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ABSTRACT

INDOOR AIR QUALITY IN CHANGING WORKPLACE DYNAMICS:
THE CASE OF ADDITIVE MANUFACTURING

U - aBmel
Master of ScienceBuilding Science in Architecture
SupervisorAssoc. ProfDr.MehmetK or ay Peker i -1 i

July 2024 248 pages

As people spend significant portiorof their time indoors, such as in workplaces,
workplace conditions are of great importance to their -aeihg. With
technological advancements, Additive Manufacturing (AM) technologies are
increasingly integrated into workplaces, blending produdiu officespaces and
affecting indoor air quality (IAQ) through emissions from various processes.
However, these impacts remain underexplored, particularly regarding the
coexistence of productioand officespaces. This study investigates the impact of
AM processes, including powder bed fusioselective laser melting (PBELM),
powder bed fusion - selective laser sintering (PBELS), and vat
photopolymerization stereolithography (VFSLA) on IAQ parameters, including
particulate matter, volatile organic compounds, formaldehyde, benzene, ethanol,
nitrogen dioxidecarbon dioxideando x y gen al ong with empl oye
IAQ in production and office spaces. Qualitative and quantitative data were
acquired from serstructured interviews, an Internet of ThiAgssed custom
designed instrument collecting rdgahe pollutant data, and another custom
designed instrument gathering employee feedback on IAQ perception. The

interview results highlighted employee concerns about IAQ. Field experiments



revealed emission®f varying degrees concerning IAQ parameténs both
production and office spacdsiring PBFSLM, PBRSLS, and VPSLA operations

The emissions detected the production spaces were higher compared to those
recorded in the office spac&he employee feedback indicated generally positive
perceptions of IAQ irthe office space but noted concernslie productionspaces
during certain operational phases. The findirgsphasizethe need for facility
adjustments to mitigate IAQ challenges associated with AM operations,

particularly inthe production spaces

Keywords: Additive Manufacturing, Indoor Air Quality, Internet of Things,

Emissions, Workplace
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CHAPTER 1

INTRODUCTION

This thesis explores the impact afditive manufacturing(AM) technologies on

indoor air quality (IAQ) within the context of production and office spacehis

chapter presents the background and motivation of the outlined prdblere, s c é o e
of the researchhe aims and objectives of the stuthgresearch questions, and the

structure andlisposition of the thesis.

1.1  Background and Motivation of the Research

People spend a significant portion of their time within indoor sp@¢esonen &

Tan, 2004) with workplaces constituting a major part of these indoor spaces where
people meet the necessities of their wotkrough physical and mental effort
(Felstead et al., 2003\Vorkplaces have been classified based on the nature of the
work performed. An office space is attributed to a space where nonmanual work is
carried out, focusing on administrative and managerial {@stead et al., 2003)

to satisfy related functions and processes of an enterfiag, 2019) It is
typically equipped with desks, computers, phones, and other necessary office
equipment.On the other hand, a production space is where operations, including
manufacturing and assembling of produdtke place (Felstead et al., 2003)
Therefore,it is equipped with production machinery, assembly lines, and storage

areas.

Historically, productionand office spaces have beelistinct entities withseparate
roles and physical boundarigdevertheless, political contexts, social conditions,

and technological developments have changed these spaces throughout history



(Rassia, 2017)The evolution of these spaces dksely tied to the history of
industrialization. Each industrial revolution has transformed workplace dynamics
by introducing new technologies thaterthe interaction betweeworkplace and

work processesParticularly, he advent of Industry 4.0 brings about novel
production techniques thaeshapethe landscape of workplac€¥aidya et al.,
2018) One significant exampléhat is becoming prevalent in Industry 4.0 is
additive manufacturindAM). This emerging manufacturing field enables three
dimensional (3D) objects to be fabricatbécbugh 3D printers by meard additive
processegDelgado Camacho et al.,, 2018; Gupta et al., 2019; Kietzmann et al.,
2015; Labonnote et al., 2016; Mathur, 2Q18)enablesthe fabrication of 3D
objects withintricate shapes at a lower cost, reduced weight, fastér pace
without using molds or template@Gibson et al., 2015)Unlike traditional
manufacturing processes that require lasgale production facilities, AM
operations take place imore flexible andmultipurposespaces.Therefore, AM
makes it feasible to carry out production activities within smaller footprinted
spaces as a part of other workplace operati@msequently the boundaries
between design and production processes are blucedsing production and
office spacedo be integrated in certain cas@$e integrationof productionand
office spacespositively influences the operational dynamics of AM proceskes
brings about improved efficiency in task management and streamlined operations.
AM is widely utilized across diverse industries. Both advanced prirdads
desktopbasedconcept modelerhave become very prevalent in many businesses
(Gibson et al.,, 2015)Consequently, there is an increasing prevalence of
workplaces whergroduction anebffice spaces coexist.

AM processes can be considered in seven areas with respect to the employed
technology( Monz - n et Thesé ardinde? f@tiing(BJ), which involves
layerby-layer construction of objects using powdered materials bonded with a
liquid binder; directed energy depositio(DED), which uses thermal energy
sources to melt feedstock material to be deposited onto a build platfatarial

extrusion (ME), which extrudes material through a nozzle layer by layer to



construct a partmnaterial jetting(MJ), which dispenses liquid photopolymer resin
onto a build platform to be cured by an uttialet (UV) laser;powder bed fusion
(PBF), which solidifies a powddrased material through a heat soursbeet
lamination(SL), which laminates sheets using adhesives or ultrasonic welding to
form objects; andat photopolymerizatio(MP), which involves selective curing of
liquid photopolymer resin into a solid state in a (8tefaniak et al., 2021; Tofall

et al.,, 2018; Wu et al., 2020Eachprocess involves pprinting, printing, post
printing, andpostprocessing stages, contributing to potential emissions and health
risks based on the technology and materials used. Stefarahl{221) state that

the typical preprinting activity in AM processes istroducingfeedstock material

into the 3D printer. Therefore, powder introduction in BJ, wire or powder
introduction in DED, polymer introduction in ME, the introduction of resin
containers in MJ, measurement and introduction of powder in PBF, the
introduction of paper or polymer in sheet format and metal in tape, film, or ribbon
format in SL, and resin mixing and vat loading in VP occur duringppreing.

The printing phase for all AM processes includes operating the 3D printer to print
the intended object. Pegtinting tasks include opening the equipment door and
extracting the printed object for all AM processes, with additional tas&kiding
removing powder surplus in BJ and PBFotential posprocessing activities are
spray coating in BJ, machining in DED, vapor polishing and sanding in ME,
detaching from the build platform and grindiimg PBF, cutting or milling in SL
(2021) and cleaning, UV curing,removing supportsand other processing
activitiesin VP (Pagac et al., 2021 ach of these processes bgrapout certain
emissions requiting concerns for health and safgtyMi n § S e t as ghby. | 202
directly affectindoorair quality (IAQ) in workplacesNevertheless, the expansion

of AM applications lacks comprehensive attention to worker safety and health,
with a limited number of publications addressing these con¢&tetaniak et al.,
2021)

All AM processes present hazardshile the nature and extent of potential

exposure vary across AM categories, process phases, and operating environments



(Bours et al., 2017; Petretta et al., 2019; Roth et al., 2@B&eral authors
including Petretta et a{2019)and Roth eal. (2019) claim that major health risks
associated with AM processes include particle inhalation,-sefatile and volatile
organic compounds (SVOCs and VOCSs) exposure, and dermal exposure to varying
matters, including powders, binders, resins, solvents, and radiétieremissions
generated during the AM processes exacerbate the microenvironment within a
workplace by augmenting indoor air pollution with varying harmful compounds
released into indoor ail.hose emissions create risks to not only production spaces

but also office spaces that work as an integrated part of production spaces.

This research is propelled by the commitment to undersignitie complex
relationship between AM technologies dAd) in integratedoroduction anaffice
spaces. The study utilizes a combination of qualitateved quantitative
methodologiesto investigatea workplace engaging in additive manufacturing
practicesand therefore characterizehe impact of different AM technologiem

IAQ within production and office spaces The qualitative and quantitative
methodologiesncludea semistructured interview and field experimemdsgather
reattime pollutant datawithin production and office spacesand capture IAQ
perceptions of employeesduring operations of differentAM technologies
including powder bed fusion selective laser melting (PBELM), powder bed
fusion - selective laser sintering (PBFLS), and vat photopolymerization
stereolithography (VFSLA). Hence, by combiningthese methodologies, the
research aims to provide a holistic understanding of how different AM technologies
impact the multifaceted dimensions of IAQ within producteomd office spaces
within workplaces, offering insights into the intersection of the health and comfort

of employees.

1.2  Scope of the Research

This researchemploys qualitative and quantitative methodologies to investigate a

workplace engaged in additive manufacturing practicAs.semistructured



interview is contemplated to be conducted with employees to gain insights into
workplace dynamics. Thestudy focuse on the impact of different AM

technologie®n IAQ within a workplaceincludingproduction and office spaces.
The AM processeto be monitored are:

A Powder Bed FusionSelective Laser Melting (PBELM)

A Powder Bed FusionSelective Laser Sintering (PBFLS)

A Vvat Photopolymerization Stereolithography (VFSLA)

These processes are conducted by the SLM Prototyping and Final Part Production
Equipment, SLS Prototyping and Final Part Production Equipment, and SLA
Prototyping and Final Part Production Equipment withinwloekplace The 1AQ
parameters to be monitored during these processes include particulate matter,
volatile organic compounds, formaldehyde, benzene, ethanol, nitrogen dioxide,

carbon dioxide, and oxygen.

A custom instrument named the Indoor NetwBdsed AirSensing Ecosystem
(INBASE) is designed by the authtr monitorand acquire regime data on the
concentrations of aforementionddQ parameters This instrument utilizes a
development board, base shield, breadboard, gas sensofs, Madule, and

display unit.

In parallel, the research also examin@€) perceptions ofemployeesin the
presence of different AMvperations Thereforethe author designan Indoor Air
Quiality Polling Instrumentsing a development board, card shield, breadboard,
reaktime clock, tact switches, and resistdtss usedas a feedback mechanigm
capturesubjective perceptions of IAEMployees in the relevant spaces use this
instrument to rate their perception of IAQ on a scale of very good, good, neutral,

bad, and very bad.

The INBASE and polling instruments are utilized simultaneoasiyplaced next

to each otheduring field experimentsto capture objective data and subjective



perceptions of IAQ.Due to the availability of only one of each instrument,
experiments are conducted at different tirnased orthe workplace workflowand

the orders received. Consequently, even though the same AM method is monitored,
variations in printed components and experiment durations may occur between
production spaces and the office space. Additionally, details of the ppateshre

not disclosed due to confidentiality agreements.

1.3 Aims and Objectives of the Research

The main aim of this study is to comprehensively understand the impact of varying
additive manufacturing (AM) technologies omdoor air quality (IAQ) within

productionand officespaces. Research objectives can be listed as:

1 To assess the impact different AM processesincluding PB~SLM, PBF
SLS,and VRSLA that take place ithe related production spacem IAQ
parameterdn those production spaces and the office spduéng pre
printing, printing, posprinting, and posprocessing

0 To design an instrument tailored to monitor specific IAQ
parameters, including particulate matter, volatile organic
compounds, formaldehyde, benzene, ethanol, nitrogen djoxide
carbon dioxide, and oxygen a workplace environment.

1 To ascertain theAQ perceptions ofemployees of the workplada the
related production spaseand the office space inthe presence of AM
operations irthoseproduction spaces

o To design an instrument to gather employee feedback concerning
theperception of IAQ in a workplace environment.

1 To identify potential correlations between variationsnionitored IAQ
parametersdue to different AM processes andQ perceptions of

employeesn therelatedproductionspacesandthe office space.



1.4 Research Questions

The main research questions can be listed as:

1 How dodifferent AM processesincluding PBFSLM, PBFSLS, and VP
SLA that take place inthe related production spageimpact 1AQ
paramete®@ such as particulate matter, volatile organic compounds,
formaldehyde, benzene, ethanol, nitrogen digxicerbon dioxide, and
oxygerd in those production spaces during various phases of AM
operations?

1 How do different AM processes, including PBEM, PBFSLS, and VP
SLA that take place in the related production spageimpact 1AQ
paramete@ such as particulate matter, volatile organic compounds,
formaldehyde, benzene, ethanol, nitrogen digxicerbon dioxide, and
oxyger® in the office space during various phases of AM operations?

1 How do workplace employeegperceive IAQ in the related production
spaces inthe presence oflifferent AM processes, including PBELM,
PBFSLS, and VPSLA, that occuin those production spaces

1 How do workplace employeeperceivelAQ in the office space irthe
presence oflifferent AM processes, including PBSLM, PBFSLS, and
VP-SLA, that occuin the related production spae

1 How do variations inmonitored IAQ parametersdue to different AM
processes correlate with IAQ perceptions of employeeshén related
production spac®

1 How do variations inmonitored IAQ parametersdue to different AM
processes correlate with IAQ perceptions of employetioffice space?

1.5 Research Structure and Disposition

This thesis comprisefive consecutivechapters Introduction, Literature Review,

Methodology, Results and Discussion, and Conclusion.



The first chapter is the Introductiowhere the background and motivation of the
outlined problem are describetie scope of the research is descrilted,aims and
objectives of the study are presented, research questions directed to the thesis are
listed, and the structure and disposition of the thesis are explained.

The second chapterLiterature Review, delves intehe workplace, additive
manufacturing, anthdoor environmental qualityn the workplace sectionoffice
space, production space, and integration of productiod office spacesare
explained The additive manufacturingection examinethe historicaldevelopment
of additive manufacturing and the technologies andprocesses ofadditive
manufacturing Lastly, within the section on indoor environmental quality, the
focus is given tandoor air qualityphenomenonindoor air qualitypollutants, and

indoor air quality issueassociated witladditive manufacturing

In the third chapterMethodology the methodologyfollowed by the study
including the semistructured interviewtwo customdesigned instrumentsand
field experimentsarepresentedThe first instrumentthe INBASE, is explained in
terms of hardware development, software development, and calibrdten.
second instrumenthe Indoor Air Quality Polling Instrumenis detailed in terms
of hardware and software developmédrastly, field experimentsn production and

office spaceareexplained

The fourth chapter ithe Resultsand Discussiojwherethe outcomes othe semi
structured intervievare explainedthe findings offield experimentsn production
and office spacearedemonstratedandinsights intoenhancingndoor air quality

in the case of additive manufacturing are presented

The fifth chapter isthe Conclusion where theresearch is summarized, the main
results and discussion are presengediresearch limitations and future directions

are indicated



CHAPTER 2

LITERATURE REVIEW

This chapter is constructed as sections coverMéprkplace, Additive
Manufacturing, andindoor Environmental Quality.The Workplace section
introduces Office Space, Production Space, and IntegratioAraduction and
Office Spaces The Additive Manufacturing section discusses the Historical
Development of Additive Manufacturing aride Technologies and Processes of
Additive Manufacturing The Indoor Environmental Quality section dehaso
IndoorAir Quality Phenomengnindoor Air QualityPollutants,and Emissions and
Exposurefssociated with Aditive Manufacturing

2.1  Workplace

The termwork, having several meaningsefers to activities, such as a job,
involving physical or mental effort for a certain purpose. Place of work, workplace,
refers to places where work is performed. Workplaces have been classified based
on the nature of the work. To illustrate, while an office space is attributed to a
building where nonmanual work is carried out, a production space is attributed to
the manufacturingr assemblingf goods(Felstead et al., 2003)Vithin this study

the workplace refers to the physical environment where work is conducted,
encompassing all areas, facilities, and resoutt@sndividuals or teams utilizéo
perform their tasks and responsibilitidhe workplace spaces include but are not
limited to office spaces, producti@paceslaboratories, studios, workshops, and
any other designated areas where wetkted activities occuO©ffice spaceaefers

to the area within an organization where tasks, duties, and responsibilities are



performed by individuals in an environment equipped with desks, computers,
phones, and other office equipment used for office werduction spaceefers to

the spacewithin an organization where production or manufactupngcesses are
executedand physical products are manufactueed processedrhis area may

have production equipment, assembly lines, storaggpostprocessingreas

2.1.1 Production Space

Production spaces have been integral to human life from early civilizations to the
contemporary ergMarsh, 2019) The evolution of these spaces is closely tied to
the history of industrialization since industrial revolutions are milestones in history,

transforming production technologies, techniques, and spaces.

The era before industrialization has witnessed varying pnokiostrial examples.

As early as the IDcentury, China had lareggzale, stateun industries producing
goods like porcelain and silk. As a part of industrial evolution, the cottage industry
relied on artisans. The guild system emerged in Europe during the MiddleédAges
train artisans and to regulate trade. The puttingsystem challenged the cottage
system, where merchants subcontracted raw materials to workers who produced
goods at home or in small shops. This system allowed households to supplement
income but often led to exploitation due to a lack of wage regulation and labor
oversight. Originating in India and spreading to Europe by tiecedtury, the
spinning wheel was a crucial piredustrial tool primarily used by women to
produce consistent yarn. As a part of the puttng system, the spinning wheel
preluded the Industrial Revolution in textiles. In the earl{} &&ntury, the term
factory appeared in Europe, referring to the building used for assembling finished
goods. Afterindividual parts were made piecemeal at home, they were brought to
the factory for final assembly. These early production facilities were reused and
modified existing buildings rather than purposefully built spaces as the production
scale was small. As the production outgrew those reused spaces, specific buildings

were built to accommodate emerging space necessities for production equipment

10



and materials by which physical attributes such as interior dimensions, ceiling
height, and span of open space are dictated. The production facilities before the
Industrial Revolution were characterized by sawtooth roofs, referring to the roof
line consisting of triangular trusses parallelly placed, waterwheels to capture the
kinetic energy of water to operate production equipment, and line shafts that are

single spinning shafts where belts and pulleys attach mack{Margh, 2019)

Following the protandustrial era, four Industrial Revolutions have significantly
transformed the production landscape from th® déhtury onwards, as illustrated
in Figure2.1 (Rojko, 2017)

4™ Industrial
Revolution

1%t Industrial 2 Industrial 3" Industrial
Revolution Revolution Revolution

adty
E\eg‘s or oductio®
Mas

=
= Henry Ford, T-model

Industry 4.0,
Smart

Electronic
Automation

Electrification,
Industrialisation

Maechanisation,
Mechanical Power
Generation

Figure2.1 Industrial RevolutiongRojko, 2017, p.79)

The first Industrial Revolution, Industry 1.0, starting in Britain in the -tr8d
century, revolutionized production with the steam engine, leading to the rise of
factories, particularly in the textile industtarsh, 2019) A shift was seen from

manual work to the first manufacturing proceg$tgko, 2017)

The second Industrial Revolution, Industry 2.0, emerged in tRec&Stury when
steam power was gradually replaced by electricity after dominating the
manufacturing industry for more than 100 ye&@warsh, 2019) Electrification
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enabled further mechanization and mass producfi@ojko, 2017) As its
accessibility was increased, working time extended beyond daylight hours in
several industries. Electrification was followed by air conditioning to control the
indoor environment and improve the manufacturing process. Factories matured
from hand tools to machine tools and individual artisans to factories of line
workers. Machine shops equipped with used tools such as lathes, planers, and
milling machines were developed alongside factories, transitioning from pre
industrial skills to a skilled profession. Despite fears of machines replacing
workers, skilled machinists became crucial, requiring literacy, numeracy, and
technical knowledge to produce complex and precise parts efficiently. Clocks and
guns were two significant industries of the era. In the laté cihtury, studies
assessing worker behavior emerged, including time and motion studies by Lillian
and Frank Gilbreth and shop and process management studies, known as
Taylorism, by Frederick Winslow TayldMarsh, 2019) Production spaces were

configuredto maximize efficiency and output

The third Industrial Revolution, Industry 3.0, began in the 1960s with the
introduction of automation and microelectron{€ojko, 2017; Sharma* & Singh,
2020) The term advanced manufacturing technology (AMT) emerged with
innovations in the 1980s. The term involves concepts such as corbpatst
integrated manufacturing (CIM), compuigided design (CAD), computaided
manufacturing (CAM), and flexible processing mechanisms (FMS). Additionally,
developments in the electronics industry, including the invention of transistors and
integrated circuits, improved the machines. Integration of that electronic hardware
into manufacturing systems necessitated software developments, industrializing
both the electronics and IT industri@&harma* & Singh, 2020)

The fourth Industrial Revolution, Industry 4.0, emerged in the 2010s and centered
around equipping machines with salffare and sellearning mechanisms. The
Internet of Things (IoT), industrial 10T, clodshsed manufacturing, and smart
manufacturing have been significant drivers of Industry 4.0, which aims for

digitized and intelligent manufacturing. Big data and analytics, autonomous robots,

12



simulations, vertical and horizontal system integration, industrial 10T, cyber
security and cybephysical systems (CPS), cloud, additive manufacturing, and
augmented reality have been considered central pillars of Industry 4.0 to acquire
automated, integrated, and optimized production flpvaidya et al., 2018)
Inevitably, production spaces have been resh&apadcommodate the demands of

digital and automated manufacturinghe overview of Industry 4.0 is given in

Figure2.2.
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Figure2.2 The Overview of Industry 4.(Rojko, 2017, p.81)

Human-machine
.ccllaboration

2.1.2 Office Space

Stemming from the Latin word officium, the office represents an entity composed
of the spatial, physical, and built environment. Office spaces are necessary to
satisfy related functions and processes of an enterghsg, 2019) The

understanding of office spaces has changed throughout history, mainly
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characterized by interconnected phases and discontinuities due to political contexts,

social conditions, and technological developmé¢Rissia, 2017)

In ancient civilizations such as Egypt, Greece, and Rome, administrative buildings
were affected by the economy, power, and authority. Spatial organization in Egypt
was dominated by hierarchy and centralization. Workplace design included spaces
designated for varying tasks, including accounting, registration, and bookkeeping.
Additionally, mobile work practice was observed in clerks and scribes who used

two wooden boards, an inkpot, and a quill to perform their work in varying spaces.

