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Abstract

Objective This thesistrives to develop an approach with which it is possible to assess Augmented Reality
Potential (ARP) for manual assembly activities carried out at a workplace. The framework guides users of
it in the process of R assembly system (ARAS) implementation and leads to better informed decision

making.

Backgroundc Manufacturers of today increasingly must deal with individual customer needs, causing
them to fabricate many different types of a product. In order to dptite to this trend of mass
customizatiorfuture-proof solutions are sought that increase production capacitge of these solutions

is AR, whiclsincreasinghdeployed in assembly operations the past years due to its proven performance
benefits of dficiency, quality and improved work environmerhrough ARassemblersare enabled to
assemble products fastevith reduced error rates This is possiblas ARvisualizesassembly information

in reaktime, hence,servesas a supportig systemfor executingassembly activities. Moreovethe reat

time information prevents physical harnThe motivation for this thesis is de-fold: This thesis builds
further onthe ARPmodelfrom Haagsmatf2018) which allows t@asses®\RP genericalljHavever, itlacks
insights on which assembly activities can AlRASsupported Secondly, until now literature has only
partially described assembly activitidsat offer ARPLastly, the industry is struggling to proceed with AR

implementation for their assembly operations, due to the lack of knowledge.

Method ¢ A design science study was conductedanswer the research questiorResearch ata was
collected primarily through interviewswith knowledgeable employeegjirect observationsof the
assemlty activitiesandassembly manual$n addition, informal talks with the assemblers provided useful

insights in the assembly activities.

Resultsg This thesis contributes to existing knowledge by designation of a stepwise, iterative approach
that assists mnufacturersin identifying assembly activities thadffer ARP That is, ly adopting the

perspective of complexity mitigation ARP for assembly activities can be assessed.
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Preface

Thistk SaAa TFAYFIf AT Sa Yeé andGpér&ionh MandeBehtNEDS) attkeQRiweRitfy 2 3 &
of Groningen(UoG) The pastfive months | have dedicated my hours to this project. At first, | was
unfamiliar with the concept of Augmented RealigR)whichforced me to diven this technology. How

does itwork? What ists goal? But above all, how could it support in manual assembly? Slowly but surely,

| became acquainted with the subject. At the end of thBgemonths, a journey was completed which

| am proud The result lies before you.

The query for this thesitemsone the one handrom the thesis written

by a former student at the klversity of Groningenand is part of the

parentproject \ RAAK Assemblage @0n the other hand, the industr
demands for rigor and clarity around AR technoldlyis thesidulfills =
the goal of designing an approafdr specifyingworkplacesthat offer

AR potential (ARR)y evaluatingassembly activiti€s In particular, the
created desigraims to aid manufacturersin tackling the plurality of
aspects and complexities thimtherently are connectedo AR Assembly
Systems (ARAS)Personally I hope it lets readers realize the
multidimensionality and ambiguityn ARAS desigiNamely, the red line 5
through this thesis is tha#ne size does not fit &)

There are a few people | wouliéte to thank for their feedback and suppoin. the first place, | would like
to thank mysupervisos, who were able to boost my research wherstrandedor lost motivation.They
were able to steer my thesis despite the many courses it could pufsismeetings and excellent support

guidedme through the project.

Secondly, ltere are too many people involved in the parent project to thank propérheresearches
from the Hogeschool Arnhem & Nijmegen (HAN) gave important input damimgthly project meetings.
They provided me with practical ideas to collect my data and made sure the project fitted nmotiner
project. In addition, | benefitted from debating research ideas with thémshould also not forgethe

interviewees and employees involved conpanieswvho voluntarily answered my questions and concerns.

