is critical for the successful fabrication of
thin-wall structures. This is increasingly difficithen the bead geormg for deposited
material is okimilar size 0 the thickness of thesicture. Previous experiments attempting
to print a thinwall structure with al5 degreeoverhang have failed due thermal

overheating. An example of a failed cooment is displayeth Figure75.
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Figure 75: Thin-Wall Structure Overhang Failure from Thermal Overheating

The closedoop control methodology was used to dynamically change dwell times
between depositioaf each layerThe FLIR A35 thermal camera was usedmonitor the
maxmum temperature within the part. A dwell was commended until the temperature fell
below a threshold value of 135 C. A chart of dwell times per layer is display@dure
76. It can be seen that the dwell timesre consistdrfor layers 16. This is attributed to a
cold substrate. However, once thabstrateeachedhermal equilibrium, the dwell time
increased anthe closedoop control algorithm waited untihe maximum tempature fell
below the thresholdlhe thinwall geomery was successfully printed with the clodedp

control methodology, displayed Figure77.
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Figure 76: Dwell Times for Thin-Wall Overhang Geometry

Figure 77: Thin-Wall Structure Overhang Fabricated with ClosedLoop Control
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5.4.2 Experiment 4 Multi-Part Operations

A secondplug-in was developed as part of the clos$edp control capabilities to
coordinate separate operationsnomultiple components. Thisapability enalds te
independent fabrication of N number of distinct parts within #maesbuild chamber. A
specific application of this capability is the increase in machine efficiency while operating

under thermal managemecdnditions in metal additivenanufacturing.

A multi-part experiment was setup to test and demonstrate this cgpabiiLIR
A35 thermal camera was positioned to monitor temperatures over two sections of a cast

iron substrateas siown inFigure 78.

Figure 78 Multi -Part Thermal Camera Experiment Setup
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The closedoop control plugin captured the thermal image and evaluated the
maximum temperature on both halves of the substatdjsplayed irigure 79. G-code
for two 5-bead walls measuring 50mm in height (total of 26 layers) was created. The
closedloop control framework with muHpart plugin evaluated the thermal image and
identified the se@bn with the lowest temperater The machine instructions eve
subsequenyl updated to continue operations on that pahroughout the fabrication of
these parts, the left side was favored. While layetf alternated between the left and
right parts evely, theleft part cooled fastr and was therefore favorbyg the algoritim for
subsequent layers. The left part was completely fabricated while over 10 layers remained
on the right part, as -23hdownmno cikno Hisg agwreo v3 .d eAd

for scale.

Figure 79: FLIR A35 Thermal ImageSegmented for Multi-Part Fabrication



Figure 80: Multi -Part Fabrication of Two Walls through ClosedLoop Control

Although the demonstration of mufiart fabrcation was successfufurther
development of thelasedloop contol algorithm is needed. Additional logic should be
added to monitor the differential between layers of separate parts. If one part is atlowed t
build beyond a certain number of layers wigspect to the otheomponents, the potential
for a machine crds becomes significant. Additionally, while the algorithm is currently
capable of multpart fabrication with both additive and subtractive opens, it is not
capable of the preparatorysias required to makeaish changes. For example, auiatic
fan cycks ould be triggered to follow all subtractive operations, clearing coolant and other

chips from the substrate before additive operations et
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