Conversely, spatial organization in Greece and Rome aimed to attract central or
peripheral movement with spread centers and courtsides. Workplaces were
designed close to public spaces and involved a combination of cellular and open

plan spacefNag, 2019; Rassia, 2017)

The modern era, followed by the collapse of ancient empires, was associated with
increased private and public developments, evolving the design of office spaces.
While the 1%' century symbolized the emergence of multifunctional office spaces
exemplified by Uffizi, composed of a-Ehaped threstory multifunctional gallery,

and designed by Giorgio Vasari in 1560, thé" o@ntury was characterized by
work, rank, and job classification followed by the stegatral bank, its head

offices, departmental offices, and banking h@assia, 2017)

The 18" and 19" centuries were characterized égonomic growth and increased
construction. The workplace design of thé"X®ntury included large spaces for
staff and separate spaces for higher administrative positions, the early example of
which is the East India Company in London handling bureaucratic documents for
trading, as seen inFigure 2.3 (a). The 19" century further prioritized power and
status dynamics with the help of technological developments to shape workplaces,
leading to higkrise buildings. To illustrate, the Oriel Chambgrd.iverpool, given

in Figure2.3 (b), is a steeframed fivestory office building with a glass curtain

wall that influenced the development of skyscrapers in the following ceitiaxy,

2019).
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Figure 2.3 a) East India Co., Leaden Hall Street, London, 192®) Oriel
Chambers, Liverpool, 1864; c) Sears, Roebuakd Conpany Mail Order
Chicago,19056; d) and e) Larkin Building, Buffalo, NY, 19G#ag, 2019, p.6)

The workplace design of the 1&nd 19" centuries wasomposed of rectilinear
buildings involving spaces around a central corridor, core space, or atrium (Rassia,
2017), withcellular office plan arrangement§he cellular office plan refers to a
floor space segmented into individual offices, named cells, using permanent walls.
The size and location of cells reflect the job status of the employee occupying the
space. While this typology provides increased privacy and a doghentration

level, it represents a rigid hierarchy and createdack of flexibility and
collaboration(Anton, 2015) The ellular office layout and its example dhe

Wainwright Building are given ifigure2.4.
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Figure2.4 Cellular Office Layout I( eft) and Wainwright Building, Louis Sullivan,
St. Louis, 1890Right) (Anton, 2015)

The early 28 centurywas characterized by concerns for aesthetics and technology
(Nag, 2019) Moreover, the concepts of Max Weber and Henri Fayol introduced
considerations for weleing and welfare into workplace design. Affected by the
principles ofscientific management of Frederick Taylor, the design practice from
1900 to 1930 involvedpenplan workplaces with glass partitions, prioritizing
taskfocused work arrangements, productivity, and close supervigRassia,
2017) The primary purpose associated with this design practice is to increase
efficiency (Lovell, 2017) Therefore,the Taylorist operplan layout includes an
arrangement where workers are lined up in rows in the ¢emtdrmanagers have
their private offices around the perimeter to enable both uninterrupted workflow
and visual supervisiofAnton, 2015; Gou, 2016)Taylorist operplan layout and

its example on theJohnson Wax Building are given ifigure 2.5. The
implementation othis typologyhas been noted fats potential benefits, including
enhanced collaboration among employees, -efisttiveness through efficient
space utilization, and the creation of versatile rrusg environmentgAnton,
2015) This typology spread globallgue totheseadvantagegDerksen, 2014)
However,it has certain disadvantagasich as the perpetuation of rigid hierarchical
structures, heightened levels of ambient noise, lactl of individual privacy
(Anton, 2015; Gou, 2017Examples of office buildings of the era arthe Larkin
Building in Buffalo andthe Sears, Roebuck, ar@ompany Mail OrdeBuilding in
Chicago. The former, designed by Frank Lloyd Wright, is estxy high building
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with an openlayout featuring undifferentiated space with rows of desks for
workers and closed offices for managers, giverigure 2.3 (d,e). As shown in
Figure 2.3 (c), the latteris a ninestory office building comprising two blocks
accommodating 22000 employees. It is considered the most massive building of its
time (Nag, 2019) The variations of the Taylorist opgian following similar
principles are the prevar social democratic office layout (191030) and the
streamlined office layout (1930). While the former is considexesiallscale
Taylorist operplan layout with a focus on natural light, the latter is associated with
warmer office spaces owing to the use of streamlined matériaell, 2017) As
World War |l caused a building downturn due to the worldwide economic crisis,
prewar design practices that focused on functionality guided thewmsosperiod
(Rassia, 2017)

,,,,,

Figure 2.5 Taylorist OperPlan Layout [(eft) and Johnson Wax Building, Frank
Lloyd Wright, Racine, 1937Right) (Anton, 2015)

After the reconstruction of theconomy, workplace design of the 1950s differed in
Europe, America, and Asia. European design was associated with rows of dense
cellular spaces around a central corridor, while American and Asian architecture
involved poorly lit operplan layouts to save space. By the late 1950s and early
1960s, office users' needs were-egaluated wth the rise of the international
modern movement focusing on steel and glass matewaisiplan layouts,
artificial lighting, and air conditioningRassia, 2017)B ¢ r o | a ntesoffidea f t |,

landscape,emerged in Germany in the 19508he concept refers to social
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democratic officegLovell, 2017) including clustered work zones of varying sizes
to foster communication between different individuals and parts of the organization
(Anton, 2015; Nag, 2019While it fosters a notmierarchical environment and
advanced communication and collaboration among emplogfemstoni, 2013;
Lovell, 2017) the main drawbacks of this typology are increased ambient noise,
lack of privacy, and difficulty in concentratiofAnton, 2015; Nag, 2019Dffice

landscape layout and its example@sram Offices are given Figure?2.6.

Figure 2.6 Office Landscape LayoutLéft) and Osram Offices, Quickborner,
Munich, 1963 Right) (Anton, 2015)

Action offices emerged in 1960 to enhance the creativity and flexibility of social
democratic offices by giving employees the ability to personalize their spaces
according to their preferences and modify their privacy with pghelsll, 2017)
Additionally, layouts stimulating a sense of belongingatavorking community
without feeling lost in the crowdemerged as a result of a search for patterns and
human associations of the traditional citfhe structuralistoffice layout
exemplified bythe Centraal Beheer Building, given Figure2.7, is adeep spatial
matrix arranged on a taan grid of platforms with a labyrinth senseresembles a
worker village to enable a working communitgjlthough posing navigation
challenges due to its intricate characteristics, this layout promotemunication
and collaboration among employeskile fostering a sense of identification with
the workspacé€Anton, 2015; Gou, 2017)
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Figure2.7 Centraal Beheer, Herman Hertzberger, Apeldoorn, {8itbon, 2015)

The cubicle arrangements were utilized in office layouts thiérise of the middle
classand the introduction of personal computers into offi¢€antoni, 2013)
Dominating office design from the 1980s onwafdsvell, 2017) the cubicles are
semtienclosed spaces with 1.5 to -Irtetertall vertical elements to isolate workers
from noise and sight of an opg@han layout(Anton, 2015) Although the cubicle
arrangement provides partial privacyciieates a lack of interaction and aseof
community(Lovell, 2017)and obstruatdaylight(Anton, 2015) The cubicle layout

and its example o6hase Manhattan Bank are giverFigure2.8.
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Figure 2.8 Cubicle Layout [Ceft) and Chase Manhattan Bar&QM, New York,
1961 Right) (Anton, 2015)
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As a variation of cellular arrangement, combi offices are cellular offices with
public corridors. This arrangement promotes individual privacy and a high level of
concentration. Nonetheless, it proliferate®notonous cellular officeshat are
unable to express organizational cult@fenton, 2015) The combi office layout

and its example 08AS Offices are given iRigure2.9.

Figure 2.9 Combi Office Layout I(eft) and SAS Offices, Niels Torp, Stockholm,
1988 Right) (Anton, 2015)

Increasing access to the Internet and the economic recession faced by varying
businesses as a result of growing competition in globalized markets in the 1990s
profoundly affected office design. The concept of teleworking was hdren
laptops and mobile phones facilitated employees to work away from the office.
Costsaving advantages of the conceptich asreduced expenses foent and
transportation gave birth to virtual offices where the work is mobileovell,

2017) However, lack of interaction among team members, decline in productivity,
and increase in isolation aparticularchallenges associated with virtual offices
(Anton, 2015) The virtual office layout and its example erpolis Headquarters

are given irFigure2.10.
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Figure 2.10 Virtual Office Layout (eft) and Interpolis ldadquartersBonnema
Architecten, Tilburg, 1995Right) (Anton, 2015)

The casual office concept, originating backhe 1980s, became widespread in the
early 2% century. This concept also refers to networked and innovative offices
embracing casual, comfortable, flexible, informal, and muutiposed workspaces
(Lovell, 2017) The focus ison effectiveness rather than efficien¢ilyerson,

2009) The casual office layout and its example @hitday Offices are given in
Figure2.11. Another 2F-century concept, activithased workingaims toprovide
diverse, adaptable workspaces tailored to various working styles and needs, thereby

enhancing collaboration, concentration, and product{ioyell, 2017)

OO0
| 10008l

LR - E, il P

Figure 2.11 Casual Office Layoutl(eft) and Chitday Offices, Clive Wilkinson
Architects, Los Angeles, 199Right) (Anton, 2015)
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2.1.3 Integration of Production and Office Spaces

Historically, productionand office spaces have been separate entities with clearly
defined roles and physical boundaries. Offices were designed for administrative
and managerial taskand equipped with desks, computers, phones, and other
necessary office equipmerit the same timeproduction spaces were tailored for
manufacturing processasidequipped with production machinery, assembly lines,
postprocessing stations, and storageas. However, as technology has advanced,
particularly with the advent of Industry 4.0, these boundaries have begun to blur.
Industry 4.0has acceleraté specific manufacturing methodssuch as additive
manufacturing necessitating closer integration between different aspects of
manufacturing and office functionghis integratiorhas beenfurther supported by

the riseof the casual office concepivhich embraceanultipurpose workspaces
Unlike traditional manufacturing processes that often require separatestatge
production facilities, additive manufacturipgocesses caoccurin moreflexible,
multipurpose, or smalleproduction spaces which may increag the overlap
between production and office spacg@slditionally, the models and simulations
created on computers in office spaces closely approximate the scenarios
encountered in production. Meanwhile, in production spaces, the manufacturing
processes being automated via computer environments have led to the convergence
of productionand office spaces both physically and conceptuallherefore,
contemporary workplace design is thhetcomeof evolving concepts and strategies
throughout historyto accommodate thehysical and conceptualecessities of

related work activities.

2.2  Additive Manufacturing

Additive manufacturing is an emerging manufacturing figldt contains various
threedimensionalprinterswith different dimensions and capabilities to fabricate

threedimensionalobjects through additive process@elgado Camacho et al.,
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2018; Gupta et al., 2019; Kietzmann et al., 2015; Labonnote et al., 2016; Mathur,
2016) It is a revolutionary process that fabricates intricgg@metriesat a lower

cost, weight, antime while eliminating the need for molds or templaé€sbson et

al., 2015)

The AM operations start with the design phaskich contains the generation of
digital files, such as CAD filesand their conversion to an appropriate format for
machine languag@athur, 2016) Subsequentlythe printing phase involves the
transformation of digital data intadditive layers to construct a 3D geometry
(Kietzmann et al., 2015)

AM is a promising field due tadts versatility, costeffectiveness, innovation
facility, and customization potential. It is widely utilized across diverse industries
as it addresseshe laborintensive challenges of manual manufacturitigis
extensively employed for form, fit, function testjrand functional prototyping in
product and machine component developmitns.usedin the jewelry field due to

the complexity of objects. In addition, the automotive industry utilizes AM,
particularly in motorsports, due to its advantages regarding/twme production,
enhanced customization, and removal of design constraints caused by tooling. Due
to its costeffectiveness and feasibility in limited production runs, the aerospace
industry utilizes AM to serve diverse purposes, such as master patterns
investment casting and produciegmponents to be used in rdié¢ conditions.
Furthermore, medicine and bioengineering sciences also benefit from AM
contributing to surgical diagnostics, prosthetics, and tissue engineering, employing
the production of reconstructive parts for the skull, surgical guides, and eustom
made prosthetics. Besides, AM is applied in dentistry through a mass customization
approach for dental aligners, catering to each patient's unique requirements.
Similarly, in audiometry, irear hearing aids are manufactured using AM
technology(Gibson et al., 2015)
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2.2.1 Historical Development of Additive Manufacturing

The development of AM is intertwined with the integration of computer
applications in the industry, driven by decreasing computer costs and consequently
increasing computer use. Progress in CAD, CAM, and Computer Numerical
Control (CNC) machine tooland advancements in manufacturing systems and
materialshavesignificantly expedited the evolution of AM systerf@hua et al.,

2010)

Considering AM as a computeontrolled and automated creation of three
dimensional objects from starting materials through an additive process based on
solidification, the origins of AM can be traced back to 1977. This period witnessed
the patent by Swainson and Kremer for "thdémensional systems," employing
radiation beams and reactive monomer systems. In 1980, a patent application was
filed by Hideo Kodama for a 3D printing processt utilizeda liquid phote
hardening polymer to fabricate 3D objects. Although the patent application did not
advance to @ompletepatent, the published paper constitutes a notable historical
contribution to the exponential growth of AMGupta et al., 2019)
Stereolithography technology was pioneered in 1983d stereolithographic
apparatus was patented in 1986 by Charles, udrking the commencement of
commercial 3D printing technology. His contributions to the field were further
solidified when the first commercial 3D printer (St4 was introduced by3D
System$ in 1987 (Gupta et al., 2019)as depicted in Figure 2.12. His
conceptualization of 3D printing served as the cornerstone for contemporary
applications in AM, enabling the fabrication of intricate components from diverse
materials and gaining widespread adoption in subsequent de(tades et al.,

2019; Kietzmann et al., 2015; Labonnote et al., 2016; Mathur, 2016)
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Figure2.12 TheFirst AM Technology from Hul(Gibson et al., 2015, p.38)

In the 1990s, several pioneers introduced alternative additive manufacturing
processes, securing patents and commercializing their innovations. The era
witnessed significant developments, including Scott Crump's patenfu$ed
deposition modeling (FDM) and Deckard, Beaman, and Dasapatent for
selective lasersintering (SLS) in 1992. In 1993he foundation of what is now
known as 3D inkjet printing was laid by a patent by Sachs, Haggerty, Cima, and
Williams. In 1998 laminated object manufacturing (LOM) was patented by
Feygin, Shkolnik, Diamond, and Dvorskiy. During the 1990s and 2000s, AM
becamean appealing alternative to conventional proce§Segpta et al., 201%hat
employ subtractive and formative fabrication technigiigado Camacho et al.,
2018; Kietzmann et al., 20153 dditive processes signify a paradigm shift towards
more efficient and resouramnserving fabrication methods, in contrast to
formative approaches reliant on molds and subtractive approaches that yield waste
with techniques such as cutting, filling, grinding, mining, drilling, and turning
(Delgado Camacho et al., 2018; Kietzmann et al., 2015; Mathur, .260\8)
brought about a profound impact across a diverse spectrum of scientific,
educational, social, and industrial activitideading different terminologies to
emerge to describe AM concepts in this peri@upta et al., 2019)These
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terminologies encompass 3D Printing, Automated Fabrication, Desktop
Manufacturing, Layered Fabrication, and Rapid Prototyp{Mgathur, 2016)
Nevertheless, the term "theg@mensional printing” (3DB ) was introduced and
trademarked by researchers at the Massachusetts Institute of Technology. It has
gained widespread acceptance as a comprehensive desapiptarious additive

manufacturing processes across different fiéRigpta et al., 2019)

There aretwo main groups of commercial 3D printe@dvanced printers and
desktopbased concept modelers. While the former is tailored for specialized
industrial applications such as medical implants, aerospace and automotive
components, and jewelry, the latter is intended for less complex appli¢ations
including printing prototypes, models, small components, and olffeatsta et al.,
2019)

The growing diversity of affordable 3D printers is propelled by annual
advancements, with emerging manufacturers meeting demand from small
industries and a growing community of users. Inteb@sed crowdsourcing
initiatives, exemplified by the RepRap project since 2005, have played a pivotal
role in providing comprehensive manuals for users to construct their printers by
printing parts of 3D printeremploying another 3D printer, sparkitige maker
movement. In 2008, the first selfplicating printer namedDarwin, spurred the
development of numerous similar syste(@sipta et al., 2019)n the 2010s, large
scale 3D printers begaexperimentingwith smallscale structuresand multiple
projects vied to be the first to 3D print a house by 20he. historical trajectorgf

AM, given inFigure2.13, is drawn utilizing the research @hua et al(2010, p.8)
andGupta et al(2019, p.5)
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1963 - First Interactive
Graphics System (Early CAD)

1960 - First 1952 - First Numerical 1946 - First 1770 -
Commercial Laser Control (NC) Machine Tool Computer Mechanization
1975 1970 1965 1960 1955 1950 1945]
== =
I | | |
1961 - First 1952 - First Numerical 1946 - First
Commercial Robot Control (NC) Machine Tool Computer
1991 - Sale of 1995 - SLM
First LOM System Patent
1_993 - 3D_ 2008 - Launch of
Printing Coin Multijet Printer
1989-SLS || 1993 - Inkjet | 2006 - Fab 2016 - Launch
Patent Printing Patent @Home Project| of Pirusa i3
| | | |
=l S = S - [ S -
1980 1985 1990 19@ 2000 2005 2010 2015 2020

=

2015 - Launch
of CLIP

2009 - Sale of First,
Rep-Rap Printer

2002 - Establishment|
of Envision Tec

1988 - Sale of | |_1992 - Sale of
E First SLS System

1986 - SLA 1992 - FDM 1998 - Establishment 2005 - Launch of | 2012 - Launch of 2017 - 1M Desktop
Patent Patent of Object Geometries Spectrum Z510 BS Creator Printers Sold
I
1992 - First 3D 2005 - Rep-Rap 2012 - Launch
Modeler Sold Project of Form 1

1994 - Establisment|
of Solidscope

Figure2.13 TheHistorical Trajectoryof Additive Manufacturing

2.2.2 Technologies and Processes of Additive Manufacturing

Independent of thdegree otomplexity, the main principle of AM involveslicing

the design modekreating repetitive sections known as horizontal cuts or layers
with a preferred thickness, and printing slices successively upon each@tizer

et al., 2015)Figure 2.14 demonstrates thAM flow chart. While he consecutive
layering process remains consistent, different procesmzessitatedistinct
melting, lamination, extrusion, and

techniques such as sintering, binding,

polymerization.
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Figure2.14 Flow Chart of AM (Quan et al., 2015, p.504)

Owing to the absence of a universally accepted classification of additive
manufacturing processes, there are several classifications based on material state,

type, material transformation, equipment, process, and technology employed in

AM processes( Gi bson et al ., 2 0 1 AmongJvarm@n e z et a
classifications of AM,the technologypased classification introduced khe

American Society for Testing and MaterigldSTM) and the material state

classification proposed by Ché2015) which is a modified classification of Kruth

(1998) are addressed in this study.

The initial categorization involves AM processes into seven aoeganized by

ASTM with respect to the employed technologyMo n z - n e tThead are, 2015)
binder jetting (BJ), directed energy deposition (DED), material extrusion (ME),

material jetting (MJ), powder bed fusion (PBBjeet Lamination (SL)and vat
photopolymerization (VP)( Monz - n et al ., 20Thé hasicTo f ai | et
principle, material, advantageand disadvantages, build volumand tool

manufacturer of each aregeillustrated inFigure2.15.
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ASTM Basic principle

tec A Disadvantages Materials Build volume
category (mm :x mm x mm)
BJ Liquid binder/s jet = 3D inkjet technology » Free of support/substrate  « Fragile parts with limited = Polymers Versatile (small to
printed onto thin layers » Design freedom mechanical properties ® Ceramics large)
of powder. The part is » Large build volume = May require post processing  « Composites X = <4000
built up layer by layer By High print speed * Metals ¥ = <2000
glueing the particles = Relatively low cost « Hybrid Z=<1000
together
DED Focused thermal energy  « Laser deposition (LD) = High degree control of # Surface quality and speed = Metals Versatile
melts materials during = Laser Engineered grain structure requires a balance ® Hybrid X =600-3000
deposition NetShaping (LENS) = High quality parts = Limited to metals/metal ¥ = 500-3500
= Electron beam = Excellent for repair based hybrids Z=350-5000
# Plasma arc melting applications
ME Material is selectively » Fused Deposition = Widespread use = Vertical anisotropy = Polymers Small to medium
pushed out through a Modelling (FDM)/Fused » Inexpensive » Step-structured surface « Composites X =<900
nozzle or orifice Filament Fabrication (FFF), e Scalable « Not amenable to fine details ¥ = <600
Fused Layer Modelling » Can build fully functional Z=<900
(FLM) parts
M Droplets of build « 3D inkjet technology » High accuracy of droplet  « Support material is often = Polymers Small
materials are deposited  « Direct Ink writing deposition required « Ceramics X=<300
» Low waste = Mainly photopolymers and & Compaosites ¥ = <200
= Multiple material parts thermoset resins can be used « Hybrid Z=<200
= Multicolour = Biclogicals
PBF Thermal energy fuses a = Electron beam melting  » Relatively inexpensive = Relatively slow = Metals Small
small region of the (EBM) = Small footprint = Lack of structural integrity « Ceramics X=200-300
powder bed of the build e Direct Metal Laser » Powder bed acts as an » Size limitations = Polymers ¥ = 200-300
material Sintering (DMLS) integrated support = High power required = Compaosites 2 =200-350
= Selective Laser structure = Finish depends on precursor  « Hybrid
Sintering/Melting = Large range of material powder size
(SLS/5LM) options
SL Sheets/foils of materials  « Laminated Object = High speed, « Strength and integrity of parts e Polymers Small
are bonded Manufacturing (LOM) = Low cost, depend on adhesive used = Metals X=150-250
» Ultrasound » Ease of material handling  « Finishes may require post « Ceramics ¥ =200
consolidation/Ultrasound processing = Hybrids Z=100-150
Additive Manufacturing « Limited material use
(UC/UAM)
vP Liquid polymerin a vatis » Stereo Lithography (SLA) e Large parts » Limited to photopolymers « Polymers Medium
light-cured = Digital Light Processing = Excellent accuracy only ® Ceramics X <2100
(DLP) » Excellent surface finish » Low shelf life, poor ¥ < 700
and details mechanical properties of Z <800
photopolymers
= Expensive precursors/Slow
build process

Figure2.15 Classification of AM by ASTMTofail et al., 2018, p.25)

The operating principles of AM processascluding binder jetting (BJ), directed
energy deposition (DED), material extrusion (ME), material jetting (MJ), powder
bed fusion (PBF)sheet Lamination (SL)and vat photopolymerization (VPare
given in Figure 2.16, wherealphabetical annotations refer to these processes and

numerical annotations refer to stages of the related process.
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Figure 2.16 Operation Principles of AMProcesses: (a) BJ, (b) DED, (c) ME, (d)
MJ, (e) PBF, (f) SL, and (g) VRStefaniak et al., 2021, p.176)

In binder jetting(BJ), depicted inFigure2.16 (a), the powdered materials receive a
liquid binder to form layers of bonded particl&he operational principle of BJ
includes a sequential process comprising the following gidfsharMohajer et
al., 2015; Stefaniak et al., 2021)
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o0 Selectively depositing binder droplets onto the powder by a carriage with
nozzles to bond particles through a chemical rea¢horer deposition phase)

o Lowering the powder bed incrementally and spreading a fresh powder layer by
a blade over the previously hardened powgdewder spreading phase)

o0 Selectively depositing binder droplets onto the powder bed and hardening the
subsequent particle lay@yinder deposition phase)

o lIterative repetition of building layers until the build cycle is finalized (repetition
phase)

The preprinting tasks entail the introduction of powder into the printer. -Post
printing tasksinvolve opening the doors of the printer and elimingtsurplus
powder from printed components, and posicessing tasks encompass spray
coating of the printed componen{Stefaniak et al., 2021)The BJ process is

schematically representedhigure2.17.

X-Y positioning system ki )
— nkjet print head

'
[ ]]:[ ]

Powder spreader : )
\- Part - Binder droplets

s Unused powder

27 \ Build platform

Figure2.17 The Diagramof the BJ ProcesgGibson et al., 2015, p.206)

It is suitable for metal applications, serving both prototyping and direct part
manufacturing objectives. It proves advantageous for intricate molds, reducing
material usage and holding design optimization pote{@akn et al., 2015BJ

exemplifies 3Dinkjet technology, utilizing materials such as polymers, ceramics,
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composites, metals, and hybrid materi@l®fail et al., 2018) The schematic

representationf the3D (inkjet) printingtechnologyis given inFigure2.18.