1 https://www.nwo.nl/onderzoeken-resultaten/onderzoeksprojecten/i/40/32240.html
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with them enabled me to reflect on whawasdoing, where | was heading and with whigtrpose | did

as such.
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1. Introduction
Manufacturersare increasinglygleaing with demand complexitiefike growing product variance, shorter

product life cycles, smaller lot sizes and accelerated tonmarket.Mass customization has grounded

all sectorsand urges manufactures respondadequatelyto individualcustomerdemandon a large scale
(Zipkin, 2001)That is, manufacturers need teduce time to markewith the ultimate goal of maximizing
customer value(Tu, Vonderembse, & Rag@iathan, 2001) As a responsemanufacturers sde for
strategiesto enlargequalitative output andenhanceservice leved. At the same time, quality levels must

be maintained, while the demands put stress on workload of production staftéo G A & 3 . A SOA S =
remedyto overcome these challeng@say be found in Augmented Reality (AR), wid@nhbles you to see
reaktime digital data, but visualized in the real wor(dlbright 2013, p. 99; De Amicis, Ceruti, Francia,
Frizziero, & Simdes, 2017Mhe digital data is floating in the environmeydu are physically residing.in
Related to AR is the overarching term of Mixed Reality (MR). The difference between AR antha¥R is t
the latter uses holographic data, whereas AR does not. This differengatisain this thesisFigurel.l

illustrates this synthsized realityschematically

Mixed Reality (MR)

< )

Real Augmented Augmented Virtual
environment Reality (AR) Virtuality (AV) environment

Figurel.1 The Virtuality Continuum. Adapted fravilgram & Kishino (1994)

The scope of this thesis manual assembly on workplace levidius the core function oAR in this setting

is providing reatime assembly information. This is of interest for the assembler, as humans make mistakes
of various kindg(Ishii, Ooishi, & Sakurai, 2013or instance, assemblers may forget to perform an
assembly step, or they may misunderstaasisemblyinstructions. The occurrence ofreors could be

mitigated, if not preventedwith AR.In this thesis, the theme of pokgoke is related to AR deployment.

ARassembly systems (ARARYe beertested extensselyas Proof of Concept (Po@ntonelli & Astanin,
2015; Boud, Haniff, Baber, & Steiner999 Gavish et al., 2015; Reinhart & Patron, 2003; Tang, Owen,
Biocca, & Mou, 2003Eachstudy deployeda different ARAS onfigurationthat wascustomizedto the
situation on handindeed, every assembly context is unicaed has specific ARAS design iezgaents

In spite of these differences, howevditerature agrees on attainegberformance improvement®of

increased efficiency, quality and safety of the working environnfldaagsman, 2018y hechallenge is to
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pinpointin which situationARAS implementatiois economically viable arfihd the ARAS configuration

that optimally supports assemblers.

The potential of AR (ARP) has baevestigatedon general leve(Haagsman2018) Potential The ARP
model that wasdevelopedin this thesiscouldserve as a firs¢valuation tool, butiacks concrete insights
onwherein the assembly process this potential mayieomas, 2007, p. 29loreover, the ARRmodel

does not thespecifywhat andhow an ARAShouldcommunicate assembly informatidn maximize this

ARP Thisraisesthe queston of which assemblctivitiescould beexecutedbetter if they wereARAS
supported Literature has failed to provide a comprehensive list of assembly activitieshiich ARAS
support is possiblgGavish et al., 2015; Tang et al., 2003)erefore, to expose ARPdatail, this thesis
zooms in on assembly activitiés. B. Gilbreth & Kent, 1911; Groover, 2007; Rosenthal, Kane, Wobbrock,
& Avrahami, 2010)igurel.2 shows the pyramidal structure of agk that is build up from activities and

basic motions.

Task — An amount of work that is assigned to an assembler and for which
the assembler is responsible. “The activity of collecting components and

Task |:> bringing them together through assembly operations to perform one or
more several primary functions” (Albright, 2013, p. 99). A task is
considered completed when all activities have been correctly executed
(Makris, Karagiannis, Koukas, & Matthaiakis, 2016).

ACtIVItY |:> Activity — A series of motions that are logically grouped together because
they have a unified function in the task (Groover 2007).

Basic motion elements — A fundamental maotion required for the

Basic Motion Elements |:> assembler to execute an activity (Groover, 2007). Included in basic motion
element are cognitive processes like searching, selecting, planning and

finding.
Figurel.2 Pyramidal structure of a tagksroover, 2007, p. 8

From the practical sidemanufacturescurrently struggleto bridge the gap between AR deployment and
assembleractivities The unique assembly conteXbrcesthem to reinvent the wheel individubt as
valuable informationon ARAS desigis fragmentedand dispersedthroughout the industry At the other
end of the practical spectrum are th&Rsuppliersthat lack knowledgeof the assembly process of
manufactuers. Collaboration is needed to unitmterestsand streamline implementatianThis thesis
serves as a tool tmitiate collaboration.A framework is designed thaims tostructure ARP assessment,

which ultimately leads to a momgualitative ARAS implementation.
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The describedgapleads us to the question whether it would be possible to identd@gsembly activities

that offer ARRn a systematic manner. Hence, the research question for this theesisfollows;

How can manufactarssystematically asse#sRP fomanual assembly activities order to

improve quality, efficiency and work environment

The overall structuref this thesis takes form ithe followingchapters. Chapter twoconcernghe
researchmethodologyfor this thesis Thirdly,the theoretical dimensions of theesearchare highighted.
Thereafter, case companies are describ@tapterfive reports theanalysigesultsfrom whichthe
frameworkis derived and outlined inhaptersix The thesidinalizeswith a discussionn chapterseven
and conclusions inhaptereight
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2. Reseath design
Before proceeding to examine the existing literature, it is important to describe rtfethods used to

answer the research questiorThe thesis takes the form of a design science study aafupts the
regulative cycle fronan Strien (1997as methodological vehicleDesign science strives to develop
knowledge to solve for improvement probleraad should be used by field professiong@i&en, 2004)In

this thesis, the improvemensito concretize how manufacturers should assess ARP on workplace level.

Figure2.1 represents the phases of this thesis

* Research objective
* Research questions
* Case identification

Preliminary Problem
implementation identification

Chapter 6 Chapter 2

Design Diagnoses

Chapter 5, 6 Chapter 3, 4

® Literature background
* Case descriptions

* Data analysis * Data collection
* Framework design

Figure2.1 Theresearch phases for thissearch Adapted from(Van Strien, 1997)

2.1 Problemidentification
As mentioned in the introduction, theroblem thatistackledconcerns th&nowledgegap of howto assess

whether and which assembéctivitiescanbe AR\Ssupported.

Research objective
In accordance witlken(2004) the thesisstrivesto create knowledgeo be used in designing solutians
Specifically, th@bjective is to design a framework which is appropriatasses®ARPof manual assembly

activities Table2.1 defines key words explicitly.
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Term Specification

Framework The deliverable of this thesis; A stefise approachthat managerscan useto assesfARP
on activity level.

Systematically The framework provides a rigoroasd standardizedRPassessment

ARP The extent to which an A8S can be deployedusefully to attain performance
improvements.

Table2.1 Definition of research key terms

Research questions
Table2.2 summarizes the subesearch questions that form the starting point for the literature review
They are sorted by subject to create structure. The findiwgse used as a lead in synthesizing the

conceptual modelAlso, given the explorative nature dfis study

Subject(section Sub-research questions

- How does AR work?

Deploying AR (3.1
eploying (3.1) How is ARS efficacy established?

- How isactivity performance defined?
Activity performance (3.2) 0 What areimportant measure®
- How is ARleploymentrelated toactivity performance?

- What are typicahssembly activitieperformed by an assembler’
Activity characteristics (3.3) - If possible, how can ARpport activity execution?
o0 Which complexitieplay a rol@

Table2.2 Sib-research questionfr literature review

In addition, to increase reliability and usability of the framework questions were formulated about the
appearanceand contentsof the framework. Data was analyzed on these aspet#hle 2.3 lists the

relevant questions for the design of the framework.

Interest Question
Lacking knowledge - What sort of infemation is lacking from the ARRodel(Haagsman,
2018) but required to know for ARAS implementation?
o0 What are the critical steps and consideratioogvards ARAS
implementation?

Boundary conditions - What areexclusion criteria for AR deployment?
Form of framework - How should this information be communicated with users of the
framework?