Input Binder
Material

7 N e

Print head

Delivery Piston

Figure2.18 TheDiagramof 3D PrintingTechnology(Hopkinson et al., 2006, p.66)

In directed energy deposition (DED), thermal energy sources are lasers, plasma
electron beams, or electric arcs. If a wire form of feedstock material is fed into the
thermal source, the feedstock is melted and dripped onto the build platform to form
a shape. If a powder form of feedstock material is fed into the thermal source, it is
dispensed through a nozzle, which has an outer ring dispensing the powder and an
inner ring covering a laser. Both configurations are depicteligare 2.16 (b)
(Stefaniak et al., 2021 PED exemplifies laser deposition (LDgserengineered

net shaping (LENS), electron beam, and plasmaresitng It is commonly used

with metals and hybrid materiaf$ofail et al., 2018)

Preprinting tasks entail loading wire or powdepostprinting tasksinclude
opening the machine to retrieve printed componentsstgrocessingtasks
encompass machining for final part dimensi¢8tefaniak et al., 2021Yhe DED

process is schematically representeBigure2.19.
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Figure2.19 The Diagranof the DEDProcesqGibson et al., 2015, p.246)

Material extrusion (ME) involves extruding a material by heating or dispensing it
through a nozzle. In ME, depicted kgure 2.16 (c), solid polymers are heated
slightly above their glass transition temperature and subsequently dispensed layer
by layer onto a build platform to construct a p&@&rious commercially available
polymers are utilized in ME, each possessing distinct properties covering chemical

resistance and thermal stabil{iy/u et al., 202Q)

Preprinting tasks entail introducing polymers as filaments or pellets to the
machine. Posprinting taskscompriseopening the equipment to retrieve parts.
Lastly, postprocessing tasks encompass chloroform vapor polishing (CVP),
acetone vapor polishing (AVP), and sandif®efaniak et al., 2021)The ME
process is schematically representeBigure?2.20.

Filament material

g

Pinch roller

@ @4/’ feed system

Liquifier
chamber

Nozzle tip

X-y axes

Platform

z-axis

Figure2.20 The Diagramof the ME ProcesqGibson et al., 2015, p.150)
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ME entails techniques called fused deposition modeling (FDM), fused filament
fabrication (FFF), and fused layer modeling (FLM). FDM often denotes-kErgle
equipment with heated chambers, while FFF is for desktafe lowcost 3D
printers whose modified versions are used in bioprinting applications, medical
research models, and toxicity testi(@purell, 2016; Ford, 2014; Ma et al., 2018;
ShahinShamsabadi & Selvaganapathy, 2019; Wei et al., 202@® schematic of

the FDM printer is given ifrigure2.21.

Rollers

Filament
Carlridge!

Figure2.21 The Diagramof the FDM Printer (Gupta et al., 2019, p.14)

In material jetting (MJ), depicted ifrigure 2.16 (d), numerous micronozzles
dispense liquid photopolymer resin onto a build platform to be cured by the UV
laser.This process is repeated layley-layer to create the modébtefaniak et al.,
2021)

While the standard p#erinting task entails placing resin containers into the
machine with diminishing exposures owing to sealed container loading systems,
the typical posprinting activity is extracting printed components from the build
platform. Subsequently, peptocessing tasks encompass washing with or without

ultrasound treatment and rinsing in a caustic (@tbfaniak et al., 2021)

MJ exemplifies 3D inkjet technologyas shownin Figure 2.18, and direct ink

writing technologies. Typical materials used are polymers, ceramics, composites,
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hybrid materials, and biological§Tofail et al., 2018) The MJ process is

schematically representedhigure2.22.

L0 ;1’ Support Material

‘@ Build Material

UV Curing Lamp

! ¢ Print Heads
@

7 Object being fabricated

Levelling Blade Build Platform

Elevator

Figure2.22 The Diagramof the MJ ProcesqSireesha et al., 2018, p.22462)

In powder bed fusion (PBR)owderbased materiais solidified through a heat
sourceyielding high dimensional accuracy and preferred mechanical properties for
the parts. PBF exemplifies electron beam melting (EBM), direct metal laser
sintering (DMLS), selective laser sintering (SLS), and selective laser melting
(SLM) technologies(Tofail et al., 2018) The configurations of SLS/SLM,
employing a laser for the energy source, and EBM, utilizing an electron beam for
the energy sourd@hang et al., 2018pare depicted ifrigure2.16 (e).

Preprinting tasks entailmeasuring mixing, and introducing powder into the
printer. Posprinting tasks encompass opening the printer to retrieve a printed
component, removing surplus powder from the build platform, extracting the build
platform with the printed component from the machine, and sieving and
replenishing utilized powder. Pegtocessing tasks consist of detaching the printed
component from the build platform and grindi{®jefaniak et al., 2021)

In the selective laser sintering (SL®Yyocess, powddrased material is sintered

using infrared radiatiofHopkinson et al., 2006p fuse powder particles layer by
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layer to acquire the intended geometry with isotropic and favorable mechanical

attributes.The schematic ahe SLS process is given Figure2.23.

i X-Y Scanning

~ Laser Beam
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/

Build
Feed Platform
Cartridges

Figure2.23 TheDiagramof the SLSProcesqGibson et al., 2015, p.108)

The following steps underpin treLM/SLS operating principl¢Stefaniak et al.,
2021)

o0 Spreading a powder layer uniformly on the build platform by a blade (powder
spreading phase)

o Melting the powder selectively by directing a laser onto it through a mirror
(selective meltingohase)

o Incrementally lowering the powder bed and spreading a fresh powder layer by a
blade over the previously hardened powder (second powder spreading phase)

o lterative repetition of building layers until the build cycle is finalized (repetition

phase)

In the EBM process, a powerful electron beam is employed to melt powder
feedstockselectively in conditions approaching a vacudmappies to metal,
serving the purposes of prototyping and direct part manufacturing. The schematic
of the EBM apparatus depictedn Figure2.24.
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Figure2.24 The Diagranof the EBM ApparatugGibson et al., 2015, p.138)

The following stepsdemonstratehe EBM operating principle(Stefaniak et al.,
2021)

0 Pushinga powder layer onto the build platform by a rake (powder pushing
phase)

o Melting the powder selectively by an electron beam that is focused by a lens
(selective melting phase)

o Incrementally lowering the powder bed and pushing a fresh powder layer over
the previously hardened powder by a rake (second powder pushing phase).

o lIterative repetition of building layers until the build cycle is finalized (repetition
phase)

o Manually recovering parts that are encased in powder (manual recovery phase)

Sheetamination (SL) involves the lamination of sheets using adhesiapsr and
plastics or ultrasonic welding for metals to form the final object. In other words,
the feedstock material in the form of a single “wvmensional layer such as paper
or polymer in sheet format and metal in tape, fiomribbon format is positioned
onto the build platform, alternatively denoted as a cutting bed in this context.

Various techniques of SL coverimgpmputeraided manufacturing of laminated
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engineering materials (CAMEM), laminated object manufacturing (LOM),
plastic sheet lamination (PLS), selective deposition lamination (SDL), ultrasonic
additive manufacturing (UAM), and ultrasonic consolidation (UC) differ in
forming and bonding layer8Vhile UAM is preferable for metal applications, LOM

is versatile, accommodating metal, paper, and plastic. LOM allows for the
interchangeable use of different metals, including bimetals with distinct thermal
expansion coefficient&Chen et al., 2015)These techniques are broadly sorted into
"form-thenbond" and'bondthenform" processesas depicted irFigure 2.16 (f).

The formthenbond processes are where the feedstock is initially cut to shape and
subsequently bonded to the previous layer. Converselytfoerdbond processes

are where the feedstock is bonded through adhesives or ultrasonic welding first and
then cut to shape using a blade, laser, or milling either during or after the build
cycle to form a componefBtefaniak et al., 2021The schematicepresentationf

the LOM process is given Higure2.25.

ith support cubes

roller

Part and support
material

Figure2.25 TheDiagramof the LOM ProcesgHopkinson et al., 2006, p.78)

In the vat photopolymerization(VP) process, a liquid photopolymer undergoes
selective curing into a solid state in a vat when exposed to light through

polymerization. This method is commonly employed with materials such as
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polymers, ceramics, and photopolymer resins. The primary constituents of

photopolymer resin are binders, photoinitiators, and monofiéuset al., 202Q)

There are two approaches to VP to build a compqrvemich are depicted iRigure

2.16 (g) (Wu et al.,, 202Q) The more common approach, tdpwn, involves
lowering the build platform to the vat, creating a thin resin layer, directing a light
source upward to harden the resin, incrementally raising the platform to introduce a
new resin layer, and repeating these steps until the final build cycle is finished. The
bottomup approach includes a submerged source and platform just below the resin
surface, directing a downwatfédcing light source to harden the resin, lowering the
platform gradually, pushing a new resin layer by roller over the hardened one,
solidifying the new layer by the light source, and repeating these steps until the last
build cycle is finalized along with attaching the first solidified layer to the build
platform.(Wu et al., 2020; Zhang et al., 2018he photopolymerizatiomprocesss

areschematically representedhigure2.26.
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Schematic of mask projection approach to Two-photon approach

Figure 2.26 The Diagramof Three PhotopolymerizatiorProcessegGibson et al.,
2015, p.65)
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Typical pe-printing tasks are mixing resin, dispensing it into vats, and loading
those vats onto the machiitefaniak et al., 2021)Postprinting tasks involve
opening the machint® retrievethe printed part. Pogirocessing activities aim to
refine the printed component such as rinsing ith@wash solution, commonly
isopropyl alcohol, to eliminate resin from part surfaces, artificially curing with UV
light or naturally exposinghe partto sunlight to enhance its mechanical properties,
and other processes such as removing supports, grinding, gluing, sealing, painting,
polishing, coating, varnishing, sterilization, inspection, and measurdPagac et

al., 2021)

VP technologiesare digital light processing (DLP), liquid crystal display (LCD),

and stereolithography (SLA). Ithe DLP technique, a higiesolution projector
flashes blackandwhite image slices across the entire vat surface simultaneously
and cures them. LCD uses UV light from ligémhitting diodes (LEDs), flashing
complete layers at the resin and screening as a mask to reveal the necessary pixels
to harden the current layer. SLi&chnology, depicted ifrigure 2.27, utilizes a
scanning laser beano selectively cue resin on the vat's bottom surfaioethe
prescribed patterandbuild objects through a series of points and lif@spta et

al., 2019; Wu et al., 2020)

Scanning Mirrors4>\

i

| Photopolyme

Figure2.27 The Diagranof the SLA ProcesgHopkinson et al., 2006, p.59)
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According to thesecondclassification, three categories can be assigned to AM with
respect to the state of feedstock employed for prinsogh as powder, solid, and
liquid-based as seen irFigure 2.28. Firstly, the techniques utilized in powder
based processes are sintering, melting, and bi{@hgn et al., 2015As powder
based materials undertalsupport functions for the overhanging parteey
eliminatethe need for support structures as powatsed materiglHopkinson et

al., 2006) Secondly, lhe technique employed in solwhsed processes is the
lamination technique to convesblid-based material® sheet or roll form to a final
product Lastly, liquid-based processes use extrusion and polymerization
techniques to form highuality solid models through selective curation of
photosensitive polymersThese models experience alterations in the physical
properties which are aimed to be mitigated by advancements in resin
characteristics. Additionallysupport structures that will be removed during post
processing are added for overhar{ggopkinson et al., 2006)As the example
technologies of these techniques have been addressed in the initial classification,

they are not reiterated in the second classification.

Additive
manufacturing
processes

Powder . Liquid
- Solid based iasEd
| I |
[ [ | [ ]
M ) p— Lamination Extrusion Polymeri-
Sintering Melting Binding process e St
L Selective Electron Ultrasonic L Fused Giaraa
laser beam 3D Printing additive deposition [
Sintering melting manu- modelling ErEpRY.
facturing
- Laminated i
Laser Binding i Digital light
owder jettin, s rocessin
o s 8 manu- P g
forming ;
facturing

Figure2.28 Classification of AMProcesses based on thkaterial State Employed
for Printing (Chen et al., 2015)
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2.3 Indoor Environmental Quality

Given that people spend a significant portion of their time within indoor spaces,
indoor environmental quality is a critical concept influencing people's lives
(Kosonen & Tan, 2004)In instances where acceptable indoor environmental
guality is not maintained, various physiological and psychological problems and a
decline in productivity occur. Conversely, when indoor environmental quality
parameters adhere to occupants' needs, suitable indoor spacgsirareed for
health, comfort, efficiency, and productiviiBakhare & Ralegaonkar, 2014)

Indoor Environmental Quality pertains to internal aspects of the building, including
indoor air quality, thermal comfort, acoustic comfort, and lighting quéligrbu &
Sebarchievici, 2013; Sulaiman et al., 201Biystly, indoor air quality (IAQ)is

defined as acceptable when "air in which there are no known contaminants at
harmful concentrations, as determined by cognizant authorities, and with which a
substantial majority (80% or more) of the people exposed do not express
dissatisfaction'{ANSI/ASHRAE, 2023, p.5)Secondly, thermatomfort is defined

as"the condition of mind that expresses satisfaction with the thermal environment
and is assessed by subjective evaludtigqNSI/ASHRAE, 2023a, p.5) It
encompasses both environmental and personal aspects. Environmental aspects
entail air temperature, radiant temperature, humidity, and airspddd personal

factors involve considerations such as metabolic rate and clothing insulation
(ANSI/ASHRAE, 2023a) Thirdly, acoustic comfort pertains to an acoustic
environment suitable to the building typologyroviding sufficient provision and

clarity of sound to occupants while protecting them from unwanted (Rizeca,

2017) that is defined as sound pollution comprising unpleasant and unwanted
sounds from various sources that negatively affecple's perceptual abilities and
auditory senses( T. C. tevr e vV e Or man Bakanl éj] é ¢e
M¢derl ¢ ¢ Hava Y°%net i miladsilyavisuat @mnfortBsak kanl é] é,
significantly affected by lighting design encompassing daylight and artificial light
(Mandala, 2019)whichis anessentiaphenomenon for the health, wéking, and
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comfort of occupants(Dhayal & Jha, 2023)It influences the atmosphere
(Mandala, 2019) aestheticfMoscoso & Matusiak, 2018)and functionality of
space (Kralikova & Wessely, 2016)While all four phenomena are critical
components of IEQ, this chapter is constructed with a specific focus on IAQ.
Therefore,Indoor Air Quality Phenomenon|ndoor Air Quality Pollutants, and
Emissions and Exposurésssociated withAdditive Manufacturingare covered in

this section.

2.3.1 Indoor Air Quality Phenomenon

Indoor air quality (IAQ) is a critical parameter to ensure indoor environmental
guality. IAQ is achieved when the air perceived as fresh, pleasant, and devoid of
adverse effects on heal{®le Fanger, 2006)The air consists of various gases,
water vapor, and airborne particles. Some of the gases are nitrogen, oxygen, carbon
dioxide, and ozone, the concentrations of which can cause diseases and

dissatisfaction upon reaching specific le@alanli et al., 2006; Nevers, 2000)

The indoor air becomes polluted over time depending on various reasons, including
people and equipment due to chemicals and compounds e(#itsichakopoulos

& Hel mi s, 2004 ; Kosonen & Tan, 2004; Mu |
2001) Additionally, pollution load, outdoor airflow rate, ventilation efficiency,

occupant density, infiltration, and the effectiveness of contamination removal in the
occupied zone influence the perceivadoor air quality (Kosonen & Tan, 2004)

Therefore, there are various standards on a worldwide scale to regulate indoor air
guality, such ashe American National Standards Instituté\merican Society of

Heating, Refrigerating and Aftonditioning EngineergfANSI/ASHRAE) 62.1-

2023 ventilation for acceptable indoor air quality, ANSI/ASHRAE 62023

ventilation for acceptable indoor air quality in lege residential buildings.

World Health OrganizationWHO) (2016) recognizes that 90% of the global

population is exposed to inadequate air quality, constituting a significant
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environmental hazard to global public health. The impact of IAQ on occupants
varies based on factors such as pollution exposure, pollution degree, and occupant
characteristics. Two major health issues associated with poor IAQ are Sick
Building Syndrome and Buildinrgelated Sicknesses.

Sick Building Syndrome (SBS) is a health condition associated with buildings with
poor indoor air qualit{ Bur g e, 2 0 0 4 Qrgaiisksdch as the dy@s9n8skg,
throat, and skin are susceptible to various issues, including irritation, dryness,
watering or running, blockage, soreness, and itching. Also, headaches, lethargy,
and a lack of concentration may be obserfi¢é@dmaruzzaman & Sabrani, 2011)

The symptoms tend to improve upon leaving the buildingh © r n., 199 8)

Building Related lliness (BRI) refers to diseases with clinically identifiable causes
and syndromes due to extended exposure to indoor pollffemtsu et al., 2008)

BRI encompasses infectious diseases caused by building services, diseases spread
by occupants such as colds and influenza, toxic reactions to chemicals within
buildings, and the presence of fungi, bacteria, or other toxins in buil@dngek &

Burton, 2010) Common symptoms include allergies, shortness of breath,
coughing, high fever, chills, and muscle p&xmbu et al., 2008; Quagraine &
Boschi, 2008) Occupants require prolonged recovery times upon leaving the
building (Ambu et al., 2008)

In addition to its influence on physical health, IAQ significantly affects the comfort
and weltbeing of occupantg§Kamaruzzaman & Sabrani, 2011Yherefore,
detecting and identifying pollutants and enabling their adherence to the standards
are crucial for avoiding indoor air pollution. Furthermore, ventilation, natural and
mechanical, is apssentiaphenomenon in improving indoor air quality. As indoor

air pollutants increase in stagnant air, air movement helps to remove pollutants
from the environment. Linderi1999) explains that in natural ventilation, the
process of supplying air to and removing air from an indoor space is achieved

through appropriately di mensioned and
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contrast, mechanical ventilation achieves these processes using ventilation

equipmen{Linden, 1999)

2.3.2 Indoor Air Quality Pollutants

Indoor air pollution occurs when varying compounds negatively affect inaloor
quality by entering the air. Factors contributing to indoor air pollution include
occupants, building materials, and interior furnishing and equipment. Within the
scope of this research, compounds causing indoor air pollution and, therefore,

degrading indoor air quality are calledloor air qualitypollutants.

IAQ pollutants can be divided into two segmermtarticulate matter angaseous
pollutants (Funk et al., 2014)Particulate mattedescribesthe particles thatare
dispersedn the air Gaseous pollutants refer tbemicalcontaminants in the air in

the form of free molecules or atoms with smaller sizes compared to particulate
matter(ASHRAE, 2013)

There are numerous indoor air pollutadédineatedn different sourcesincluding
Air Quality Guidelines for EuropéWorld Health Organization, 200@nd WHO
Guidelines for Indoor Air Quality: Selected Pollutafitéorld Health Organization,
2010) This chapter explains particulate matter, volatile organic compounds,
formaldehyde,benzene, ethyl alcohohitrogen dioxide, sulfur dioxideg¢arbon

dioxide, carbon monoxide, radon, and ozone.

2.3.2.1 Particulate Matter

Particulate matte(PM), aerosol, and airborne particle terms are interchangeably
used to describe particles that are dispersed in the air. Particulate Matter covers a
broad spectrum of particles with varying sizes, states, and shapese
subcategories are depictedrigure2.29 (ASHRAE, 2013)
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Figure2.29 Categorization of Particulate Mat@&SHRAE, 2013)

Ranging from 0.1 to 100 microns, the categorization of particulates based on their
size involves further subcategories related to the source, visibility, effects, and
measurement instruments. In terms of source, there are three primary modes:
coarse, fine, and ultrafinglASHRAE, 2013) Typical particulate matter

composition by patrticle size fraction is giverHigure2.30.
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Figure2.30 Typical Outdoor PM Composition by Particle Size Frac{idhlson &
Suh, 1997, as cited in ASHRAE, 2013, p.149)
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Coarsemode particles are the largest particles formed by the mechanical
breakdown of solids. They gen@BHRAE,y have
2013)PM1yp, referring to particles with di ame?
coarsemode particles(Yu, 2016) Finemode particles are secondary particles

formed from chemical reactions or the condensation of gases. They have a
maxi mum size of about 1 to 3 Om. Fine
complex than coarseode particles and are a result of human activities,
particularly combustiofASHRAE, 2013) PM.s, referring to particlesvhose
diametersarel ess t han 2.5 & m;mode partidexXue20kby i zed a
Ultrafine-mode patrticles (UFP) are smaller contaminants with a maximum size of

0.1 Om (100 nm). They are complex parti
reaction of gases with other particles and the degradation of larger particles.
Engineered ultrafine particles are commonly termed nanopart{@i8$1RAE,

2013) PMo.y, referring to particles with diame

as ultrafinemode particlegPhairuang et al., 2022)

Furthermore,there are two primary categories regarding visibiliysible and
invisible. Regardingeffects and interaction with the human respiratory sysiivh,

is considerednhalable or respirable and narhalable or nofrespirable. Based on
measurement instruments, there are three primary classes: macroscopic,

microscopic, and submicroscog®SHRAE, 2013)

The categorization oparticles based on their state includes solid, liquid, and
complex particles. Solid particles encompass dust, fumes, and bioaerosols. Liquid
particles consist of mist and fog. Complex particles include smoke, environmental
tobacco smoke (ETS), and sm@$BSHRAE, 2013)

Theclassification opartidesbased on their shape includes several different shapes
and densitiesencompassingolid sphere, hollow sphere, solid irregular, flake,
fiber, condensation floc, and aggregéBtandards Development Branch Ontario
Ministry of the Environment, 2010&s seen iTable2.1.
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Table 2.1 Example Particle Shapé®ntario Ministry of the Environment, 2010,
p.H-13)

Example Particle Shape Shape Name

: : Solid Sphere

Hollow Sphere

Solid Irregular

Fiber

©
o

Ma’_ ) Condensation Floc

% Aggregate

The indoor pollution and health problems caused by PM vary depending on PM
size, the duration of exposure, physical and chemical characteristics of the
particles, and their densitccordingto WHO (2010) PM exposurédrings about
problems inthe respiratory and cardiovascular systems. The accumulation of
varying sizes of PM in the human body is givenlable 2.2. Removing patrticle
sources from enclosed spaces, ensuring proper ventilation, creating suitable thermal

conditions, and regular cleaning can preventiivere effects of PM.
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Table 2.2 Accumulation ofVarying Sizes of PM in theHuman Body (Aybay,
2017, p.40)

Size < | Size < Si ze < Size < (

CoarseParticles Fine Particles Inhalable Particles Ultrafine Particles

Air quality guideline value for PM2sand PMo provided bythe National Ambient
Air Quality Standards (NAAQS)European Union (EU)and WHOare given in
Table2.3.