Table2.3 Research westions regarding framework design
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The more key characteristics are defined, the more transparent results will be and the better generalized

the framework desigiiKennedy, 1979)n this thesis, aase is the assembly of a focal product or picidu

family and is bounded to the workplace levéissembly layoutind production volumeare metrics to

observe when electing a caderiteria for selecting theaseswvere as follows:

At least a part of the assempbprocess is completed manually;

Assembly tkes place indoor;

1
2
3. Companydocuments are available;
4

Interested in AR

Table2.4 describes metrics used in this thesis per cg&edullah, Popplewell, & Page, 2003; Haagsman,

2018 Jacobs & Chase, 201AppendixB ¢ Production layoutsprovides backgroundinformation on

assembly layouts

Case company

h j

)|

Industry Mechatronics Boiler manufacturer Sensors
Market reach The Netherlands International International
Size 105 employees 500 employees 45 employees

Research UoA

Assembly
workstation in
production line

Workstation

Workstation

Product type

WNI O1, PumbA |

) _ Wwel SNNI Q3
sensing device

Yel a1 SN

Production volume

e Highg Low High- Low Low- Low
product variation
Component count for .
P High Low Low
assembly
Cellular

Assembly layout type|

. Product layout
manufacturing

Project based

Acquaintance with AR

Highly interested,

Highly interested .
early experience

Moderately nterested,
not particularly in
assembly

Table2.4 Descriptions of the case companies

Additionally, ssupd A SNJ 2 F | w

from a supplier perspective.

a 2 t daitdinknowdledgeyaliout gukrenproBlands fvith 3R

02
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2.2Diagnosis

The key aspects in the diagnose phase invi@veewing existing literature anprovide context of the case
companies Chaper three describes the elevant literaturebased on the questions formulated irable
2.2. Literaturewas searched for with databases as Google Scholar and Web of Séisacéhe software
program Mendeleysuggested additionaliterature. Lastly, (e-)books were used for definitions and
orientation into specific subjectdlendeley was used to structure thetrieved literature. Accordingly,

chapter fourprovidesinsight in the existing production situations of the case companies.

Data collection
Multiple data sources were used #itain a multiperspectiveand reducebias(Voss et al., 2002Qlso, a
clear picture of the situation can be attained by consulting multiple data collection. tbbésresearch

data in this thesis was drawn from the following primaources

f Semistructured nterviewswere reld with a maiger operation$, production managérand directof
and recorded if consent was @n. Interviewees were required to work for over methan a year in
the company in order to ensure data qualityotes were taken during the interviews. Transcripts of
the interviews were approved by the interviewees but are excluded for reasons of confidentiality.
Transcripts are available on requestelview questions were formulated in advance and sometimes
slightly changed to make questions more concrete for the interviewgerviews are conversations
aiming to get a better understanding of how phenomena are perceived by the interviamcballows
the researcher to obtain a clear overview of the situatighishengeeti, 2014)¢ KS (G SN wasSy
A0 NHZOGdZNBRQ AYLX ASa& (K Ilthat the intérvied is no2 cbnstijanie® foimarely & A &
these questios; It allows to probe and asking questions about emergsypgcts.
9 Direct observationg/ere performedto identify assembly activities and complexities. This method has
the advantage that it preides the researcher with valuable information witli@ny biasesability of
the assemblers to describe their actigrence reconsiderreliability of the interview datdKarlsson,
2016, p. 21Q)Only essential notewere written down, such that the workflow of assemblesgasnot
interrupted, and the researcher wasnot exposed to information overload. In support of the
NEASIFNOKSNEQ 26y 20aSNBIGA2Yya YR y20SagweniKS | 42

and filming was prdwally doable.

The interview and observatiorrgiocols can be seen iAppendixF ¢ Interview and observation

protocol

10
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1 Companydocumentswere reviewed to gain insights on the assembly process, sequence and
instructions(Nof, Wilhelm, & Warnecke, 199'A swapshot of thefinal assembly oa component lists
were considered as infeasible for analysis. A pitfall of udamyments as data source could be that
they do not contain the information that is required &mswer the research questioilso, they can
be outdated, implying presence of more recent, but tacit knowledge which is more difficult to retrieve.

1 Introduction meetinggook place to attain knowledge about how tR&RAS deploymeiid viewedrom
the company perspective and get a feeling of the existing assembly situation.

1 Informal talksduring assembly observations were heldth assemblersto retrieve contextal
informationaround the assembly process, experienced difficulties, way of working, et cetera.

1 Parent poject meetingdook place on a monthly basis. The meetings were useful for feedback and
matching this research witthe mother project. Moreover, theyprovided useful insights for data

collection techniques.

Table2.5 summarizes the data collection methods per company.

h j 1 y

Interview (count) K 6 K o0 K ¢
Direct assembly observations K K K

o Film/photo K
Assembly manual K K
Introduction meeting K K K K
Informal talks K K K
Feedback on framework K
Feedback ormontent generation K

Table2.5 Overview oflata collection per company

2.3 Design

In this phase the theoretical background and case descriptions are used to analyze research data.
Furthermore this phase involves the designation of the framekvofhe aim of data @alysis was to
identify similarities in the responses and find support of these by including observation notes and company
documents(Edmondson & McManus, 2007 risk is that galitative data is hard to analyzes it is
unstructured, descriptivand vastly present aftdseingcollecied (Karlsson, 2016, p. 214)ence, identify
patterns can be time&onsumingAlsa A y (i S NIshtfestiGit$ andbiaare hardly measurablénterview

data was tanscribedwith the program BTranskript to structuredataand enable analysignalysis ofifm

data allowed the researcher to identifgssemblyactivitiesand supportobservationnotes Data aralysis

can be found irchapterfive. Lastly chapter six usethe analysis to design the framework.
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2 4 Preliminaryimplementation
Due to time constraint$ull implementation andvalidation was not possibléHowever, the functionality
FYR dzaS 2F (GKS FTNIYSE2N] ¢ SWMRhiavwrittedzanaMio dhdpker sixé Y SI y

The framevork wassentto the production manage2 ¥, who had no initial comments on the framework.
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3. LiteratureBackgound
Thischapter explores existing literature andesearch gapsHaving background information allows to

synthesizeneconceptuaimodel(Voss et al., 2002%ection3.1moves on to describe in detail the working
principle behindARtechnologyandthe concept of ARS efficacySection 3.2 elaborates uporassembly
performance Lastly,section 3.3 describesassembly activities and semblycomplexitieswhich are then

relatedto AR deploymentThechapterfinalizes witha conceptual nodel synthesized from literature.

3.1Deployment of Augmented Reality

As mentioned in the introduction, AR visualizes in real time virtual data in the relal. o ARASenriches

in reattime the real assemblerenvironment with simulated virtuahssembly informatiorwith the
underlying aim oenhanced efficiencyerror preventionand a safe workingnvironment(Azuma, 1997,

Ishii et al., 2013)The remaining subsections outline how assembly information is generated and identifies

critical design aspects

3.1.1Working principleand configurational options

Literaure commonlyseparates hardware and software eleme(iBaird & Barfield, 1999; De Amicis et al.,
2017; Henderson & Fen, 2011; Ong, Yuan, & Nee, 200Bardware performs core functions and
softwaregenerates and renders trgigital information.(Carmigniani et al.2011) Thisdigitalinformation
willbe called? 02 y (1 Sy (i Q Krede\el (204 Zuwid P&myardni, Erkoyuncu, & R@017)elaborated
on contentstagesn more detail The articlesdiscuss the stages through whicbntentis created seealso

Figure3.1. Appendix A Description of content generation procedescribes each stage in more detail.

Interact

(Authorize &
Display)

Sense Track Register

(Capturing) (Measuring) (Rendering)

Figure3.1 Schematic content generation proce8slapted from(R. Van Krevelen, 2017; Palrmi et al., 2017; Reinhart &
Patron, 2003; X. Wang, Ong, & Nee, 2016)
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ARAS configuration cannot be generalized as ndifis per assembly situation (Haagsman, 20T@ple
3.1 provides an overview of the configurational apis for every of the four stages describdable3.2

indicates(dis)advantageper option. Some cells remain blank as literature has failegpecify the merits
for eachoptionin an assembly contex@lso, theregister phase idisregardedas it igoo technical for the

purposes of thishesis The followingsubsectionexplains how ARAS design leads to efficacy of the ARAS
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Configurational
options

Stage
Sense Track Register Interact
Image capturing Tracking technique Software package Display
¢ Sensor camera *  \Vision-based *  ARToolkit ¢ HMDs
¢ Stereocamera o Feature-based *»  DART o See-through
¢  (CDcamera o Model-based o Studierstube o Video-based
o Marker-based ¢+ HHDs
Data format *  Sensor-based o Mobile phone
¢ Visual (2D/3D) 0 Mechanical o PDA
¢ Aural o Acoustic o Tablet
¢ Textual 0  Electromagnetic ¢ Projector
¢ Any combination o Magnetic ¢ Monitor
(2) of the above o Optical ¢ 2D Glasses
o Inertial Visualization
¢ Hybrid ¢ Visual (2D/3D)
o Any combination o  Dynamic
(>2) of the above o Static
¢ Aurdl
o Textual
¢ Any combination (=2) of
the ahove

Table3.1 Overview of ARAS configui@tal options per content generation stage
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Evaluation criterion

Sense

Data format

. . a
Creation easiness

Update

easiness?