Table 2.3 Air Quality Guidelines for PM(Environmental Protection Agency,
2020b, p.82694; European Commission, 2008, p.152/31, 152/35; World Health
Organization, 2021, p. 78, 88, 92, 97)

Institution  Pollutant  Explanation Averaging Maximum
Time Acceptable
Concentration
(egdy m
PM2 s Primary Annual 12
EPA Secondary Annual 15
Primary- Secondary 24-hour 35
PMio Primary- Secondary 24-hour 150
PMzs - Annual 20
EU PMio - Annual 40
PMio - 24-hour 50
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Table2.3 (continued)

Interim Target 1 Annual 35
Interim Target 2 Annual 25
PM;,5 Interim Target 3 Annual 15
Interim Target 4 Annual 10
Air Quality Guideline Annual 5
Interim Target 1 24-hour 75
Interim Target 2 24-hour 50
PMzs Interim Target 3 24-hour 375
Interim Target 4 24-hour 25
Air Quality Guideline 24-hour 15
WHO Interim Target 1 Annual 70
Interim Target 2 Annual 50
PMuo Interim Target 3 Annual 30
Interim Target 4 Annual 20
Air Quality Guideline Annual 15
Interim Target 1 24-hour 150
Interim Target 2 24-hour 100
PMio Interim Target 3 24-hour 75
Interim Target 4 24-hour 50
Air Quality Guideline 24-hour 45

2.3.2.2 Volatile Organic Compounds

While ubiquitously occurring in the indoor air, volatile organic compounds
encompass a broad range of compounds whose boiling points range from less than
OAC t o appr oxXWolkefff B995y Mahfaltuki@y and installation
processes, building materials, and equipment are common contributors to indoor air
contamination by VOC emissior(dliu & Burnett, 2001; Wolkoff, 1999; World
Health Organization, 2000)
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WHO classifies VOCs into four categories based on their boiling points, thereby
compound volatility,being very volatile, volatile, servolatile, and particulate
organic matteras seen imable2.4 (WHO, 1989, as cited in Seifert et al., 1989)
Another classification of VO£is based on their chemical structure. Accordingly,
they are grouped into major categories: aliphatic denoting straight chain
compounds; alkylated aromatics referring to ring compounds; halogenated
hydrocarbons encompassing compounds with chlorine or fluorine atoms; and

lastly, oxygenated compoun{idansen, 2010)

Table 2.4 Classification of VOCsbased onBoiling Points and Compound
Volatility (WHO, 1989, as cited in Seifert et al., 1989, p.27)

Boiling point range

[%))]
> .5 % o g %
5 & = © £ 3 =20
g 3 S o 2 £ 83
S & < 2 2 & E S c
1 Very volatile (gaseous) VWOC <0 50-100 batch sampling,
organic compounds adsorption on charcoa
2 Volatile organic VOC 50-100 240260  adsorption ortenax
compounds carbon molecular

black or charcoal

3 Semivolatile organic  SVOC 240260 380400 adsorption on PUF**
compounds or XAD-2
4 Organic compounds POM  >380 collection on filters

associated with
particulate matter or
particulate organic
matter
* Polar compounds am@n the higher side of the range

** Polyurethane foam

VOC emissions are influenced by various factors dynamically. Those factors are

the age of the source, the type of VOC transfer process such as evaporation,
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desorption, or diffusion, and environmental factors, including temperature,

humidity, air velocity, and air changédansen, 2010)

Although VOC levels lack a numerical standard except for formaldehyde, it is
advisable to maintain VOC levels as low as possible for optimal indoor air quality
(Hansen, 2010)as VOC emissions pose severe risks to human health. A common
and practical approach, known as total VOC (TVOC), is employed as indoor air
encompasses VOCs from various classes of organic substances. Accordingly,
TVOC represents a cumulative measure of individual concentrations by summing
up the measured mass of organics in a sample. Although this straightforward
method has limitationsfor health implications, TVOC levels are essential
indicators for background levels of organic compouiidansen, 2010)The
guideline issued by the Umweltbundesamt (UBA), the Federal Environmental
Agency in Germany2007) categorizesT'VOC concentrations into levelas seen

in Table 2.5. Level 1 does not indicate hygienic concerns, serving as the target
value. Level 2 does not suggest significant concenasvever it necessitates
increased ventilation. Level 3 raises hygienic concerns, prompting an investigation
into sources and necessitating increased ventilation. It is considered as an upper
threshold over a maximum period of 12 months. Level 4 signifies substantial
concerns, with a recommendation not to tolerate such levels for more than one
month. Level 4 requires restricted usage, source investigation, and intensified
ventilation. Level 5 represents unacceptable concentrations, permitting usage only
if unavoidable and for short durations, with increased ventilation measures taken

(Bekanntmachung des Umweltbundesamtes, 2007)
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Table2.5 Air Quality Guidelinesfor TVOC( i Beur t ei l ung von

Innenraumluftkontaminationen Mittels Referekkn d Ri cht wer t en, 0 20 |

Institution Levels TVOC Concentration (mg/mq)
Level 1 <0.3
Level 2 0.31
UBA Level 3 1-3
Level 4 3-10
Level 5 10-25

VOC emissions are associated with severe health probl&ms. example
naphthalene is known to cause colon cancer, hemolytic anemia, and poisoning.
Similarly, polycyclic aromatic hydrocarbons (PAH) are associated withDAW
adduction, asthma, bladder cancer, breast cancer, heart disease, immune system
defects, low birth weight, lung cancer, and neural system defegtthermore,
trichloroethylene (TCE)s linked to cervical cancer, depression, immune system
defects, kidney defects, liver cancer, neurological damage, skin irritation, and
pregnancy defectfWorld Health Organization, 2010)Therefore, the spaces
should be adequately ventilated, and suitable thermal conditions should be

provided to minimize VOC impact.

2.3.2.3 Formaldehyde

Formaldehyde is a colorless, pungsntelling, flammable VOGShaham et al.,

1996) composed of carbon, oxygen, and hydrogen atoms. Widely used in the
chemical industry and building materials, it can be emitted from paints, solvent
based varnishes, lacquers, upholstery coatings, foam insulation materials, adhesives
used in chipboard and plywood production, -gasning appliances, diverse
equipment, and cigarette smoke/ u r a | & B.d&hedherma envirdandnén5 )
and ventilation affect the concentration of formaldehy(Myers, 1985)

Furthermore, building materials, indoor furnishing, and product selections
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significantly impact formaldehyde emissions. Additionally, the spaces should be
adequately ventilated, and suitable thermal conditions should be provided to avoid

adverse effects of formaldehyde.

Similar to other VOCs, formaldehyde poses severe health risks to occupants. It is
associated with the development of nasopharyngeal cancer, poisoning upon
exposure to high concentrations, and respiratory system irritgdlomham et al.,
1996; World Health Organization, 2010\WHO recommends an air quality
guideline value of 0.1 mgffrfor a 30minute average to prevent sensory irritation

in the general population, as seeable2.6 (World Health Organization, 2000)

Table 2.6 Air Quality Guidelines forFormaldehydgWorld Health Organization,
2000, p.90)

Institution Averaging Time Maximum Acceptable Concentration

WHO 30-minute 0.1 mg/nd

The effects of formaldehyde on human health are givérable2.7 (Hines et al.,
1993, as cited in Jones, 1999)

Table2.7 Observed Health Effects of Formaldehyde Expogdiees et al., 1993
as cited in Jones, 1999, p. 4541)

HCHO Concentration Observed Health Effects

<0.05 ppm None Reported

0.05 ppm- 1.5 ppm  Neurophysiologic Effects

0.05 ppm- 1.0 ppm  Odor Threshold Limit

0.01 ppm- 2.0 ppm lIrritation of Eyes

0.10 ppm- 25 ppm Irritation of the Upper Airway

5 ppm- 30 ppm Irritation of the Lower Airway and Pulmonary Effects

50 ppm- 100 ppm Pulmonary Edema, Inflammation, Pneumonia

>100 ppm Coma, Death
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2.3.2.4 Benzene

Benzene, @Hs, is a volatile organic compound and a human genotoxic carcinogen.
The primary source of benzene exposure is inhalgaorld Health Organization,
2010) Longterm exposure to benzene is associated widincicogenicity
genotoxicity andhaematotoxicityWorld Health Organization, 2000} can bring

about blood and bone marrow defects, fatality, fatigmelheadachesSVHO does

not recommend a safe level of exposuréerefore, it is advised to minimize
indoor exposure levels as much as possillensequently benzengeleasing
activities such as smoking tobacco or using solvents are recommended to be

eliminated or minimizedWorld Health Organization, 2010)

2.3.2.5 Ethyl Alcohol

Ethyl alcohol, ethanol, is a clear, colorless liquid with a characteristic-Wme

odor and is highly flammabléNew Jersey Department of Health, 2Q1lt)is a
volatile organic compounthat can evaporate into the air from various soultés
utilized in the production of alcoholic beverages, as a solvent, and in the synthesis
of various chemicals. The odor threshold for ethanol is 84 ppm; however, this
threshold alone does not indicate the potential for hazardous exposure. Ethyl
alcohol can enter the body through inhalation, causing headache, drowsiness,
nausea, vomiting, unconsciousness, impaired concentration, and impaired vision or
dermal absorption, causing skin and eye irritation at high concentrations. Prolonged
or repeated exposure may lead to skin dryness, cracking, peeling, redness, and
itching. Chronic higHevel exposure may adversely affect the liver and nervous
system(New Jersey Department of Health, 201The workplace exposure limits

set bythe Occupational Safety and Health Administration (OSHi&g National
Institute for Occupational Safetyand Health (NIOSH), and the American
Conference of Governmental Industrial Hygieni®®CGIH) are given inTable

2.8.
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Table2.8 Workplace Exposure Limits for Ethan@ccupational Safety and Health

Administration, n.d.)

Institution  Averaging Explanation Exposure
Time Limit (ppm)
OSHA 8-hour Permissible Exposure Limit (PEL) 1000
NIOSH 10G-hour Recommended Exposure Limit (REL) 1000
ACGIH Shortterm  Threshold Limit Value (TLV) 1000

2.3.2.6  Nitrogen Dioxide

Nitrogen dioxide (NQ) is producedhrough the oxidation of nitric oxidan the
presence of oxygen, mainly during combustion processes, forming a colorless to
brown liquid. Road traffic is a major outdoor contributor the generation of
nitrogen oxides. At the same timedoor sources include gas, wood, oil, kerosene,
and coalburning appliances such as stoves, ovens, space and water heaters, and
fireplaces. Typical exposure to MOccurs through inhalatiost room temperature
which is in the gaseous formNO. exposureis associated with various health
issues, including increased risks of otitis media, eczesag, nose, and throat
infections sensitization to food allergens, and elevated blood coagulability.
Adequate ventilation is crucial to mitigate the adverse effects of nitrogen dioxide
(World Health Organization, 2010)The maximum acceptable indoor NO
concentrationgprovided byEPA, EU and WHQ are given inTable2.9.
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Table 2.9 Air Quality Guidelines for N@ (Environmental Protection Agency,
2018, p. 17255; European Commission, 2008, p. 152/30; World Health
Organization, 2021, p. 116, 124)

Institution Explanation Averaging Maximum Acceptable
Time Concentration
EPA - Annual 53 ppb
- 1-hour 100 ppb
EU - Annual 40 &g/ m
- 1-hour 200 ¥ g/ m
Interim Target 1 Annual 40e g P m
Interim Targe2 Annual 30e g m
Interim Target3 Annual 20e g P m
WHO Air Quality Guideline Annual 10e g £ m
Interim Target 1 24-hour 120e g P m
Interim Targe® 24-hour 50e g2 m
Air Quality Guideline 24-hour 25e g P m

2.3.2.7 Sulfur Dioxide

Sulfur dioxide (SO is mainly the result of industrial activity using sukur
containing fuelsleading to respiratory issues and heart and lung diseases. The
maximum acceptable indoor $€bncentrationgprovided byEPA, EU and WHQ

are given infable2.10.
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Table 2.10 Air Quality Guidelines for S@ (Environmental Protection Agency,
2019; European Commission, 2008, p.152/30; World Health Organization, 2000,
p.196)

Institution Averaging Time Maximum Acceptable Concentration
EPA 1-hour 75 ppb
3-hour 0.5 ppm
EU 24-hour 125e g P m
1-hour 350e g £ m
Annual 50 &g/ m
WHO 24-hour 125 ¥g/ m
10-minute 500 ¥£g/ m

2.3.2.8 Carbon Dioxide

Carbon dioxide (Cg), a colorless and odorless gas, contains a carbon atom bonded
to two oxygen atoms on either side. It is generated by the combustion of fossil fuels
and oxygen use. Population growth, technological advances, industrialization, and
burning of fossil fuels increase atmospheric CO2 lepdtsk, 2010) Commonly

used as an IAQ metric, CQelease by metabolic activitiesuch as respiration
elevates indoor COconcentration significantly. Therefore, indoor concentration
usually surpasses outdoor concentration. The health consequencesexfpGsure
encompass decreased cognitive and decisiaking performance, headaches,
sleepiness, fatigue, increased arousal, blood acidosis, and respiratory(fdilurep e z
et al., 2023)as seen ifigure2.31.
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Figure 2.31 Health Consequencesf CO, Exposure atCertain Concentrations
(L-pez et al., 2023, p.9)

Mandatory or guideline values for indoor €©oncentration are provided by
varying institutions, ranging from 1000 to 1500 ppm, to manage IAQ concerns and
SBS incidents. Although initially, ANSI/ASHRAE Standard 62 of 1989 states a
limit value for indoor CQ@ as 1000 ppm, later editions of the standard, Standard
62.1, do not include a limit value for indoor &GQCcontrary to the common
misconceptiofASHRAE, 2022)

2.3.2.9 Carbon Monoxide

Carbon monoxide (CO) is a lightweight, colorless, odorless, yet toxic gas. It is
generated through incomplete combustion of cadmortaining fuels. Common
indoor sources encompass fireplaces, kerosene heaters, gas stoves, fessil fuel
burning appliances, other equipment, and tobacco smoke. CO poisoning carries a
fatal risk (Environmental Protection Agency, 199&xposure to low levels of CO
results in shortness of breath, mild nausea, and headaches, while exposure to
moderate levels of CO is known to cause dizziness, headache, nausea, mental
confusion, and loss of consciousness. Additionally, heart failure, stroke, asthma,
and fatality may arise with prolonged expos(Eavironmental Protection Agency,

1996; World Health Organization, 2010)o prevent adverse effects GO, gas

operated devices ar€lO-emitting equipment should be carefully used, gas leakage
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should be prevented, and ventilation systems should be cleaned routinely

(Environmental Protection Agency, 1996)

Gl obal background concentrations of CO ranc
equivalent to 0.05 ppm to 0.12 pp(World Health Organization, 2000)'he

maximum acceptable indoor Gfncentrations provided iyPA, EU and WHO

are given infable2.11.

Table 2.11 Air Quality Guidelines for CO with Short Averaging Times
(Environmental Protection Agency, 2011, p.54296; European Commission, 2008,
p.152/30; World Health Organization, 2010, p.88)

Institution Averaging Time Maximum Acceptable Concentration

EPA 8-hour 9 ppm
1-hour 35 ppm

EU 8-hour 10 mg/nt
24-hour 7 mg/nm¥

WHO 8-hour 10 mg/ni
1-hour 35 mg/n?

15-minute 100 mg/ni

2.3.2.10 Radon

Radona colorless and odorlessdaB8a k d e mi r &, eNterdthe Buitding 2 0 2 3)
through cracks, sewage systems, plumbing, and ventilation (iodd Health

Organization, 2009)It originates primarily from soil and rocks. Additionally,

building materials such as sand, cement, and brick affect indoor radon
concentrations. As radon is not recognizable by human semBesk d e mi r & Yal - én
2023) it is detected through specialized measuremefWgorld Health

Organization, 2009)

While other risks are not consistently demonstrated, radon exposure is known to

cause lung cancgWorld Health Organization, 2010Radioactivity analysis of
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building materials and fuels used fbeating, ventilation, and air conditioning
(HVAC) systems, proper ventilation, and preventing soil contact are crucial
measures to mitigate radon expos@r& r g ¢, n & ¢ eThe acceptableé 0 1 6)
indoor radon concentrations are provided by varying institutimesuding EPA,

the International Commission on Radiological ProtectigfCRP), WHO,
ASHRAE, and theTurkish Atomic Energy CommissidiTAEK), as given irnrable

2.12.

Table2.12 Air Quality Guidelines for RadofBal anl é et al ., 2004,
Maximum Acceptable Value of Maximum Acceptable Value of
Institution Indoor Radon Concentration  Indoor Radon Concentration for
for Existing Buildings (Bg/m?3) New Constructions (Bg/n¥)
EPA 148 148
ICRP 200 200
WHO 370 111
ASHRAE - 37
TAEK 400 400

2.3.2.11 Ozone

Occurring out of the action of shestavelength radiation from the sun on nitrogen
dioxide (World Health Organization, 2000zone (Q) is acolorless and odorless

gas with three oxygen atom@ampbell, 2014) Shortterm Q exposure is
associated with respiratory symptoms, elevated airway responsiveness, airway
inflammation, and changes in pulmonary functibtore critical effects are seen in
prolonged exposure to higher concentratign®rld Health Organization, 2000)

The maximum acceptable indoor ©@oncentrationsprovided byEPA, EU and

WHO, are given inTable2.13.

61



Table 2.13 Air Quality Guidelines forOs (Environmental Protection Agency,
2020a, p. 87307; European Commission, 2008, p.152/24; Wbiddlth
Organization, 2000, p.185)

Institution Averaging Time Acceptable Concentration
EPA 8-hour 0.070 ppm
EU 8-hour 120e g £ m
WHO 8-hour 150200 ¥ g/ m
2.3.3 Indoor Air Quality Issues Associatedwith Additive Manufacturing

In spite ofits benefits, AM gives rise to concerns for health and sgfeétyi n § S et
al., 2023) Nevertheless, the expansion of AM applications lacks comprehensive
attention to worker safety and health, with only a limited number of publications
addressing these concer(Stefaniak et al., 2021)initial calls for safe work
practices in AM were raised by De&k999) emphasizing potential exposure to
chemicals and their loagerm effects. Subsequent studies $tyort et al.(2015)

Ryan and Hubbar(?016),andPetretta et al2019)assessetherisks and hazards

of AM processeshighlighting the riskgegardingexposure to toxic chemicals and

flammable and explosive materials.

Although all additive manufacturing (AM) processes involve certain hazards, the
type and level of potential exposure can differ depending on the specific AM
category, the phase of the process, and the operating enviro(Boems et al.,

2017; Petretta et al., 2019; Roth et al., 20Mtical health hazards associated

with AM include particle inhalatiorexposure t&VOCs and VOCs exposure, and
dermal exposure to powders, binders, resins, solvents, and radReioettaet al.,

2019; Roth et al., 2019)The VOC reported in AM includes acids, alcohols,
aldehydes, benzene, caprolactam, ethylbenzene, ketones, lactide, styrene, toluene,
xylene, and various othefézimi et al., 2016; Bernatikova et al., 2021; Davis et

al.,, 2019; Gu et al., 2019; Wojnowski et al., 2020, 202R¢gnzene and

formaldehyde are proven carcinogens. Styrene is a probable carcinogen.
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Acetaldehyde and ethylbenzene are potential carcinogedls n § S et. al . ,
Additionally, the interaction of VOC with other substanceserts deleterious

effects on healthincluding allergies, sensory irritation, pulmonary diseases, and
carcinogenic effect$Rumchev et al., 2007)UFP is absorbed by the pulmonary
system, thereby raising arterial blood pressure, susceptibility to pulmonary or
systemic inflammation, and autonomic to(@hlwein et al., 2019)UFP poses
additional challenges depending on the dose, surface area, shape, and chemistry of
the contaminant and the length of exposyreE| d er & Oberd°rste
Additional hazards in AM include developmental and reproductive toxicity with
exposure to toluend Mi n§8S et eladrical] shozk) 2h8rinal burns,
mechanical injuries, noise, contact with biological agents, fatigue, and psychosocial
stress. Control measures encompassing proper facility design, proper process
design, adequate ventilation, regular collection of dust, asel of personal
protective equipment (PPEpre crucial to prevent or reduce exposures in AM
environmentgDunn et al., 2020; Katz et al., 2020; Pelley, 2018; Roth et al., 2019)

In the context of this studyindoor air quality issues associated with additive
manufacturing are considered in termseshission and exposyraitilizing the
definitions provided byStefaniak et al(2021) The term enission is delineated as

any substance released from an AM during-gieting (cleaning and feedstock
infusing), printing, posprinting (printed part salvaging and feedstock evacuation),
and posfprocessing (cleaning and polishing) activitiedile the termexposure is
defined as the quantifiable substance amount in biological fluids, breathing zone, or
skin of a persofiStefaniak et al., 2021)

2.3.3.1 Indoor Air Quality Issues Associatedwith Binder Jetting

The studies of AfshakMhajer et al.(2015) and Lewinski et al(2019) address
indoor air qualityissuedn terms ofemissions and exposures associated with the BJ

process.
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In their study, AfshaMohajer et al.(2015) examinel pre-printing, printing, and
postprinting periods of BJ operations using gypsum powder as feedstock material.
They conductd reattime monitoring of TVOC and PM concentrations in a 157 m
lab with two air exchanges per hour (ACH)he highest concentrations were
recorded during pogirinting when the printer was opened to extract printed
objects after the completion of printing. While PM levels significantly exceeded
the related Pl¥s and PMo standards, TVOC concentration exceeded the values
recommended by the Environment Institute of the European Commission. Most of
the particles were in the size range of 208 nm, while the number of particles in

the size range of 352 and 407 was the highest, with a rate of around 4*4 x 10
particles per minute (#/min) during ejection. The reported PM concentrations were
in the rafige 3 partlésipercdbl centimete(#/cn?). TVOC
concentrations were reported to reach 1725
mitigate potential health risks includlgoroviding proper enclosure, ventilation,

respiratory protection, and stora@gsharMohajer et al., 2015)

Lewinski et al.(2019) examing PM concentrations gbre-printing, i.e., printer
setup printing, and posprinting periodsusing stainless steel powder as feedstock
material in theii70 m® labswith unreported ACHThe peak PM concentration was
recordedas 7 x 18 #/cn? during printing. They reported slight changeswerage
particle number concentrationsompared to background levels duripginter
setup printing, andpostprinting. Those levelsvere3.3 x 1d¢, 3.5x 10¢, 3.8 x 10%,
and3.3 x 10 #/cn?, respectivelyLewinski et al., 2019)

2.3.3.2 Indoor Air Quality Issues Associatedwith Directed Energy

Deposition

In their research, Bau et §R020)exploredindoor air quality issues in terms of
emissions produced during the DED process using ateklpowder feedstocks.
They observed that PM corftendt rpartitlesa® r anged
per cubic centimeter (#/ch during printi ng#en? afterr easi ng t
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each production cycl@he study recommended several stratetgienitigate health

risks such as using a sealed enclosure, ensuring proper ventilation, implementing
an 8minute delay between the end of printing and opening the printethande

of PPE(Bau et al., 2020)

2.3.3.3 Indoor Air Quality Issues Associatedwith Material Extrusion

Several studiesinvestigatedindoor air quality issues in terms of emissions
associated with MEin different spaces including classrooms, dorms, labs,
manufacturing workplaces, and officeecusing onemission characteristicand

factors affectingemissions and exposure

Numerous studie6 Chan et al ., 2020; Chllek et al
et al., 2020; Katz et al., 2020; Mendes et al., 2017; Oberbek et al., 2019; Stabile et
al., 2017; Stefaniak, Johnson, du Preez, Hammond, Wells, Ham, LeBouf,
Menchaca, et al ., 2019; Stephens et a l
2020; Yi et al., 2016; Youn et al., 2019; Zhou et al., 2015; Zontek et al., Bat8)
explored emissions from FFF employiagrylonitrile butadiene styrendBS) and
polylactic acid PLA) filaments. The particles released during printing were
frequently in the ultrafine size range, with some studis® noting nanoscale
particles The chemical composition of particlearieddependingon polymer type

and extrusion temperature. Therg@vimetric analysis and spectroscopy
techniques were employed to characterize both feedstock materials and emitted
particles. Realvorld studies were complemented by chamber evaluations,
affirming the presence of volatile and sewoiatile organic compounds.
Furthermore, specific chemical analyses of bulk filaments and aerosol emissions
were conducted, revealing discernible differences in compogfiitafaniak et al.,

2021)

Varying factorsthat influence particle emissiomgere explored, such aslditives,

extruder nozzle temperature, filament feed rate, machine configuration, polymer
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type, print step, printer status, and the number of prinkensinstance, different
emissionswere noted for various polymers like ABS, PLA, and others. The
inclusion of metal additives in feedstock filamemetscalatedparticle emissions.
Furthermore, elevated extruder nozzle temperatures conttitiateheightened
particle release, particularly during the initial heating step of the print process. As
the filament feed rate increakeemissions increadeMoreover,it was discovered
thatthe presence of an enclosure in the pringrmitigate particle concentrations
during printing andmalfunctions in FFF 3D printers lacking feedback mechanisms
may result in emissions surpassing normal operational |¢&tfaniak et al.,
2021)

Exposures during ME p#printing tasks lack comprehensive data in the literature,
yet exposures during printing, pgstinting, and posprocessing activities have
been extensively documented. Workers operating FFF 3D printers and industrial
FDME machines exhibited diverse exposures to particles and gases, some
surpassing recommended limits. Exposure to VOCs, particularly to acetone and
isopropyl alcohol, was revealed. Opening the build chaniieénga postprinting

task, increagk TVOC concentrations. Pagrocessing activities, such as polishing
and drilling, also contributk to exposure to contaminants. Additionally, the
ventilation status of the space influedcemissions, with ventilated spaces

exhibiting lower emission concentratioftefaniak et al., 2021)

2.3.3.4 Indoor Air Quality Issues Associatedwith Material Jetting

The studies oRyan and Hubbar@016) Stefaniak et al(2019) V2 i s2 nen et
(2019) and Zisook et al.(2020) preserngd indoor air quality issues in terms of
emissionsassociated withmaterial jetting(MJ) in various workplaces spanning

from 48 nt to 466 M.