2D/3D

Audio

Textual

Combination

Track

Vision-based

Robustness® &

Reliability®

Accu rr;lt:\-l'a'b"C

Computational

B a
reguirement

Late ncyc

Jitter®

Operational

RangeC

Feature-based

Model-based

Marker-based

Sensor-based

Mechanical

Acoustic

Electromagnetic

Magnetic

Optical

Inertial

Hybrid

Combination

Interact

Display

HMDs

HHDs
Projector

Weight & Portability®®

. @
Resolution®™

d, f

Late ncya

Field Of View
(FOW)?b: ©

Cost?

Monitor

2D glasses

Visualization

- a
Vividness

Visual (2D/3D)

Audio

Textual

Combination

Table3.2 (Dis)advantageper configurational option

- a
Intrusiveness

Creation

easiness®

Update

easiness®

Social

act:ep‘cal::ilit'g.-'b

Enable

collaboration®
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Legend U Robustnes$ The extent of the ARAS to detect and estimate assembbses under disturbing

IPositveevalliation S| conditions (Thomas, 2007)

Medium evaluation | Reliabilityi The extent to which the ARAS can produce adequate augmented views (Thomas.

_ U Latencyl The time gap between the action in the real world and the AR display updating
2 Eﬁ('ma;”;ez 26‘(')'0(82)018) augmented view (lomas, 2007)
¢ Ong et al. (2008) U Jitteri Trembling of the augmented view
d  Eliaetal. (2016) U FOW The Field Of View is the width or angle of the augmented scene the assembler is able
e  Krevelen &lroelman (2(1?%0) U Vividness The extent to which the displayed information enhances assembler assembly expel
f Zauner, Haller, & Brandl (2003 .. . .. . . . .
g Thomas (2007, Chapter 1) U Intrusivenes$ The blocking impact the augmented view has on assembler perspective
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3.1.2Establish efficacthrough ARAS design
Having discussed the configurational options for an ARAsSsubsectiondiscusses the concept of ARAS

efficacy. As mentioned earliereachassembly situatioimposesspecific designequirements(Caricato et

al., 2014; Del Amo et al., 2018; Elia et al., 20T question isow to configurean ARASsuch that
assembler support and ARP are maximizkdthis thesis, thisdea is defined bARAZ:fficacy whichis

the extent to which the ARAS supports executmfnassembly activitiedlt is a function oftechnical
feasibilityand perceived usefulnegPalmarini et al., 2017Whereas the former implieahether ARAS
implementation is tebnically attainable, the latteadoptsan assemblemperspectivewhich is needed to
reduce the adoption barrier for ARAS implementat{@ala & Venkatesh, 2008; Jetter, Eimecke, & Rese,
2018) Furthermore the factor ofperceived ease of use relevantwhich is the extent tavhich an user
believes the use of the technologyfiee of effort.Note, however, that usbility also adoptan operational
perspective AmalfunctioningARASmplies thatassemblersvill not besupported and might suspect the
new working conditions tod counterproductive. No improvement can then be realized as the assembler
is not supported, or loses motivation to do his job properly. In either,wagcutionwill be slower and

more mistakesire made

SecondlyARAfficacy is partly determined by theessembly environmeniCarmigniani et al., 2011; Del
Amo et al., 2018)Indoor versusoutdoor and fixed versusmobile ARAS contextswere distinguished as
configurational optionger stageadiffer per assembly contexthisstressesthat ARAS efficaajepends on
choice for ARAS configuratidn this researcloperationsare indoor Whether thedisplayshould be fixed

or mobile depends othe situationon hand(Palmarini et al., 201 gndshould notbe decided in advance.