Ryan and Hubbar@016)investigated particles and VOCs inside and outside of

the build chamber while printing with liquid resin as feedstdearticle mass
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concentrations Sfor®PMibeut sfirden t3h e gf¥fornt er a
PMyo inside the printer. While P concentration decreased, PMtoncentration

increased during printing. The VOCs found in the room air are toluene, isopropyl
alcohol, ethanol, acetone;butanone 2-butanone, and 1;dioxane. 1,4dioxane

was at high concent ¥ ahileotherswere n¢hamigeafg 100
2. 4 t o 3 Ihé roemgvblume and ventilation conditions were unreported in

the study(Ryan & Hubbard, 2016)

Stefaniak, Johnson, du Preez, Hammond, Wells, Ham, LeBouf, Mantilng,

Bowers, Knepp, du Beer, and du PlegSitefaniak, Johnson, du Preez, Hammond,

Wells, Ham, LeBouf, Martin, et al.,, 2019ssessedvlJ emissions from two
premiseswith 90 m® and 466 M room volumes and estimated 0.22 ACH and 2

ACH respectively. Those premises were equipped thighrsame printer employing

different resins. Emission rates based on particle number varied with the lid
position, r anion@ .fAndnnforldidfergnt dize rar@es. SEM

analysis identified clusters of ultrafine carbon particles. TVOC emission rates
remain consistent regardl ess “tod 2.H®% 1 iHO
€eg TVOC/ min. | ndi vi dual VOC <concentrat.i
generally below 1.4% of their respective exposure limits. Ethanol, used for
machine cleaning, contributed to elevated room contaminant levels during non
printing tasksThe machineperators at one facility were exposed to various VOCs
encompassing acetone, ethanol, isopropyl alcohol, naphtha, and p&tedasiak,

Johnson, du Preez, Hammond, Wells, Ham, LeBouf, Martin, et al.,.2019)

Theresearch conducted B2 i s @ n €2019)investigated the change in indoor

air quality and emissions during printing and posicessingwhile utilizing a
transparent liquid photopolymer resin as feedstiock8n? office and ACH not
reported. Dust concentrations remained consistent with background levels, very
low, during printing, recorded at levels belo® O g.gVarious VOCs
encompassing aromatic hydrocarbons, butylated hydroxytoluene, ethylbenzene,
isobornyl acrylate, styrene, toluene, xylenes, arir@tpropanoic acidwere
detected.No shortchained carbonyl compounds were found during printing.
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Average TVOC levels wer@ 4 9 6 3 gugiigmrinting andl 8 0 9 3 dugiigm
postprocessing.Carbon monoxidewas detected at low concentratiodsring
printing, averaging0.5 ppm Carbon dioxide concentratiortiiring printing, at an
average of 560 ppm, were similar to background levels of 540 (#pnd. K.
Va@ais2nen et al ., 2019b)

Zisook et al.(2020) explored VOC and particle emissions during 8 hours of
printing and 80 minutes of peptocessing in a 353 htaboratory with 6.3 ACH.

The feedstock material, resin, invotveompounds of acrylate and glycerin. The
postprocessing activities were rinsing in soapy water and a lye Ba¢hstudy did

not report particle emission data, which may suggest that emissions were either
undetected or very low. The concentrations of TVOCs during both the printing and

postprocessing phases were similar to background I€Zedsok et al., 2020)

2.3.3.5 Indoor Air Quality Issues Associatedwith Powder Bed Fusion

Various researchers have besmdying metal feedstock environment¥arious
studies conducted static area monitoring by direct reading instruments in several
facilities such as university laboratories, manufacturing premises, and research
institutes to report particle number concentration, particle mass concentration, and
TVOC concentration. While mainly metal polymers and nylon polymers are
studied, someresearcherscharacterized virgin andecycled metal feedstock
powders. Additionally, some researcherexplored personal exposures using

microscopic techniques for particle characterization in workplace air.

The research conducted by Beisser et(2017) focusel on inhaling hazardous
metal substances such alfoyed steelsnickel, aluminum, titaniumand copper

based alloys during PBF processes. Accordingly, machines processing certain
metal powders such aaslloyed steels,aluminum alloys, and titanium alloys

complied with the related assessment criteria. The results also indicated that
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chromium compounds were not detected when processing chromium materials.

Lastly, processing nickddased alloys generated additiohakardous substarge

Similarly, Graff et al.(2017)studied particle emissions and expostaiated risks
during metal additive manufacturing, particularly with chromium, nickel, and
cobalt powdersNanosized particles, particulariyarticles larger thar800 nm
posing a potential health risk were identifiethe @erationsconductedwith
recycled powdecaused emissions emaller particle sizes. The findings sugegest

a need for improved powder handling systems, advanced monitoring technologies

for nanosized particles, and updated workplace regulations.

In their research Kolb et al. (2017) measureddust levels with an aerosol
spectrometer, filtebased air samplers, and a condensation particle caduntieg

laser beam melting technique#lthough the results were within German
occupational safety limits, they found significant emissions during specific phases,
including machinery cleaning, powder refills, building platform removal, and
manual posprocessing. They suggested increased automation for materials
containing hazardous substances, reduction in exposure time, and use of respirators

andPPEto mitigate potential health risks

Ljunggren et al(2019)examinedmetal exposure in AM and welding facilities over
two consecutive yearsmplementing preventive measures between assessments
The findings demonstrated that total and inhalable dust levels were mainly below
occupational exposure limits; nonetheless, AM operatoqgereenced cobalt
exposure notablgompared to welderg\lthough the AM facility saw occasional
peaks in airborne particle concentrations, these levels were still lower than those in
the welding facility. The study highligled the needfor preventivemeasurego
mitigate metal exposure, the importance of design and regulation of facilities, and
the need fomonitoring exposure markers and biomonitoring of urine and dermal

contamination.

Walter et al.(2018) addressed concerns about inhalation exposure during PBF

processes. Thegonducted workplace measurememds monitor particles and
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volatile compounds, focusing on metantaining powders, alloys, and polymer
powders to derive guidelines for reducing inhalation exposure. Their results
indicatad that the considered processes complied with the related rules and
standards.

Philippot et al(2018)studiedvarious metabased powders during PBF processes.
They reported thanajor factors influencing emissions and exposwesepowder
pouring, machine opening and parts recovery, and cleaning. In addition to dust
concentrations associated with metallic powders, the®gpotential exposure to
nanometesized particles generated as apsgduct of laser beam melting, which
was not adequately addressed in OELs. Therefore, the authors highlityiet
importance of additional measurements covering various particle sizes at each
process step, properly designing AM equipment and AM premise, and employing

protective equipment such as local exhaust ventilatiorPé&il

Damanhuri et al(2019a,2019b) conducted two studies regarding the emissions
from PBF processes utilizing SLS technologies in the same facility on different
occasions. The research included +teak monitoring of PMs TVOC,
formaldehyde, and COduring the background, pg&inting, printing, and post
printing phases. The first studpamanhuri et al., 2019&pcused on printing
calibration blocks with virgin polyamide nylon (PA12) powder. Accordingly,CO
and PM s concentrations during pigrinting exceeded related limits, indicating
1000 ppm and 0.15 mghat 1218 p p m aespectivelp. THe secopd m
study (Damanhuri et al., 2019ompared these emissions while printing with
virgin PA12 powder and recycled PA12 powder. Accordingly,2Plind CQ
concentrations were reported highest during thepprding process, with recycled
powder showing hi gt &JOC toacergratisn frant recjckds 0 € g/ m
powderwas slightly higher during the pegrinting phase, ranging from 1150 to
16 00 3sdnfuenoed by the powder cake and PA12 temperature. As a result of
both studies, the authors suggested employing mechanical ventilatid?P&td

mitigate potential hazards.
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Zisook et al. (2020) studied emissions from PBFLS using nylonl2. Dust
concentrations were reported elevated during-pasting, averagingt 0 0 ¥ g/ m
with no detection of inorganic gases. Additionally, during theppheting and
postprinting phases, respirable and total particle concentrations exceeded
background levels, although they remained within the threshold limits of ACGIH.

Vai s2ne n2028)t investigated emissions fronglassreinforced nylon
(polyamide) powder feedstocbust concentrations were reported in the range of
0.01 mg/m? to 0.47 mg/n? during printing andd.1 mg/nt to 2.57 mg/m during
postprocessing. Particle concentrations were reported in the rangjéb of 104
#cmPt o 2. 2 I° exde®ding the baakground concentrations. Despite low
TVOC concentrationdprmaldehydeconcentratiowasmeasured at 0 €.g / m

The study conducted by Gomes et(2019)assessed the exposure to nanoparticles
during tasks in workstations to produce metallic parts using laser welteg.
research, conducted in an industrial unit with controlled temperature and humidity,
revealed a significant amount of nanopatrticles in the air, matching the composition
of the stainless steel powder usdhrticle number concentrationsnd lung
deposited surface arealueswere reportecis1.11  “#knm’tol . 8 “#cmil 0
and294¢ ricm® to 4 5 7 %@ninrespectivelyThe findings indicate high levels

of exposure to nanoparticles, around 15 nm, raising concerns about their potential
to penetrate the alveoli and enter the bloodstream, potentially accumulating in the
body.

Jensen et a(2020)studied the particle exposure associated with microrseted
metal powders in th&LM technique of PBF during five activitiesm@tying the
printing chamber dosed powder removal,open powder removalbaking and
grinding. Emptying theprinting chamber open powder removal, and grinding
activities increased particle concentrations above 8#/dr background levels.

The particle concentrations were*#cn?, 5 x 103 #/cry, and 2.5 x 19#/cn,
respectively. The size distributions showed particles mainly below 200 nm, and

respirable mass concentrations, measuré&®dte m? by collecting on filters and
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58.4 ¢ ¢m® by monitoring instrument, were below eigiur occupational

exposure limits in Denmark.

Mellin et al. (2016)assessed the nanoscpheticle creation during SLM and SLS
techniques using alloy feedstock containitig Cr, and CoThey observed . 2 & m
to 5.8¢ nsized particles, called satellites, attached to larger particlesa8to 4 & m
in size during processing. These satellites detached during power handling when
the feedstock wasecycled powderAdditionally, the generation of respirable and

potentially carcinogenic metal particles was observed during processing.

Sutton et al.(2020) remarked on the impact of continuous exposure to the
SLM/SLS techniques during the PBF environment on the properties of recycled
AISI304L stainless steel powdérhe study revealed morphological, chemical, and
microstructural changes in the recycled powder by seven consecutive reuses, which
also simulated a worstase scenarioDespite coarsening, increased sphericity,
oxygen accumulation, and the presence of delta ferrite, the recycled powder

demonstrated improved flowability compared to the virgin powder.

Du Preez, de Beer, arttli Plessis(2018) analyzed the characterization of three

titanium powders in terms of particle size, shape, and elemental composition to
assess the findings in terms of safety and respiratory health. The presence of
thoracic (<10 em) and respirable (<4 g&m)
was revealed, emphasizing the potential health risks upon inhalation. Discrepancies
were identified in particle size and elemental composition compared to safety data
sheetsConsequentlythe authors recommeademploying measures aligning with

occupational health and safegcommendations.

2.3.3.6  Indoor Air Quality Issues Associatedwith Sheet Lamination

The literature lacks discernible documentation regardimdpor air quality issues

associated witBheetlamination SL) processe¢Stefaniak et al., 2021)

72

pa



2.3.3.7 Indoor Air Quality Issues Associatedwith Vat Photopolymerization

The studies oFreiser et al(2018) Yang and Li(2018)V 2 i s 2 n €2019)eahd a |
Zisook et al.(2020) presentedindoor air quality issues in terms efmissions
associated withvat photopolymerizatior(\VVP) in various settingsincluding an

apartment, industrial lab, medical lamduniversity research ka

Freiser et al(Freiser et al., 2018ssessegersonal exposures to PM and VOCs
during surgical drilling of3D printedtemporal bone models made from photo
acrylic resin occurringwithin one hour of posprocessinginvolving the use of
isopropyl alcohol on the printed paithe room volume of the medical lab was
reported to be 55 #n while ACH was not reportedTotal particle mass
concentrations remained below the limit of detection (LOD) atig4n®. The sole
VOC at detection levelsluring the 48minute drilling simulation was isopropyl
alcohol, registering a0.24 ppm. Total PM and VOC count exposures were at
acceptable levels defined ®SHA (Freiser et al., 2018)

Yang and Li(2018) developed a theoretical framework fordoor air quality
estimation for VP processes utilizing SLA, considering both emissions from
volatilization processes and manufacturing processes. emission model was
validated through experimental measurements 22&m?* (41 n? x 3m) room
volume with no ACH reported. The experiments used a feedstock resin based on
methyl methacrylate/OCs were measured during three phases: when the machine
was idle (reference/background) for 10 minutes, during printing for 93 minutes,
and posfprocessing UVcuring and ethanol cleaning for 10 minutes. The mean
concentrations of TVOCs during these phases we2e702 g £, a032.71c g £, m
and 177415 ¢ g P, mespectively, peaking during pgstr ocessi ng %at 617
These values werggnificantly higher tharthosereported inthe literature and the
guidelinevalues of environmental agenci€sang & Li, 2018)

The research conducted by V@is2nen et al
air quality and emissions during printing and posicessingphases for two
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scenarios inviwing different machine and feedstock material combinationa 55

m® apartmentroom with natural ventilatioranda 195 ni university research lab

with mechanical ventilation. Scenario one utilizedD&P printer for dental

products while scenario twanvolved an SLA printer for miscellaneous parts

Particle number concentrations in scenario one fluctuagedeen 4510 anti3510

#/cn? with an average 0d8020N 1780#/cn?, while the background valugeanged

from 1920 to 11680 #/ctn with a mean value of 4420 #/@mDust mass
concentrationsangedf r om bel ow t he | i mi3duriogfposdet ect i on
processingln contrast, prticle number and mass concentrati@tues in scenario

two were equivalent to background levelEVOC concentrations in scenarame
increased during pri?dddnd degreasedftenmakdiTheg a't 427
mi ni mum concentr at i o mwithrae averagel contentration of1 82 &g/ m
2 7 7 ¥ vO@nconcentrations in scenatiwo were in the range of 84 g P tm

176 € g P, mith an average concentration 438 £ g P. Mihe formaldehyde

concentrations werd 2 &€ qidnBe g £ im those scenarios, respectively.

Additionally, 11084¢ g 2 M/OC was recorded during pegtocessing While

there was no detection of CO, a slight increase was observedite@. (A. J.

K. V&@is2nen et al., 2019a)

Zisook et al.(2020) conducted a 4:Hour monitoring of VOC and particle
emissions during SLA printing employing a liquid photopolymer epoxy mixture. In
a128.8 ni (28 n? x 4.6 m)well-ventilatedindustrial lab with 8.6 ACHno data on
particle emissions were reported, referring to emissions being very low or
unidentified. Concentrations of TVOC were indistinguishable from background
levels during printingwith fluorine being detectedbovethe limit of quantitation
(LOQ) in one sampleandbelow LOQ in the other sampl245 ppb of acetone and

560 ppbof isopropanglon averagewere detected at concentrations higher than the
backgroundevels of 240 ppb and 380 pplespectively(Zisook et al., 2020)
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CHAPTER 3

METHODOLOGY

This chapter is organizeidto four main sectionsFirstly, in the SemiStructured
Interview section, the interview conducted to gather relevant data and feedback
from participants is explaine&econdly, e Indoor NetworkBased AirSensing
Ecosystensection delve into hardware development, software development, and
calibration of the reaime indoor air quality monitathat is designed by the author

of this researchrhirdly, the Indoor Air Quality Polling Instrument section explains
the hardware development and software development of the polling dénates
designed by the author this reseaichstly, the Field Experimentsectiondetaik

the additive manufacturingacility and experimental procedures for different AM
processes including powder bed fusionand vat photopolymerization The

methodology followed in this research is schematically giverigare3.1.

s
[ 3.1. Semi-Structured Interview
(e v P
3.2. Indoor Network-Based ' 3.2.1. Hardware Development | !
Air-Sensing Ecosystem | ------- > ! 3.2.2 Software Development | - >
(INBASE) i 3.2.3. Calibration i :
\‘\ ____________________________________ 50 RS
(e
3.3.Indoor Air Quality | 33.1. Hardware Development | R
Polling Instrument | > | 3.3.2. Software Development !
; \
\\\ _______________________________________ N
(r—— ;
{ 3.4.1. Field Experiments in the ! i |
) ) | Production Spaces i i 3.4.1.1. & 3.4.2.1. PBF-SLM :
3.4.Field Experiments | - > 3 ; . | > | 3.4.12.&3.422 PBF-SLS
i 3.4.2. Field Experiments in the ! | 34.13. & 3.42.3. VP-SLA
\ L Office Space ' \
X e, T )
Methodology of the Research )

Figure3.1 Methodology of the Research
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3.1 SemiStructured Interview

A semistructured interviewwas designed to be conducted with employees
working in a workplace practicing AM operations. The interview aims to gather
information regarding the workplace dynamics of the workplace. The interview
includes eight questions created in both English and Turkish, which can be found
in Appendices A and BThe interview starts with definitions of three terms
frequently used in the questions to clarify the context of the questions. These are
Aof fi c ed psrpawec t,i@nd shpvaccréktgrwara,citeinvolves six
guestions covering th®les and responsibilities of the participants, their perception
of space integration, benefits of integration, drawbacks of integration, the impact of

integration on communication and collaboratiandthe impact of integration on

workflow efficiency. Foll owing the sixth question, a

environment al gualityo i s provi ded.
guestions regardindEQ alignments and conflicts with respecthe integrationof
productionand officespaces and IEQimpact on comfort and productivitience,

in total, eight questions were asked to eight participants who were emptdybes
workplacewith varying roles. Theesponses of the participants were written during

the interview, and transcripts were generated before the analysis.

3.2  Indoor Network-BasedAir -Sensing Ecosystem

A reattime indoor air quality monitor is a equipment measuing various air
pollutants continuously at a given locatidffithin the scope of this researdm
loT-basedmulti-sensor arragd reaktime indoor air quality monitowas designed
by the author of this research to measine concentration of indoor air quality
pollutants, includind®Mi.0, PMz 5, PMio, TVOC, HCHO, GHs, C;HsOH, CQ, Oy,
andNO». This designed equipmewas namedndoor NetworkBased AirSensing
Ecosystem (INBASE) by the author. Hardware development, software

development, and calibration IdBASE are given in this section.
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3.21 Hardware Development

The hardware of theeattime indoor air quality monitor]NBASE, developed by
the author,ncludesquantitative sensors fd?Myo, PM2s, PM1o, TVOC, HCHO,
CQO,, and Q, a qualitative sensor forels, C;HsOH, and NQ, aWi-Fi module,a

display unit,abase shieldabreadboardandadevelopment board.

3.2.1.1 PM Sensor

HM3301 grove manufactured by Seeed Studepicted irFigure3.2, was selected
as a detection module for RM PM2.5, andPMzo concentration.

(a) HM3301 Isometric View  (b) HM3301 Top View (c) HM3301 Bottom View

Figure3.2 The Isometric (a),Top (b), andBottom (c)Views of the PMs Sensor-
HM3301

The sensor utilizes laser scattering technoltgpptimize its accuracy, stability,

and consistencyThe light scattering phenomenon occurs when light passes
through particles whose size equals or exceeds the wavelength of the light. The
scattered light is directed towards a highly sensitive photodiode, where it is
amplified and processed by a circuit. The count and mass concentration of dust
particles are obtained Igpecificmathematical models and algorithms. The sensor
employs a fan, an infrared laser source, a condensing mirror, a photosensitive tube,
a signal amplifying circuit, and a signal sorting circuit. The sensor structure
diagram is given irfrigure3.3. The airflow within the detection chamber serves as

a test sample to perform rdahe and continuous tests on the dust of different
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particle sizes in the air, includin@ . 3 € m, 0. 5&gm, 1. 0¢em, 2.

(Shenzhen Technology, 2018)

i i | Filter amplifier
Air containing dust | : circuit
|' Air inlet i/t | Multi-channel
' f 1| acquisition
Laser [ S %eeion Loyl jght detector]:
T | Microprocessor
:| Air outlet i i |digital processing
Light sensor Signal acquisition

and processing

Figure3.3 PM Sensor Structure Diagraf8henzhen Technology, 2018, p.4)

The measurement range fBMio, PM2s, andPMiois 1€ g Ptmo 1 0 C*@ithe g/ m
1 ¢ Yrésolution. The sensor supports thater-Integrated Circui(l?C) interface.

The sensor has an estimated operational lifespan of 2 Jéersrain areas where

this sensor is employed are air conditioners, air purifiers, air quality testing
equipment, environmental testing equipment, industrial PM value analysis, and
dust and smoke detection and analysis. Technical specifications of HM3301 are

given inTable3.1.

Table3.1 Technical Specifications of HM33dEhenzhen Technology, 2018)

Item Technical Parameters

Measurement Range Effective Range 1500 ¥g/ m

25Standard value aximum Range 1- eg/ m
(PMzsstandard value)  Maxi R 1-1000 3 /

Particle Size 6 channels 0.3, 0.5, 1.0, 2
Output Value PMio, PM2s, PMoconcentr &ti on (&g
Resolution Concentration 1 €9/ m

Counting 1s/01L
Stability Time 30 seconds after powering on
Sensitivity Refreshing data once every 1 second

Operating Temperature -10 C-60 C

Operating Humidity 10%-90% RH (norcondensing)
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3.2.1.2 TVOC Sensor

SGP30 grove manufactured by Seeed Studio, depicteeéignre 3.4, was selected
as a detection module for TVOC concentration.

ff ¢

ScL_1ve UOE-and eCO2 Gas Sensor (S6P3®) (O
vie

(a) SGP30sometric View (b) SGP30 Top View (c) SGP30 Bottom View

Figure3.4 The Isometric (a), Top (b), and Bottom (c) Viewslsd TVOCSensor-
SGP30

It is a metaloxide gas sensor based cymplementary metadxide-semiconductor
sensol(CMOSen3 technology developed by Sensirion. The sensor chip h&#€an
interface a temperatureontrolled micro hotplate, and two ppeocessed indoor

air quality signals, TVOC an@0zeq Its measurement range is 0 to 1000 dpm
ethanol and kisignals. The output range for TVOC a@@seqis 0 ppb to 60000

ppb and 400 ppm to 60000 ppm, respectively, with varying resolutions based on
the measured range. This sensor is mainly employedr ipuaifiers, demand
controlled ventilation,and 10T applications (Sensirion, 2020b) Gas sensing
specifications of the sensor 2t5 Aa@d 50% relative humidity (R4) are given in
Table3.2.

Table3.2 Technical Specifications of SGP8Bensirion, 2020, p.2,4)

Parameter Signal Values
Measurement Range Ethanol 0-1000 ppm
H> 0-1000 ppm
Output Range TVOC 0-60000 ppb
COzeq 400-60000 ppm
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Table3.2 (continued)

Resolution Range Resolution

TVOC 0-2008 ppb 1 ppb
200811110 ppb 6 ppb
1111660000 ppb 32 ppb

COgeq 400-1479 ppm 1 ppm
14795144 ppm 3 ppm
514417597 ppm 9 ppm
1759760000 ppm 31 ppm

3.2.1.3 HCHO Sensor

SFA30grove manufactured by Seeed Studio, depictefignre 3.5, was selected

as a detection module for formaldehyde concentration.

Grove - Formaldehyde Sensor
(SFA3@) v1.0

(a) SFA30 Isometric View (b) SFA30 Top View (c) SFA30 Bottom View

Figure3.5 The Isometric (a), Top (b), and Bottom (c) Vieafghe HCHO Sensor
SFA30

The sensor is based on electrochemical sensing technology to optimize its
accuracy. It demonstratésy crosssensitivity to ethando increase its accuracy in
detecting low concentrations. In other wordsdiggection limitis less than 20 ppb.

Its measurement range is 0 ppb to 1000 ppb with 1 ppb resolutiorsefiser's

response timés less than two minute¥he sensor comes as factory calibrated.
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has both 1°C and Universal Asynchronous Receiv&ransmitter (UART)
interfaces It has an embeddetktlative humidity and temperatureensor and
microprocessor manufactured by Sensirion to maintain its performance in changing
indoor environments. The sensor is robust, with an estimated operational lifespan
of 6 yearslt is primarily employed iniaconditioners, air exchangers, air purifiers,

and indoor air quality monitor§Sensirion, 2020a)The sensor's formaldehyde

sensing specificatiorst2 5 AvBien3.3 Vis supplied are given ifiable3.3.

Table3.3 Technical Specifications of SFAZ8ensirion, 2020a)

Parameter Conditions Value

Measurement Range - 0-1000 ppb

Output Value The value at which the 5000 ppb
output saturates

Resolution - 1 ppb

Accuracy (50N5) % RE, N 20 p20%(whicheved
HCHO concentration is large)

Repeatability 0é6.200 ppb N 5 ppPH(whkchevedis
otherwise clean air largei)

Cross Sensitivity to

Tested at 5.0 ppm

<0.5% (<25 ppb)

Ethanol ethanol

Operating Temperature - 0C40C
Operating Humidity Non-condensing 10-90% RH
Response Time To concentration chang <2 min
Service Life At standard conditions >6 years

Long-term Dirift (per

year)

At standard conditions

<5 ppb or <5%whichever is
large))
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3.2.1.4 CesHs, C2H50H, and NO2 Sensor

The Multichannel V2 grove manufactured by Seeed Studio, depictéidune 3.6,
was selected as a detection module for VOC (calibrated agaéhis), CC-HsOH,
and NQ concentration.

g
g
:
4
1]

@®
(a) Multichannel V2 (b) Multichannel V2 Top (c) Multichannel V2

Isometric View View Bottom View

Figure3.6 The Isometric (a), Top (b), and Bottom (c) Vieafghe CsHs, CoHsOH,
and NQ Sensor- Multichannel V2

The sensor is equipped with #C interface. Itis composed of 4 independent
sensorsGM-702B, GM502B, GM302B, and GM102B. Within the scope of this
research, GMb02B, GM302B, and GM102B were used which are sensitive to

VOC (calibrated against 68s), CoHsOH, and NQ, respectively. Each of the
sensors embedded in Multichannel V2 is based on the technology involiang
electromechanical systen@IEMS) micro-fabrication on a Silicium (Si) substrate
base, utilizing lowconductivity metal oxide semiconductor materials as- gas
sensitive elements whose conductivity changes based on gas concentration when
exposed to gas. Accordingly, a simple circuit converts this conductivity change into
an output signal. It is mainly employed for qualitative measurement. The
measurement ranges are 1 ppomm500 ppm for VOC, 1ppm to 500 ppm for
C2HsOH, and 0.1 ppm to 10 ppm for NOMajor areas where this sensor is
employed are gas leak detection, gas alarms, testing of consumer electronics

products, and vehicle safety in termsgafsoline vapor detectipigar ventilation
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control andalcohol breath tefZhengzhou Winsen Electronics Technology, 2019,

2020a, 2020b)Technicalspecifications fothe gas sensor are givenTiable3.4.

Table3.4 Technical Specifications of Multichannel {Zhengzhou Winsen
Electronics Technology, 2017, 2019, 2020b, 2020a)

Part No GM-502 B GM-302 B GM-102 B

Sensor Type MEMS MEMS MEMS

Standard Encapsulation  Ceramic Ceramic Ceramic

Detection Gas VOCs Ethanol Vapor NO.

Detection Range 1-500 ppm 1-500 ppm 0.1-10 ppm

Sensitivity (S) Rs (in air) / Rs (in Rs (inair) / Rs@ns000  Rs (inain/ Rs (n2
5000 ppm ethanoO opmethano)O 3 . | ppmnoz O O .
3.0

Preheating Time - 048 hour -

3.2.1.5 Carbon Dioxide Sensor

SCD30 grove manufactured by See8tudio, depicted ifrigure 3.7, was selected

as a detection module for G@oncentration.

(a) SCD30 Isometric View (b) SCD30 Top View (c) SCD30 Bottom View

Figure3.7 The Isometric (a), Top (b), and Bottom (c) Vieafgshe CO2 Sensor-
SCD30
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The sensor is based on NbDspersive Infrared (NDIR) technology, depicted in
Figure 3.8. The fundamental principle of NDIR is the absorption of infrared
radiation by molecules, particulartyissymmetry diatomi@nd polyatomic gases
as the radiation passes through théman et al.,, 2015) The LambeHBeer

absorption relationship is given Eguation3-1.

Equation3-1 LambertBeer Absorption Relationshian et al., 2015, p.104)
‘O @Q
In the formula, Qs the intensity of light transmitted after absorbing the target gas.

lo is the intensity of the light befor@bsorbingthe target gasv is the absorption

coefficient of gaso is the gas concentratiod.is the cell length

Gas In Gas Out

| 111

I
= .
y o\

LR. Lamp Optical filter

|
|

Detector

Figure3.8 NDIR Technology(Nadargi et al., 2023, p. 563)

Its measurement range spans from 400 ppm to 10000 ppns\Bh ppm + 3%)

accuracy. The response time of the sensor is 20 seconds. Additionally, the sensor
includes temperature andlative humidity sensing elements whose measurement
ranges are40 Cto 120C wi t hc N cOc.usx acy and O to 100%
accuracy. Their response timm®2 seconds and 8 seconds, respectively. The chip

of the sensor has afQ interface. The sensor has an estimated operatitesgdan

of 15 years. This sensor is primarily employed in urifiers, environmental
monitoring, plant monitoring, and Arduino weather statig8ensirion, 2018)

Technical specifications of the sensor are givehahble3.5.
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Table3.5 Technical Specifications of SCD38ensirion, 2018, p.2)

Parameter CO; Temperature  Humidity

Measurement Range Effective 400 ppm- -40C-120C 0 %-100% RH
Range 10000 ppm

Maximum O ppm-

Range 40000 ppm

Accuracy N (30 ppm + 3%) No.5C N2% RH

Response Time 20 sec > 2 sec 8 sec

Operating Temp & 0C-50C - -
Relative Humidity 0% RH-95% RH

Service Life 15 years

3.2.1.6 Oxygen Sensor

ME2-O2-A 20 grove manufactured by Seeed Studio, depicteigare 3.9, was
selected as a detection module for oxygen concentration.

3

@

Gas Sensor(ﬂz)(f\\
vial @

(@) ME2Ox-A 20 (b) ME2-O2-A 20 (c) ME2-O2-A 20

Isometric View Top View Bottom View

Figure3.9 The Isometric (a), Top (b), and Bottom (c) Vieafghe O, Sensor-
ME2-O2-A 20

The sensor is based on an electrochemical principle employing the electrochemical
oxidation process of the gas on the working electrode inside the electrolytic cell.

The current produced in the electrochemical reaction of the target gas is directly
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proportional to its concentration, following Faraday's law. Gas concentration can
be determined by measuring the value of the current. Its measurement range is 0 to
25% vol with a response time of less than 15 secondssdis®r's communication
protocolis analog. The sensor has an estimated operational lifespan of 2lears.
has an analog interfacé. is mainly employed inia purifiers, oxygen analyzers,

and environmentaimonitors (Zhengzhou Winsen Electronics, 202The sensor's

gas sensing specificatioase given infable3.6.

When inert gasesuch ashelium, nitrogenand argon are introduced into indoor
air, they displace oxygen, leading to a decrease in oxygen levels. This change in
oxygen concentration can serve as an indicator of the presence of inert gases in the

environmen{Pure Aire Monitoring Systems, 2016)

Table3.6 Technical Specifications of ME@»-A 20 (Zhengzhou Winsen
Electronics, 2021)

Item Value

Measurement Range 0% - 25% Vol

Max Detecting Concentration 30% Vol

Sensitivity (0.1-0.3) mA (in air)
Response Time Q15 sec

Zero Drift (-20 C-50 C) 00.1% vol

Storage Temperatureand Humidity -20 C-50 Cand0% - 99% RH
Service Life 2 years

3.2.1.7 Wi-Fi Module

The ESP8266 Serial WWhi Wireless Transceiver Module manufactured by Seeed
Studio, depicted ifrigure3.10, was selected asWireless Fidelity(Wi-Fi)

module.
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(a) ESP8266 (b) ESP8266 (c) ESP8266

Isometric View Top View Bottom View

Figure3.10 The Isometric (a), Top (b), and Bottom (c) Viewfghe WiFi Module
- ESP8266

The module is equipped with a Wi microchip produced by Espressif Systems to
facilitate 10T applications by enabling microcontrollers to connect to 2.4 GHz Wi
Fi networks. It supportthe Institute of Electrical and Electronics Engine@EEE)
802.11 Mg/n standards and interfaces witerial Peripheral Interface (SPI) /
Secure Digital Input Output (SDIOYr 1°C / UART. It can be used as a
microcontroller unit (MCU) by running asoftware development kitSOK).
Alternatively, it can provide WFi connectivity to external host MCUs with
Espressif Serial Protoco[ESRAT) firmware. The module provides data
processing, reads, and controlsG#neralPurpose Input/OutpyGPIOS. It has a
full Transmission Control Protocol/Internet Proto€®ICP/IP) stack (Espressif
Systems, 2016)

3.2.1.8 Display Unit

SSD1306 Organic Light Emitting Diode (OLED) drivelistributedby Robolink

and depicted ifrigure3.11, wasselected as a display component.
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SSD1306 Isometric View SSD1306 Top View SSD130&ottom View

Figure3.11 The Isometric (a), Top (b), and Bottom (c) Vieafghe Display Unit
SSD1306

SSD1306has a resolution of 128x64 dox matrix panel, referrin@28 segments
and 64commons It includes contrast control, brightness control, display RAM,
and oscillator,minimizing the power consumptioand theneed for external
componentslt receives commands or data from an MCU by meah&pfSPL or
hardwareselectable 6800/8000 series compatible Parallel Interfade mainly
used in compact portable applications suchcalkulatos, nobile phone sub
displays, andMP3 players (Solomon Systech, 2008)

3.2.1.9 Base Shield

Grove Base Shield V2.0nanufactured by Seeed Studiad depicted inFigure
3.12, was selected as a base shigdconnect multiple sensors to the development
board with grovecables It is equipped with 16 onboard grove connectors,
comprising four analog, foufC, one UART, and seven digital grove connectors.
Its peripheral pins are compatible with the ArduMega 2560 Rev3 development

board.
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(a) Grove Base Shield V2.0  (b) Grove Base Shield (c) Grove Base Shield
Isometric View V2.0 Top View V2.0 Bottom View

Figure3.12 The Isometric (a), Top (b), and Bottom (c) Vieafgthe Base Shield
Grove Base Shield V2.0

3.2.1.10 Development Board

Arduino Mega 2560 Rev3levelopment board, depicted kigure 3.13, which is
based on the ATmega2560 microcontroller chips selected as a microprocessor
due to its computational power, electrical power, memory, and compatibility with
the selected sensors, base shield, and card shield.

Figure3.13 The Visual of the Development Boardrduino Mega 2560 Rev3

The operating voltagef the development boars 5V, complying with the selected
sensors. Additionally, it can support up to 800 mA current to feed the hardware

connected, which is sufficient to run the selected hardware
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In the hardware development of INBASE, Arduino Mega 2560 Rev3 served as a
foundation at the bottom, onto which the Grove Base Shield V2.0 was plugged.
The HM3301 PM sensor, SG30 TVOC sensor, Multichannel V2 rga#tisensor,

and SCD30 C@sensomwere connected to thé’C interface of the base shield by
grove cables ME-O2-A 20 O sensomwas connected to the analog interface of the
base shield by a groveable The SFA30 HCHO sensor, ESP8266-W/iSerial
Transceiver Module, and SSD1306 OLED display wnére connected to the
power and ground segments of the breadboard%hdrid UART communication

pins of the development board by jumper wires. Additiondhy, development
boardwas poweredby a Universal Serial BugUSB) port wall plug adaptor with
properties of 5V2A. The schematal representatiomnd the photographsf the
hardware setip aregiven inFigure3.14 andFigure3.15, respectively.

Al_ _A2,

It bl b

Figure3.14 TheDiagram of the Hardware Sap of INBASE
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Figure3.15 Photographs of INBASE

3.2.2 Software Development

Software developmeraf INBASE, conducted by the authoentails configuring
the development boardnd Wi-Fi module reading sensor data, formatting it for
transmission, and sending it # server over d@ransmission Control Protocol

(TCP) connectionasdepictedn Figure3.16.
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Figure3.16 Schematic of the Software Development

Arduino IDE softwarewas utilized for configuration when the developed hardware
was plugged into the computer via a USB port, as the Arduino Mega 2560 Rev3
modulewas employed as a development board. Geeurce sensor librariegere
installedfrom the Arduino IDEto read sensor datdhe configuration codevas

writtenin Arduino IDE It briefly includes the following

o Sensor libraries

o Connectiommethods of sensors to the development hoard

o Credentials of the connected Wi network including Service Set Identifier
(SSID)and password

0 Thelnternet ProtocollP) address of the connected sefver

o

Application Programming InterfacéAPl) keys of the channel created in the
server

Formatting and organizing the data obtained from sensors for transmission
Sending data to the WAi module

Sending data from the Wi module to the servemnd

o O O O

Continuously repeating the process from step 4 onwards

Once the codevas uploaded and compiled,itas installed on the Arduino Mega
2560 Rev3 development boar@donsequently, the coddlows sensor readings to

be printed on the Arduino IDE monitor when connect¢éd the computeror
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powered by a wall pluyia a USB port The microprocessoembedded in the
development boarthcilitates the transmission of sensor data to a predefineei Wi
network through the ESP8266 \Wi serial transceiver module. Subsequently, the
data is sent to the ThingSpeak server, an 10T analytics platform service developed
by MathWorks, enabling data aggregation, preprocessing, visualization, and
analysis of live data streams in the cloud. The selection of ThingSyssakased

on its integration with MATLAB, acommonsoftware for data analytics, enabling

the execution of MATLAB code within ThingSpeak and eliminating the necet

up a server or developeb software.

3.2.3 Calibration

Calibration is the process of detecting, correlating, adjusting, rectifying, and
documenting the accuracy of an instrument based on a standard instrument or
value. Periodic calibration is necessary for both new instruments and old
instruments as instruments are subjected to errors due to drift, environmental
change, fluctuations in electrical supply, modifications to the output loop, and
process changgable, 2011)

As calibration is necessary to maintain the accuracy and precision of an instrument,
the sensoraresubjected to calibration to optimize their response so that the sensor
output is proportional to themeasuredquantity While some of the sensors
employed to designNBASE are factorycalibrated, some sensors require user
calibration. The sensors requiring user calibratiegre calibratedaccordingto

manufacturer recommendations.

The PM sensor, HM3301lis factory calibrated. As it is calibrated during
manufacturing, it does not require user calibration. However, the potential
accumulation of dust in the sensor affett® accuracy of the experiment
Therefore, thd®M sensowas cleanedo eliminateany accumulated dust particles

Subsequently, fvasplacedin aclean andcontrolled environment taerify thatit
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did not measure dush the environmentThe basic demo code provided by the
manufacturewas used and integrated into the configuration code to run the sensor

simultaneously with other components.

The TVOC sensor, SGP30, necessitates user calibration. Initially, the seasor
activated by sending an initialization command. Initializattonk 15 seconds
duringwhich the sensoprovidedvalues of 400 ppm Cfyand 0 ppb TVOCThe
baseline operation example code, includingdynamic baseline calibration
algorithm provided by the manufacturewas used. Hence, a baseline setting
commandwas issued where thabsolute humidity value is takert 11.57 g/ni by
default. The sensomwas placed on an electrostatic discharge (ESD) sheet and
powered continuously for 12 hours tstore baseline valuesand complete
calibration. Subsequently, the baseline operation exampleveagiamtegrated into

the configuration code to run the sensor simultaneously with other components.

The HCHO sensor, SFA30, igactory calibrated As it is calibrated during the
manufacturing process, it does not require user calibration. The sample code
provided by the manufactureras integrated into the configuration code to run the

sensor simultaneously with other components.

The multigas sensor, Multichannel V2s factory calibrated However, as the
sensotas been givinghauthentic values consistently, the sensasrecalibrated.

The example codwas usedto read direct sensor values in volts. The calibration
curves provided by the manufacturer €Hes, C2HsOH, and NQ were utilized to

be interpolated to derive the formulas converting voltage output to gas

concentration in ppm values.

The calibration curve of VOC @Els) is given inFigure3.17. The formulagiven in
Equation3-2, wasderived from thecalibrationcurve by interpolation. The inverse
function of this equationwas derived to convert voltage output to gas
concentratiopas given inEquation3-3.
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Figure3.17 Calibration Curveof VOC (GsHs)
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The calibration curve of eHsOH is given inFigure 3.18. The formula given in
Equation3-4, was derived from thealibrationcurve by interpolation. The inverse

function of this equationwas derived to convert voltage output to gas
concentration, which is given Bquation3-5.
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Figure3.18 Calibration Curve o2HsOH
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Equation3-5 Inverse Function of Interpolated Equation eHgOH Calibration

Curve

The calibration curve of N®is given in Figure 3.19. The formula given in
Equation3-6, was derived from thealibrationcurve by interpolation. The inverse
function of this equationwas derived to convert voltage output to gas

concentration, as given bBquation3-7.
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Figure3.19. Calibration Curve of N@
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Equation3-6 Interpolated Equation diO, Calibration Curve
Mo TCULUoLVBIT pL KPS
Equation3-7 Inverse Function dinterpolated Equationf NO> Calibration Curve
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These equationgrovided inEquation3-7, Equation3-5, and Equation3-3, were

embedded in the configuration code so that the voltage output can be converted

into gas concentration accurately. Additionally, the semsmsr placed on an ESD
sheet. I n accordance with tweepoweedtof act ur
be preheated via heater voltage to acquire chemical equilibrium and, thereby,
accurate resultdachsensor componemecessitates varying minimum preheating

times, as outlined ifable3.7. The maximum value of 168 houvgs selected as

the preheating duratioto ensure uniformity Subsequently, the senseovas

operated for 168 hourbetween 22.03.2024 and 29.03.20@4 complete the

preheating process.

Table 3.7 Preheating TimgZhengzhou Winsen Electronics Technology, 2017,
2019, 2020a, 2020b)

Sensor Part  Storage Time  Suggested Aging Time  Heater Voltage

GM502-B <1 month >24 hours

(vOC - 1-6 months >48 hours

Calibrated >6 months >72 hours 2.5VND.1V AC or DC

against GHe) 1-6 months >72 hours
>6 months >168 hours

GM102-B <1 month >24 hours

(NO») 1-6 months >48 hours 2.0VND.1V AC or DC
>6 months >72 hours

GM302-B <1 month >48 hours

(C2HsOH) 1-6 months >72 hours 2.5VN0.1V AC or DC
>6 months >168 hours
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The CQ sensor, SCD3ecessitates user calibration by utilizing outside air as a
reference for adjustment. Following the manufacturer's instructions, the auto
calibration file provided by the manufacturesas uploaded to thelevelopment
board. The sensavas placed on an ESD sheet and connected to a power supply. It
was operated continuously for seven days between 18/03/2024 and 25/03/2024
with 1-hour daily exposure to fresh & allow the algorithmto find its initial
Automatic SelCalibration (ASC) parameter séfthe calculated parametensere
stored inthe sensor'sionvolatiie memoryto ensure their retention after restart.
Hence, the calibration processas completed. Subsequently, the sens@s
connected to the computer. The aa@dibration commandavas stopped while the
sample codewas integrated into the configuration code to run the sensor

simultaneously with other components.

The @ sensor, MEZD,-A 20, requires user calibration. The current range of the
sensor falls between 8@A to 160 OA. The sensor output voltage varies
accordingly.The sensor was placed on an ESD sheet and preheated for 30 minutes
with the manufacturer's instructiariduring this preheating period, the sensor was
exposed to fresh air, and the output voltage readings were recorded to serve as a
reference for calibratiorBubsequently, the senswes connected to the computer.

The sample calibratiomodeprovided by the manufacturevhich converts voltage

output into gas concentration in percentageas uploaded to thelevelopment

board. Hencethe calibration processvas completed. The sample codess
integrated into the configuration code to run the sensor simultaneously with other

components.

3.3 Indoor Air Quality Polling Instrument

The Indoor Air Quality Polling Instrumens anequipment designely the author
for this research where the employees of the AM facility can vote the space in
terms of their perception of indoor air quality at the moment when they vote as

very good, good, neutral, bad, and very badis feedback mechaniswas
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designed to capture subjective perceptions of IAQ alongside the objective data
collected by the INBASHE-Hardware development and software development of the

instrument are given in this section.

3.3.1 Hardware Development

The hardware of théndoor Air Quality Polling Instrumentdeveloped by the
author,includes five tact switches, five resistors, a card shield, ainealclock,a

display unit, a breadboard, and a development board.

3.3.1.1 Tact Switches and Resistors

The tact switcheglistributedby Robolinkand depicted inFigure 3.20 (a), were
used as push buttorier the Indoor Air Quality Polling InstrumentThey include
four pins with a bottom mount type to be placed arbreadboardTheir sizes are
12x12x15mm Additionally, 1/4W 1K resistors, depicted iRigure 3.20 (b), were
placed on the breadboard in connection to tact switches adquul resistorsa
ensure that the input to the microcontroller is ingic 0 state when th&actswitch

is not pressed.

\‘
,\\\\'-\
N &
N
N

(a) Tact Switches (b) /AW 1K Resistors

Figure3.20 TheVisuak of the Tact Switcheand 1/4 W 1K Resistors
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3.3.1.2 Card Shield

SD Card Shield V4nanufactured by Seeeftudio, depicted irFigure 3.21, was
employed to connect the SD card with the development board with a card shield.
An SD Card with 16 GB memomyasinserted into the card shieid store data.

CardShield \4.0 Card Shieldv4.0 CardShield 4.0

Isometric View Isometric View Il Top View

Figure3.21 TheVisuals of the Card ShieldSD Card Shield V4

3.3.1.3 RealTime Clock

DS1302 reatime clock,distributedby Robotistaranddepicted inFigure3.22, was
integrated into the system so that the data can be recorded to the SD card with a
timestamp. DS130%as connected to the system using ground, power, and digital

pins of the development board.

Figure3.22 TheVisual of the Realime Clock- DS1302
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3.3.1.4 Display Unit

The SSD1306 Organic Light Emitting Diode (OLED) driver, which was used in the
INBASE model display unit, was also employed for the polling instrumime.
visuals and technical specifications are not reiteratetthis section as given in
3.2.1.8

3.3.1.5 Development Board

The identical model athe development board, Arduindega 2560 Rev3used in
INBASE, was also employed for the polling instrumenhe visuals and technical

specifications are not reiteratadthis section as given i8.2.1.10

The ArduinoMega 2560 Rev3levelopment board seweas a foundation at the
bottom where the SD Card Shield Was plugged. The ground and power pins of
the development boandere connected to the breadboard. The tact switches and
1/4W 1Kresistorsvereplaced on the breadboard. Onelod four pins okachtact
switch was connected to the power segment of the breadboard directly through
jumper wires. One of their other pim&asconnected to the ground segment of the
breadboard using jumper wirgsassingthrough resistorsThis setup sengeas a
pull-down resistor configuration to ensure stable input when the corresponding tact
switch is not pressed. Consequently, thisyasalso connected to a digital pin of

the development board. The DS1302 #&ak clockwas connected to the ground
and power segment of the breadbgaad well as the digital pins of the
development board. Lastly, the SSD1306 OLED display wa# placed on the
breadboard and connected to the development board with jumper wires through the
12C interface. The schematiiagramand photographef the hardware satp are

given inFigure3.23 andFigure3.24, respectively
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Figure3.23 TheDiagram of the Hardware Sekp of the Indoor Air Quality Polling

Instrument

Figure3.24 Photographs of the Indoor Air Quality Polling Instrument
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3.3.2 Software Development

The software of the Indoor Air Quality Polling Instrument is developed by the
author utilizingArduino IDE software. The developed hardwaras plugged into

the computer via a USB port. The configuration cads written and uploaded to
the development board. The developed code briefly inclindefllowing

0 Hardware libraries,

o Connection methods of hardware to the development board,

o Formatting, organizing, and recording the data obtained from tact switches and
thereaktime clock

o Display of the data.

3.4  Field Experiments

The field experimentswere conducted in aworkplace practicingadditive
manufacturing forcontract manufacturingprototyping, and product design and
development.This workplace is equipped witproductionand office spacesas
indicated bythe different colorsin Figure 3.25. It has a total floor area of
approximately 375 manda ceiling height of approximately 3.7 tt.is equipped
with a mechanical ventilation systetihat wasoperated during the experiments.
The intake and exhaust functions were set to the third level out of five, representing
a medium ventilation rateThe production spacesccommodatevarying AM
equipment with diverse processexluding powder bed fusiorgolored in green
and purple and vat photopolymerizatigrcolored in turquoiseAdditionally, the
space colored in pink is allocated for ppsbcessing equipment and operations.
Lastly, the blue-colored space is theffice spacefurnished withan operplan

layout.
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Field experimentavere conducted both in production and office spah@sng
operations of powder bed fusion processelective laser melting (PBELM)
technology, powder bed fusion processselective laser sintering (PBFLS)
technology, and vat photopolymerization processtereolithography (VFSLA)

technology.The diagranof thefield experiments is given iRigure3.26.

i . . o . - [
l'| 3.4.1. Field Experiments in . . B ! 3.4.2. Field Experiments | :
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Figure3.26 The Diagram of the Field Experiments

Two types of instruments, INBASE and polling instruments, were utilized during
these experiments. As only one of each type is available, these experiments were
conducted at different times. Additionallyll alata collected duringhesewere
obtained fromthe workplace workflowwith respect to the orders received. Due to
this, even though the same AM method was monitored, the printed components and
experiment duration varied between the productipecesindthe office space. For
example, when monitoring the production space during-BBW¥ and monitoring

the office space during PBELM, the specifics of the printed components and the
duration of the experiments differed. The same variation applies to th&sP8BF

and VRSLA experiments as well. Finally, the details of the printed components

during these operations cannot be disclosed owing to confidentiality principles.
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34.1 Field Experimentsin the Production Spaces

Realttime indoor air quality monitoring was conductedtire production spaces

with INBASE for powder bed fusion processelective laser meltinPBF~SLM)
technology, powder bed fusion process selective laser sinteringPBFSLS)
technology, andvat photopolymerization processstereolithography(VP-SLA)
technology during the pyprinting, printing, posprinting, and posprocessing
phasesAdditionally, the Indoor Air Quality Polling Instrument is placed next to
INBASE duringall monitoring sessionso that the employees in the production
spaces can vote the space in terms of their perception of indoor air quality at the
moment when they vote as very good, good, neutral, bad, and verpé&aded

descriptions of monitoring sessions are given in the subsequent sections.

3.4.1.1 Powder Bed Fusion Selective Laser Melting

Realtime air quality monitoring was conducted with INBASE foowder bed
fusion process selective laser meltingPBFSLM) technologyduring the pre
printing, printing,and postprinting phases of AMAS postprocessing operations
of SLM were not conducted in the workplace, that process was not monittweed.
pre-printing, printing, and pogprinting phases were conducted in I2i° (345
m?T 3.7 m) spacendicated by green color Figure3.27.

[ PBF-SLM Production Space

,‘ [ :
Bl B
E (] 7 SLM Prototyping and Final

) INBASE & Polling Instrument
I—W I: . Part Production Equipment
X

Figure3.27 The Plan othe PBFSLM Production Space of the Workplace

This space is equipped wittwo SLM Prototyping and Final Part Production
equipment briefly referred to as SLM printergiith varying building volumesnd
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brandsand a table for preprinting activities.The utilizedSLM printer, depicted in
Figure 3.28, has a building volume of6D mm 1 160 mm 1 100 mm. The layer
thickness and laser power of the equipmentl@&éd0e m &00 &V, respectively.
Powder forms ofitanium aloy and ®baltchromiumalloy are used as feedstock
materialsto be inserted into the equipmewts preprinting, printing, and post
printing operations were conducted in this space, INBASE was positioned on top of
the 1.2metertall movable stand,l meter away from the W printer, to
characterize background measurements and emissions generated dupng the
printing, printing, and pogtrinting phases The placement of INBASE is
highlighted by théurgundycircle in Figure3.27. The intake and exhaust functions
of the mechanical ventilatiowere set to the third level out of five, representng

medium ventilation rate.

Figure3.28 SLM PrototypingandFinal Part ProductioBquipment

The activities performed during these phases are as follows:
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a) Background Phase:

The background measurements were conducted6forinutesduringthe period of
inactivity. The average room temperature was 2256énd therelative humidity
was 3201%.

b) Preprinting Phase:

The preprinting phase contained thpFeparation activities for the manufacturing
proces. Titanium alloy powder (Ti-6Al-4V) was used as feedstock material. The
titanium alloy powder wasmeasured, mixed, and introduced to the SLM printer.
The build platformwas cleared to eliminatedebris or reside and fixed into the
build chamber.The design file was uploaded into the control software. This
processspanned6 minutes.The average room temperature was 24228nd the

relative humidity was 320%.
c) Printing Phase:

The printing periodreferring to the continuous operation tbie SLM printer to
print the intended object, took6 minutes The average room temperature was
25.47 C and theelative humidity was @72%.

d) PostPrinting Phase:

In the postprinting phase, taking4lminutes the cover of theSLM printer was
opened As the printed componenivasembedded within the uncured powdire
excess powder was vacuumed. The build platform was removed from the SLM
printer. Any remaining powder on the build platfowas transferred into a trefpr

reuse The reusedpowder was sieved and replenishethe average room

temperaturevas 5.57 C andtherelative humidity was @53%.

Following the posprinting phase, the printed component with the build platform
was sent to another facility for pestocessing activitiesHence the post

processing phase was not monitored.
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3.4.1.2 Powder Bed Fusion Selective Laser Sintering

Realtime air quality monitoring was conducted with INBASE foowder bed
fusion process selective laser sinterinPBFSLS) technology during the pre
printing, printing, posprinting, and posprocessing phases of AM. These phases
were conductedh 49.2 m® (133 m? | 3.7 m) space, indicated tpurple color in
Figure 3.29. INBASE was positioned on top of the dnetertall movable stand,
which was1 meter away from the SLS printer and Sp8wder management
station to characterize background measurements and emissions generated during
the pre-printing, printing, posprinting, and posprocessing phasethe intake and
exhaust function®f the mechanical ventilatiowere set to the third level out of
five, representing a medium ventilation rate. The placement of INBASE is
highlighted by théurgundycircle in Figure3.29.

e l - | | PBF-SLS Production Space
@) INBASE & Polling Instrument
| SLS Powder Management Station

[:] SLS Prototyping and Final Part

Production Equipment

Figure3.29 The Plan othePBFSLS Production Space of the Workplace

This space is equipped witlan SLS Prototyping and Final Part Production
equipment briefly referred to as an SLS printean SLS powder management
station, andan FDM Prototyping and Final Part Production equipmé@ite SLS
printer, depicted irFigure3.30, has a building volume df65mmT 165mm1 300
mm. The layer thickness 110 micronsNylon 12 powder, Nylon 12 GFpowder,
Nylon 11 powder, Nylon 11 Garbon Fiber (CF) powder, and Thermoplastic
Polyurethan€TPU) 90A powderare used as feedstock materialde inserted into
the equipment.The SLS printer is equipped with an intake filter to remove

contaminants from air being drawn into the printer and an exhaust filter to remove
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powder and sintering byproducts from its exhaust to avoid expelling into the

workplace.

Figure3.30 SLS PrototypingandFinal Part ProductioEquipment

The SLS powder managemendtation depicted inFigure 3.31, is a powder
management equipmemthere printed components are extracted, the unsintered
powder is collected and sifted to remove debris so that powdercan be
reclaimed after it is automatically measured, mixed with fresh powder, and stored.
It is equipped witta high-efficiency particulate ai(HEPA) filter anda negative air
pressure systemkeeping the powder inside during p@sinting and post

processing operations.

Figure3.31 SLS Powder Management Station

110



The activities performed during these phases are as follows:
a) Background Phase:

The background measurements were conductes4farinutes during the period of
inactivity. The average room temperature w&s58 C andthe relative humidity
was 38.55%.

b) Preprinting Phase:

The preprinting phase contained the preparation activities for the manufacturing
processThe powdercartridgewas filled with Nylon 12 powderthat was recovered

from the powder management statiddylon 12 powder was loadenhto the
printer6s hpowdereartridge3he rdgor waasopened,and a clean
optical cassette was inserted. The build chamber was inserted. The door of the
printer was closedThe design file was uploaded into the control softwdarkis
process took33 minutes. The average room temperature wds7@ C and the

relative humidity wa$5.79%%.
c) Printing Phase:

The printing phase comprisdtiree subsequent steps occurring inside the SLS
printer. These steps were greating where the building chamber was heated up to
179 C, printing where the plastic powder was fused layer by layerittt the
intended objec¢tand cooling where the printed object waited inside the pririter
acquirethe desired mechanical propertiestil the bed temperature decreased to
40 C. These steps took 51, 10dd 313 minutes, respectively. Therefore, the total
duration of the printing phase was 469 minufdee average room temperature was
24.17 C andtherelative humidity wag2.29%.

d) PostPrinting Phase:

After the print phase was completed, ttoor of the printer was opened. The build

chamber was extracted from the printer and transferred to the povat@gement
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station. In total, this process to@&kminutes.The average room temperature was
24.69 C andtherelative humidity wa€5.28%.

e) PostProcessing Phase

The print cakewhich was composed dhe printed componestand unfusednd
semifused powder that supportethem was gradually ejected frorthe build
chamber to the workspace of the powdemagemengtation.The unfused powder

was scrubbed and scraped from the printed components using picks and brushes.
Afterward, these components were collected in a wire basket. The powder
accumulatedn the workspace was wiped into the sifter aadaptured for later

use. The sieve filtered out the particles to be remixed with new powder and reused
in future prints. Any remaining powder on the workspace was collected using a
vacuum.In total, this process todkb4 minutes.Theaverage room temperature was
25.73 C andtherelative humidity wa€4.24%.

3.4.1.3 Vat Photopolymerization - Stereolithography

Realtime air quality monitoring was conducted with INBASE foat
photopolymerization process stereolithography (VP-SLA) technology in
production spaces, including V&LA production space and pgatocessing atelier,
during the preprinting, printing, posprinting, and posprocessing phases of AM.
The preprinting, printing, and postrinting phases were conducted 48.1 n?
(13.0 nt1 3.7 m) spacgindicated bytheturquoise color irFigure3.32.
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Figure3.32 The Plan otheVP-SLA Production Spaces of the Workplace

This space is equipped with seven SLA Prototyping and Final Part Production
equipment briefly referred to as SLA printersyith three varying building
volumes a DLP Prototyping and Final Part Production equipmearid an open
shelve system containing sealed resin cartridgsf the SLA printersareplaced

on cabinets and shelves that are 1.2 metersTtadl.utilized SLAprinter, depicted

in Figure3.33, has a building volume of 145 mm145 mml 193 mm. The layer
thickness and laser power of the equipment are8 50 e m and 250
respectivelyResin cartridges are used as feedstock material to be inserted into the
equipment. The SLAprinter does not include a filter or other form of emissions
capture.As preprinting, printing, and pogtrinting operations were conducted in

this space, INBASE was positioned on top of theri?ertall cabinet, which was

1 meter away from the SLA printer to characterize background measurements and
emissions generated during the-pranting and printing phase3he intake and
exhaust function®f the mechanical ventilatiowere set to the third level out of

five, representinga medium ventilation rateThe placement of INBASE is

highlighted bythe burgundycircle in Figure3.32.
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Figure3.33 SLA Prototyping and Final Part ProductiBguipment

The postprocessing phase was conducted inShet n? (13.9 nf 1 3.7 m)post
processing atelier, indicated by the pink color Rigure 3.32. This space is
equipped with two atelier tables, one chair, an air compressorpEEsSssing
gadgets, large wash equipment located on the ground, a shelf carrying small wash

equipmentand UV cureequipment.

The utilized washequipment,depicted inFigure 3.34, is equipped with a wash
bucket, wash basket, electric solvent pump, flexible scraper, scraper, flush cutters,

rinse bottle, gloves, and build platform adaptor.

Figure3.34 SLA Wash Equipment
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The cure equipment, depicted Fgure 3.35, includes 500 W dual heaters to
increase the temperature up to @0during curing. INBASE was positioned on a
1.2-metertall movable stand in front of the glass wall to characterize emissions
generated during pegrocessing activitiesIhe intake and exhaust functioofsthe
mechanical ventilatiorwere set to the third level out of five, representeng
medium ventilation ratelhe placement of INBASE isighlighted by thdurgundy

circle inFigure3.32.

Figure3.35 SLA Cure Equipment

Theactivities that took place during these phases are as follows:
a) Background Phase:

The background measurements were conducte@Ofarinutesduringthe period of
inactivity. The average room temperatusas 28.88 C andthe relative humidity
was 3.74%.

b) Preprinting Phase:

The preprinting phase contained thpFeparation activities for the manufacturing
process. The printavas powered on. The design fileas uploaded into the control
software.The generalpurposestandard gey resin was used as feedstock material.
The resin cartridgevas shaken to ensure the resias mixed thoroughly. The resin
cartridgewas inserted into the printer after its protective valve cdwad been
removed. This processpannedl5 minutes.The average room temperaturas
24.27 C andtherelative humidity was @03%.
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c) Printing Phase:

The printing periodyeferring to the continuous operation thie SLA printer to
print the intended object, todk73 minutes The average room temperatusas
24.29 C andtherelativehumidity was 3.13%.

d) PostPrinting Phase:

In the postprinting phase, taking 2 minutethe cover of theSLA printer was
opened, and the resin tankes removed. The building platformas extractedwith
the printed component. The cover of the prinkes closed.The average room

temperaturevas 21.04 C andtherelative humidity was B90%.
e) Post Processing Phase

During the posprocessing phase, taki@$2 minutes, the printed component was
moved to the posgprocessing atelier. It veawashed with isopropyl alcohol the
largewash equipmento rinseresidual liquidresin from its surfacest was dried
with an air compressolt was placed in cugequipmenfor 60 minutes,exposing it

to light and heat to stabilize its performance. Once theqostgwas completed,
the printed componenwas placed on the peptocessing table. It wadetached
from the build platform, and its supportgere removed to finalize the pest
processing proceduréAs the printed component did not require sanding, no
sanding activity occurredThe average room temperatunas 2.43 C andthe

relative humidity wa$89.56%.

3.4.2 Field Experimentsin the Office Space

The field experimentsthat were carried out in the production spacese also
conductedn the officespaceto understand the impact of those AM processes on
the officespace identifiable by blue irfFigure3.36. The sameAM processes were
repeated inthe production spacewhile the office spacewas monitored. The
placement of INBASE during these sessions is highlighteth&purgundycircle
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in Figure3.36. Additionally, the Indoor Air Quality Polling Instrumentas placed

next to INBASE during all monitoring sessions so that the employees in the office
space can vote the space in terms of their perception of indoor air quality at the
moment when they vote as very good, good, neutral, bad, and very bad. Detailed

descriptions of monitoring sessions are given in the subsequent sections.
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Figure3.36 The Plan of Office Space of the Workplace

3.4.2.1 Powder Bed Fusion Selective Laser Melting

The realtime monitoring of the office space was conducted dutiegre-printing,
printing, andpostprinting phase®f the powder bed fusioprocess selective laser
melting (PBFSLM) technology.The placement of INBASE ikighlighted by the
burgundycircle in Figure3.36. The preprinting, printing, and posprinting phases
were conducted in the space coloredgmeenin Figure 3.27. The same SM
equipment mentioned i8.4.1.1was utilized for the experiment. The same pre
printing, printing,and postprinting operations took place. These operatitaséed
30, 12, 260 and 14 minutes, respectivelyWhile the average temperatures were
24.39C, 23.66C, 23.03C, and 22.45C the average relative humidity values were
30.97%, 32.08%, 31.98%, and 31.81%.
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3.4.2.2 Powder Bed Fusion Selective Laser Sintering

The realtime monitoring of the office space was conducted dutegre-printing,
printing, postprinting, and posprocessing phases dhe powder bed fusion
process- selective lasersintering (PBFSLS) technology. The placement of
INBASE is highlighted by theburgundycircle in Figure 3.36. The preprinting,
printing, postprinting, and pos{processingphases were conducted in the space
coloredpurplein Figure3.29. The same S& equipment mentioned i8.4.1.2was
utilized for the experiment. The same jprénting, printing, posprinting, and
postprocessing operations took place. Theperations laste@9, 25, 3216, and
28 minutes, respectivelyhile the average temperatures wae06 C, 25.77 C,
26.24 C, 26.25C, and 5.13 C the average relative humidity values wé853%,
48.17%, 45.88%, 45.42% and44.53%.

3.4.2.3 Vat Photopolymerization - Stereolithography

The realtime monitoring of the office space was conducted duhiegre-printing,
printing, postprinting, and posprocessing phases tfe vat photopolymerization
process- stereolithographyVP-SLA) technology.The placement of INBASE is
highlighted by théburgundycircle in Figure 3.36. The preprinting, printing, and
postprinting phases were conducted in tE-SLA productionspace colored
turquoise inFigure 3.32. The pos{processing phase was conducted in pbst
processing ateliercolored pink in Figure 3.32 The same SLA equipment
mentioned ir3.4.1.3is utilized for the experiment. The same-pranting, printing,
postprinting, and posprocessing operations took place. These operations lasted
42, 16, 942, and 101 minutes, respectivelyWhile the average temperatures were
23.25C, 26.46 C, 2346 C, 27.30C, and 5.24 C the average relative humidity
values wer@7.12%, 34.35%, 30.91%, 29.27%,and 5.26%.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapteroutlines the resultand discussiorof the semistructured interview
andthe field experiments of the researamcluding field experiments for powder
bed fusion- selective laser melting, powder bed fusioselective laser sintering,

and vat photopolymerizatiorstereolithography

41 SemiStructured Interview

The semistructured interview was conducted with eight employees, whose
demographigrofiles are disclosed ifrigure4.1, who areworking in a workplace

practicing AM operations.

Gender Distribution of Age Distribution of
Interview Participants Interview Participants
>35
& 3135 I
c
&
26-30 I
4 3
<
21-25 I
<21
0 1 2 3 4 5
= Female = Male Number of Employees

Figure4.1 Demographic Profile of Interview Participants

The transcripts of employee interviews were generated and thoroughly reviewed

prior to conducting the thematic analysideanings and patterngere observed.
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The codes representing those meanings and pati@rescreated. Those codes
were collated with supporting data he contentof the questionand he codes

created based on the responses given to each quasigiven inTable4.1.

Table4.1 SemiStructured Interview Question Contents and Response Codes

Question Content Codes

Role and Responsibilities engineering, customer relations and support, quality cor

purchaseesponsibilities, information technology

Perception of Integration neutral impact, spatial challenges, practical benefits

efficiency in task management, improved observation
Benefits of Integration control, immediate problem solving, convenien

communication facilitation, productivity gains

Drawbacks of Integration indoor air quality issues, distractions, inadequate facilitie

Impact on enhanced collaboration, better understanding of operat
Communication and immediate problemsolving, increased teamwork, cres
Collaboration disciplinary benefits

Impact on Workflow streamlined operations, reduced travel time, immec
Efficiency access to production, immediate probisafving

_ specific temperature needs, inadequate ventilation, lig
IEQ Alignment and _ _ _ _
. issues, personalized environmental control, infrastruci
Conflicts _ _
inadequacies

Impact on Comfort and environmental stress, health concerns, acoustical probl

Productivity adaptability to space, workflow acceleration

Codesweregrouped into three thenmesgperational dynamics, health impacts, and
workplace design and functionalityhe first themeincludes codes concerning the
impact of the integration gbroductionand officespaces on workflow efficiency

and process dynamic§he secondthemeincludes codes concerning the impact of

the integration oproductionand officespaces on employee health, wading, and
productivity. Lastly, the thirdthemeincludescodes concerning the ability of the
workplace to support intended operational and health requirements. These themes
and related codes are giveriTiable4.2.
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Table4.2 SemiStructured Interview Response Themes and Codes

Themes Codes

efficiency in task management, immediate problem solv
Operational convenience, communication facilitation, streamlined operati
Dynamics improved operatioml insights reduced travel time, access

production, enhanced collaboration, crdgsciplinary benefits

Health Concerns  indoor air quality issues, health concerns

Workplace Design spatial  challenges, inadequate  facilities, infrastructur.
and Functionality inadequacies, adaptability to space

As a result of thesemployee interviews, significant insighiererevealed across
operational dynamics, environmental and health impacts, and workplace design and
functionality. Employees reported that the integration of produddioa office
spaces influenakoperational dynamics positively. The responses reddhét this
integration was convenient, bringing about improved efficiency in task
management, streamlined operations, and reduced travel time. Furthethmore,
integration facilitated immediate access to production and probsstving,
enhancd communication and collaboration, afubtereda better understanding of
operations across departments, leading to significant -dissplinary benefits.
However,particularchallengesverereported regardingealth concerns, including
challenges with indoor air qualitwyhile the need for improved environmental
controls within the workplacevas underlined. Additionally, structural and spatial
challengesvere addressed regarding the adequacy of facilities and infrastructural
support occasionallyfailing to accommodate the integrated functionality of the

workplace hindering the full potential of the integrated design.

Overall,it wasconcluded thatvhile the integration of producticend officespaces
at the workplace brought notable advantages in operational dynamics and
collaboration, it also introdudehealth concerns Therefore,it is essential to

investigate thempactof productionoperationson indoor air quality in response to
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those concerns Such scrutiny provides significant insights, furnishing essential

data to inform the optimization of workplace design and functionality.

4.2  Field Experiments for Powder Bed Fusion Selective Laser Melting

This section presents the rgmhe air quality monitoring results obtained from
INBASE and employee feedback obtained from the Indoor Air Quality Polling
Instrument forthe PBFSLM production space anithe office space during PBF

SLM operations. Each parameter, includiflyly.o, PM>s, PMio, TVOC, HCHO,

CeHs, CoHsOH, NGO, CO, and Q, was evaluatedor both production and office
spaceswith respect to the established thresholds based on guidelines and standards
provided by certain authoritiesach of whichwas detailedin the corresponding

pars of the section The wit conversion was applied when necessary using
Equation4-1, Equation4-2, Equation4-3, andEquation4-4 to align the units of

specificsensor outputk the commonly used units in the guidelines.
Equationd-1 The relationship between ppand pio (Boguski, 2006, p.1)

e e s e x 0EEQOQEONPOQE E
O£t wQeonN@yoQe—=¢
pTTT

Equation4-2 The relationship between mgimndppm (Boguski, 2006, p.2)
v Ty \ “d:Q AN v T e \ IR R 7 AT S U ) [
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Equation4-3 The relationship betwedby andmg (Boguski, 2006, p.1)

AQ a4 Qpnmnmn

Equationd-4 The relationshifbetweerQg/m® andmg/n? according tcEquation4-3
Y\ © N SR o G4 © S
0£ & wQeo ld—eeo ZEee wQe o laeao Ernmn

Air quality guidelines for PM issued by WHQ@021) do not cover PNo.
Therefore, no safety limit was indicatedrigure4.2 andFigure4.3.
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Minimum, maximum, and average RM concentrations inthe PBFSLM
production spacandthe office space during PBBELM operationsalong with the
duration of each phasaverage temperatyrand relative humidity of the space
during each phasare given infTable4.3.

Table4.3 Descriptive Statistics d?M.oConcentrations during PB&ELM

Background Pre-Printing  Printing  PostPrinting

L Min (ngi®) 2.00 4.00 3.00 4.00
2 Max (ng/n) 4.00 11.00 5.00 10.00
% Avg (ng/md) 3.00 7.75 3.60 8.15
5 Time (min) 46 26 66 14
é Temp(C) 22.56 24.29 25.47 25.57
“  RH (%) 31.02 32.40 30.72 30.53
Min (mg/rm?) 3.00 3.00 3.00 2.00
w  Max (ng/) 9.00 4.00 7.00 3.00
& Avg(ng/m) 4.13 3.72 3.75 2.07
O Time(min) 30 12 260 14
L Temp (C) 24.39 23.66 23.03 22.45
RH (%) 30.97 32.08 31.98 31.81

The results of PMo concentrations inThe PBFSLM production spaceluring

PBFRSLM operations indicated variations in R¥concentrations during different

phases compared to the background levels. The averagecBientration during

the background measurements waB030 g /. iflje mean measurements fbe
preprinting, printing,and postprinting phasesvere7.750g / 81600g/ mj , and
8.15 O g /, meppectively Although therewere PM; o emissions associated with

each phase, they did not drastically differ from background levels. Therefore, it can

be concluded thaPBF~SLM operations did not create significant differences in

PMy.0 concentrationsn the relatedproduction spacePMj o concentrations irthis

productionspace during?BF~SLM operations are illustrated Fgure4.2.
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Figure4.2 PMi.oConcentrations ifRelatedProduction Spacduring PBFSLM

The resultof PMzi.oconcentrations ithe office space durinBF~SLM operations

indicatedminor variationsand a decrease PMo concentrations during different

phases compared to the background levidis. average PWbconcentration during

the background meas uThemeammessurenersts file. 13 Og/ mj
pre-printing, printing,and postprinting phasesvere3.720¢g / ;7509 / mj , and

2.070 g /, regpectivelyHence it can be concluded th@®BFSLM operations il

not necessarily contribute to thMio concentrationsn the office space PMi.o

levelsin theoffice space durin@BF~SLM operations are presentedrigure4.3.

PM, , CONCENTRATION / OFFICE SPACE / PBF-SLM
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Figure4.3 PMi.oConcentrations in Office Space during RBEM
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Air quality guidelines issued by WH@021) are used as threshold values to
evaluate PMs concentrations. The guideline includes four interim target values

and one air quality guideline, with values specified for both annual a#b@4

periods.The annual values are 35, 24%Hqur 15, 1

values are 75, 50, 37. BNorldH&alth Oaganizatidn5
2021) In Figure 4.4 and Figure 4.5, the annual interim target 1 of BMwas
labeled as théMaximum Tolerable Level (Annual),” and the annual air quality
guideline of PMs was labeled as the "Target Level (Annual).” Similarly, the 24
hour interim target 1 of PM is labeled as the Maximum Tolerable Level (24
hour),” and the 24hour air quality guideline of Ph4 is labeled as the "Target
Level (24hour)."

Minimum, maximum, and average RM concentrationsin the PBFSLM
production space and the office space during-BBM operationsalong with the
duration of each phasaverage temperatyrand relative humidity of the space
during each phasare tabulated ifable4.4.

Table4.4 Descriptive Statistics d?Mzs Concentrations during PB&ELM

Background Pre-Printing  Printing  PostPrinting

L Min (ng/m) 3.00 6.00 4.00 5.00
E‘: Max (ng/m?) 5.00 16.00 7.00 14.00
% Avg (mg/m) 4.00 11.03 4.69 11.50
5 Time (min) 46 26 66 14
é Temp( C) 22.56 24.29 25.47 25.57
% RH (@) 31.02 32.40 30.72 30.53
Min (mg/n?) 3.00 4.00 4.00 3.00
w  Max (rg/im) 12.00 6.00 10.00 4.00
& Avg (ng/m) 4.52 4.86 4.97 3.07
G Time (min) 30 12 260 14
5 Temp (C) 24.39 23.66 23.03 22.45
RH (%) 30.97 32.08 31.98 31.81
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The resultof PM2s concentrations ithe PBFSLM production spacduring PBF

SLM operationsexhibited fluctuations relative to the background levdlke
average measurements of thre-printing, printing,and postprinting phasesvere
11.030¢g/ #890g/ mj11560myd mj respectively where the
was4.00 O g /. iitjese values, when compared to established thresholds, showed
that all phasesemained below the maximum tolerable levels for bot#th@dr and

annual exposure. The target level forltsur exposure was achieved for all phases
except peak points observed during the-gareting phase. The target level for
annual exposure was met during the background and printing phase. Given that the
PMzs concentrations remained below maximum tolerable levels botB4tour

and annual exposutaroughout allphasesdespite increases observed during pre
printing and posprinting phases, it can be concluded tR&~SLM operations

did not substantiallyincrease PMs emissions inthe related production space
PM2s concentrationsn this production spaceluring PBFSLM operations are

inserted inFigure4.4.

PM, . CONCENTRATION / PRODUCTION SPACES / PBF-SLM

80
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Original Curve
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Maximum Tolerable Level (Annual)

30

Concentration [pg/mS]

20
Target Level (24-hour)

10
w Target Level (Annual)

0

Printing

Background
Pre-Printing
Post-Printing —

Figure4.4 PM.s Concentrations ifRelatedProduction Spacduring PBFSLM

The resultof PM2s concentrations ithe office space durinBFSLM operations
exhibiteda stable trend witminor variations relative to the background lewélst
had an average o£52 O g /, while the measured values varied betw&0
Og / an@i12.00 O g /. itje average measurements$ the pe-printing, printing,
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and postprinting phaseswere 486 Og/ mj97 Og/ mj , 3.07a®@ g/ mj
respectively The concentrations during these phases varied betwéerO4y / mj
and6.00 Og /,mpo Og / mj 10.@0rOdy /, rnd lastly D0 O g/ mj 4.0a n d
O g /, mgspectively.Comparing these concentrations to established thresholds
reveaed that all phases remad within the thresholds ofmaximum tolerable
levels for 24hour and annual exposuamad target level for 2hour exposureThe
target level forannualexposure was achieved for all phases extagkground
levels, clarifying thatPBFSLM operations did not cause an increase in2£M
emissions irthe office spacePM: s concentrations ithe office spaceduring PBF

SLM operations are inserted kigure4.5.
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Figure4.5 PM2s Concentrations in Office Space during RBEM

Air quality guidelines issued by WH@021) are used as threshold values to
evaluate Pbconcentrations. The annual val ues
andthe2hour values are 150, 100, (WoHd, 50,
Health Organization, 2021n Figure4.6 andFigure4.7, the annual interim target

1 of PMyp was labeled as the Maximum Tolerable Level (Annual),” and the

annual air quality guideline of Piwas labeled as the "Target Value (Annual)."
Similarly, the 24hour interim target 1 of PM was labeled as the Maximum

Tolerable Level (24our),” and the 24hour air quality guideline of PM was

labeled as the "Target Value ¢adur)".
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Minimum, maximum, and average R§concentrationsin the PBFSLM
production space and the office space during-BBM operationsalong with the
duration of each phasaverage temperatyrand relative humidity of the space
during each phasare given infTable4.5.

Table4.5 Descriptive Statistics d?MioConcentrations during PBELM

Background Pre-Printing  Printing  PostPrinting

L Min(my/n) 3.00 6.00 4.00 5.00
2 Max (mg/n) 5.00 18.00 7.00 15.00
% Avg (mg/n?) 4.00 11.25 4.69 11.53
5 Time (min) 46 26 66 14
é Temp(C) 22.56 24.29 25.47 25.57
®  RH (%) 31.02 32.40 30.72 30.53
Min (mg/n) 4.00 4.00 4.00 3.00
w  Max (rg/im) 13.00 6.00 10.00 4.00
& Avg (ng/m) 5.52 4.86 4.97 3.07
O Time (min) 30 12 260 14
L Temp (C) 24.39 23.66 23.03 22.45
RH (%) 30.97 32.08 31.98 31.81

The results of Pivh concentrations ithe PBFSLM production spacduring PBF

SLM operations implied certain variations relative to the background leVets.

minimum PMzo concentration during the background measurements was 3.00

Og/ mj, while the maximum was 5.00 Og/ mj,
Throughout the prerinting and postprinting phases PMio concentrations
experiencedmodestincreases, with average values 125 O g / and 11.53

O g /, mgspectively. The PMio concentrationswere indistinguishable from

background levels during the printing phaséth an average of 4.6@ g /. Wl

phases remained withithe established thresholdsxcept for intermittent peaks

observed during thpre-printing phase Thus it can be concluded th&BFSLM

operations did not significantly influence R§&missions irthe related production
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space PM1o concentrations irthis production spaceluring PBFSLM operations
are illustrated irFigure4.6.
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Figure4.6 PMioConcentrations ifRelatedProduction Spacduring PBFSLM

The results of P concentrations ithe office space duringBF~SLM operations
exhibited a stable trend with minor variations relative to the background [&tels.
minimum PMyo concentration during the background measurements was 4.00
Og/ mj, while the maximum was 13.00 Og/ m
Throughout the prprinting, printing, and postprinting phases PMio
concentrations experiencedodestdeclines with average values a£.86 Og /, mj
497 Og /,mnd 3.070 g /, megpectively.Given that thePMio concentrations
remainedconsistently withinthe established thresholds and did not notably drift
from background levels during any phase, it can be concludedPBSLM
operations did not significantly affect Rbemissions inthe office spacePMio
concentrations irthe office space durinPBF~SLM operations are presented in

Figure4.7.
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Figure4.7 PMioConcentrations in Office Spaderring PBFSLM

The categorization of TVOC levels issued I tUmweltbundesamt (UBA), the
Federal Environmental Agency in Germg@907) was adopted to evaluate TVOC
concentration. Accordingly, iffigure 4.8 and Figure 4.9, delineations were made
based on five levels: Level 1 (< 0.3 md)mL_evel 2 (0.31 mg/n?), Level 3 (23
mg/n?), Level 4 (310 mg/nf), and Level 5 (1@5 mg/ni). Level 1 serves as a
target value without hygienic concerns. Level 2 does not indicate significant issues
but necessitates increased ventilation. At Level 3, hygienic concerns arise,
prompting source investigation and increased ventilation, particularly over a
maximum duration of 12 months. Level 4 indicates significant concerns, with a
maximum toleration duration of a month, necessitating restricted usage and
intensified ventilation. Level 5 signifies unacceptable concentrations, permitting
usage only if unavoidable and for short durations, with increased ventilation

measuregBekanntmachung des Umweltbundesamtes, 2007)

The commonly used uniand the units specified in this guideliier TVOC

concentrationare mg / mj . Gi ven t hat the TVOC sensor
Equation4-1 and Equation4-2 were employed to convert the ppb readings to

mg/ mj . The mol ¥QCusllBrg/mel(8ensgitnt 201@)f T

Minimum, maximum, and average TVOConcentrations inthe PBFSLM

production spacandthe office space durin’B~SLM operationsalong with the
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duration of each phasaverage temperatyrand relative humidity of the space

during each phasare tabulated iable4.6.

Table4.6 Descriptive Statistics aFVOC Concentrations during PBELM

Background Pre-Printing  Printing  PostPrinting

. Min (mg/n) 0.00 0.00 0.05 0.63
g Max (mg/n?) 0.13 0.12 1.72 1.02
% Avg (mg/r?) 0.05 0.04 0.67 0.82
g Time (min) 46 26 66 14
§ Temp(C) 22.56 24.29 25.47 25.57
o RH (%) 31.02 32.40 30.72 30.53
Min (mg/n¥) 0.00 0.04 0.00 0.09
w  Max (mgin) 0.25 0.25 0.31 0.28
; Avg (mg/n?) 0.13 0.14 0.07 0.19
O Time (min) 30 12 260 14
S Temp(C) 24.39 23.66 23.03 22.45
RH (%) 30.97 32.08 31.98 31.81

The results of TVOQoncentrations irthe PBFSLM production spaceluring
PBFSLM operations suggesteddistinguishable variations in different phases
compared to background level$he averageTVOC concentration duringhe
background, prgrinting, printing, andpogtr i nt i ng phases were 0
mg/ mj , 0. 67 mg/ nihroughauhtbde blckg8a@nd amd fmentjing
phases, TVOC concentrations remairiezglow level 1, the target value without
hygienic concernsThe TVOC levels during the printing phase rosdeiel 2,
requiring ventilation while without significant concerns and level 3, raising
hygienic concerns andecessitatingncreased ventilation. TVOConcentrations
decreased ttevel 2 during posprinting. Hence it can be concluded th&BF
SLM operations necessitaiecreasedventilation inthe related production space
particularly during the printing and pegstinting phasesTVOC concentrations in

this production spacduring PBF~SLM operations are inserted kigure4.8.
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Figure4.8 TVOC Concentrations iRRelatedProduction Spacduring PBFSLM

The results of TVOCconcentrations inthe office space duringPB~SLM
operations suggested a stable trend during all ph@kesmearconcentration®f
the background,pre-printing, printing, and postprinting were 0.13 mg / n9j14
mg / mJ.0/ mg / mjand 0.19 mg / nngspectively remainingbelow level 1,
indicatingtarget value without hygienic concerm$ence it can be concluded that
PBFSLM operations occurring irthe related production spaakd not cause
notable TVOC levels ithe office spaceTVOC concentrations irthe office space

duringPBF~SLM operations argivenin Figure4.9.
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Figure4.9 TVOC Concentrations in Office Space during RBEM
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The HCHO guideline val ue(200G)for@ 3Gminutey / mj gi
average is taken as the threshold value. Consequentigume 4.10 and Figure

411, 0.1 mg/ mj was delineat erdi rawst @)h.ed0 i Max i
The commonly used unit and the unit specified in this guideline for HCHO
concentration are mg/ mj. Given that t he

Equation4-1 and Equation4-2 were employed to convert the ppb readings to
mg / nThe. molecular weight of HCHG@s 30.026 g/mol (National Center for
Biotechnology Information, 2024b)

Minimum, maximum, and average HCH®@oncentrations inthe PBFSLM
production spacandthe office space durin’B~SLM operationsalong with the
duration of each phasaverage temperatyrand relative humidity of the space

during each phasare given inTable4.7.

Table4.7 Descriptive Statistics diCHO Concentrations during PBELM

Background Pre-Printing  Printing  PostPrinting

. Min (mg/n?) 0.003 0.000 0.002 0.002
E‘: Max (mg/n?) 0.004 0.004 0.004 0.004
2> Avg (mg/m) 0.004 0.003 0.003 0.003
§ Time (min) 46 26 66 14
§ Temp( C) 22.56 24.29 25.47 25.57
o RH (%) 31.02 32.40 30.72 30.53
Min (mg/n?) 0.001 0.002 0.002 0.003
" Max (mg/n?) 0.003 0.003 0.004 0.004
g} Avg (mg/n?) 0.002 0.003 0.003 0.004
O Time (min) 30 12 260 14
% Temp (C) 24.39 23.66 23.03 22.45
RH (%) 30.97 32.08 31.98 31.81

The results of HCHQoncentrations irthe PBFSLM production spaceluring

PBFSLM operations indicated almost indistinguishable variations in HCHO

133



concentrations during different phases compared to the background levels. The
mean HCHOconcentrations during the backgrourmeprinting, printing, and
postprinting phases wer®d . 004 mg/ mj , 0.003 mg/ mj,
mg/ mj . AemissibSkvEre way below the-8lnute maximum safety level

and indistinguishable from background levels, it can be conclude®®BraELM
operations did not contribute to HCHEncentrationsn the related production
space HCHO concentrations irthis production spaceduring PBFSLM operations

are illustrated irfFigure4.10.
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Figure4.10 HCHO Concentrations iRelatedProduction Spacduring PBFSLM

The results of HCHOconcentrations inthe office space duringPB~SLM

. 003

operations indicated levels between Q.0thg / mj and 0.0014 mg/ mj

measurement&s phase measurements did not deviate from background levels and
were way below the 3@minute maximum safety level, it can be concluded that
PBFSLM operations taking place ithe related production spacdid not
contribute to HCHQOconcentrationsn the office space HCHO concentrations in
theoffice space durin@BFSLM operations are presentedrigure4.11.
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Figure4.11 HCHOConcentrations in Office Space during RBEM

WHO does not stata safe level of exposure forlds. Thus, no safety limit was

indicated inFigure4.12 andFigure4.13.

The commonly used unit foreBe c oncentr ati on i s ¢hg/ mj

sensor outputs data in ppraguation4-2 and Equation4-4 were employed to
convert the mg/ mj readi ngs eHsis78.0lg/mohj
(National Center for Biotechnology Information, 2024a)

Minimum, maximum, and average ¢ils concentrations inthe PBFSLM
production spacandthe office space durinB~SLM operationsalong with the
duration of each phasaveragetemperatureand relative humidity of the space

during each phasare tabulated ifable4.8.

Table4.8 Descriptive Statistics d@sHe Concentrations during PBELM

Background Pre-Printing  Printing  PostPrinting

., Min (mg/n?) 0.00 0.00 0.00 0.00
< Max (mg/n) 0.00 0.00 0.00 0.00
% Avg (mg/n?) 0.00 0.00 0.00 0.00
5 Time (min) 0.00 0.00 0.00 0.00
2

§ Temp(C) 22.56 24.29 25.47 25.57
o RH (%) 31.02 32.40 30.72 30.53
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Table4.8 (continued)

Min (mg/n?) 0.00 0.00 0.00 0.00
w  Max (mgi) 0.00 0.00 0.00 0.00
5 Avg (mg/n) 0.00 0.00 0.00 0.00
O Time (min) 30 12 260 14
L Temp(C) 24.39 23.66 23.03 22.45

RH (%) 30.97 32.08 31.98 31.81

The results of 6He concentrations ithe PBFSLM production spacduring PBF
SLM operations revealed th#fte CeHs concentrations remained at a consistent
mi ni mum of dwing®®6 backgréoundj printingnd posfrinting phases
indicating no detectable emissions durthgseperiods.However, thepre-printing
phase witnessedsangularpeak at725.42mg / ,mwith the remaining values being
0.00mg / .rA$ this anomalous peakas caused bg sensor errotthis value was
acceptechs 0.00 mg/m Therefore, it can be concluded tiRBF~SLM operations
did not caus&sHs emissions CeHs concentrations ithe related production space
duringPBFSLM operations are inserted ligure4.12.

C.H; CONCENTRATION / PRODUCTION SPACES / PBF-SLM
800
700
600
500 -
400

300

Concentration [mg/ms]

200

100

Printing -

Background
Pre-Printing |-
Post-Printing |-

Figure4.12 Ce¢Hs Concentrations ifRelatedProduction Spaceéuring PBFSLM
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The results of €Hs concentrations ithe office space during’BFSLM operations

revealed tha€CsHec oncent rati ons remained at a cons
during the background, pirinting, printing, and postprinting, indicating no

detectable emissions during these perigd=cordingly, it can be concluded that

PBFSLM operations taking place ithe related production spackd not cause

CeHs emissions irthe office space. géHs concentrations ithe office space during

PBFSLM operations are given figure4.13.

Figure4.13 Ce¢Hs Concentrations in Office Space during RBEM

Not being a typical indoor air quality pollutant, OSHA, NIOSihd ACGIH set

the workplace exposure limit to 1000 pdor an 8-hour permissible exposure

limit, 10-hour recommended exposure limit, and shemnn threshold limit value
(Occupational Safety and Health Administration, nfdr)CoHsOH exposure The

odor threshold 0€>HsOH is 84 ppm(New Jersey Department of Health, 2Q1lh)

Figure4.14 andFigure 4.15, 84 ppm was delineated as t|
the concentrations were below each of these values, the Workplace Exposure Limit

of 1000 ppm was not indicated in those figures.
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