In the same veinChimienti et al. (2010¥ormulated dgeneric guidelines toachieve effective AR
implementation with the aim of time savings, error redtion and accuracy improvemeit Their
systematicprocedure is provided ifiable3.3. The authors recognizettiat decompositiorto elementary
activitieswas required tagenerateusefulcontent Howeverthe main weakness of their guidelines is the
failure to addresshe idea of ARP which implies the assumptioe@dfal ARP for every assembbyntext
This oversimplification results in ortBmensional ARABplementation(Rosenthal et al., 2010)he study
would have been morealuableif thoughts weregiven toARPassessmentn fact, this is the focal issue in

this thess. A new step will be formulated after step three
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Procedure stepfor ARAS implementation

1. Analysis of assembly procedure 5. Hardware selection

2. Subdivision in tasks, stthsks and 6. User interface definition
elementary operations 7. Software implementation

3. Creation of logidlow charts 8. Validation

4. Definition of assembly instructions
Table3.3 Procedure for effective AR implementati@himienti et al., 2010)

In addition Chimienti et al(2010)settle in step four how content shddi be displayed to the assembler,

while they decide in step six how much content should be displayed. In the designed franhetroskeps

will be part of the ARP assessment as ARAS efficacy is for a great deal determined by how content is
displayedin the real environment(Blattgerste, Renner, Strenge, & Pfeiffer, 2018; Del Amo et al., 2018;
Palmarini et al., 2017; Radkowski, Herrema, & Oliver, 2015; Tang et al., 2003)

Taken together, these studies support the need for anfeavork that integrates ARP assessmanbrder
to ensure ARAS efficachs said, this thesis will redesign the procedureCbfmienti et al. (2010py
integrating an ARP assessment st€his step wilultimately reflect on assembly performance to make
transparent the effect of ARAS on the workplatbe performance meases are described in the next

section.

3.2 Asembly activity performance
PYOGAE y28 GKS G $asvot Begn spetiiedmag idlpeHoyhr@ri®@and odt be solely

operational or are there other factorsinvolvedtoo? And howdoes AR deployment affecssembly
performanceirst we need to tkow how assembly is definetlof, Wilhelm, & Warnecke (199@gfined
assemblyag ¢ KS | 33INBIAF A2y 2F ff LINRPOS&aaSa o0& 6KAOK O
to form a complete, geomatally designed assembly or product (such as a machine or an electronic circuit)
SAGKSNI 68 |y AYRA@ARdzZ {THs deinitiorteks igtégiatior? of dimeyadpBotizda LINE C
0Assembly is the productive function of building together certadgtividual parts, subassemblies and
substances in a given quantity and within a given time périNadf & Chen, 2003).astly Nof et al. (1997)

stated that industrial assembly has the additional purposes of efficiency, productivity and cost

effectiveness Throughout this thesis the following definition shall be uk®dassembly

Assembly is the conglomerate of manual assemhulaionsthat are aimed at building (sub)assemblies
from distinct components within a papecified time frame and with the underlying goals of efficiency,

productivity and coseffectiveness
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3.2.1Performance reasures
Literature on assembly performancen the context of AR deploymentommonly agrees on the

performance benefits ofncreasedefficiency, quality and

safety ofwork environmentHaagsman, 2018)

The focus in this thesis is on objectimeasuresAppendix

— . . Work
C ¢ Objective performance measures in literature Environment
summarizesobjective performance measuresfound in (gazes)

literature. What can be seen is that Task Completion Times
(TCT), Error Rates (ER) are grounded measures, whi’9u"¢32Conceptofassembly activity performance
confirmed byDilnser, Grasset, & Billinghu(&008) However, focushould be orwork environmenttoo
6¢l GAG 39 ,anARASEROUIdiNDtNNiradluce ergonomic hazards. Ratrsiidprevent them
Unfortunately, existing literature is limited in objective measures regardunglity of work environment
with only classifying body movement$he number of gazess afrequently used indicator for head
movementand will be used as objectivmeasurement forthe safety of the work environmeniThe

measures are described below

1 ERc Errors are defined as the wrong execution of an assemblywleghincludes the insertion
of a wrong componentwrong insertion of the right componenpicking the wrong component
not positioning the component correctty omitting an assembly stefpshii et al., 2013; Radkowski
et al., 2015; Tang et al., 2003he ER is defined as the portion of errors made by one assemblers
compared to the number of potential erro(§iorentino, Uva, Gattullo, Debernardis, & Monno,
2014; Uva et al., 2018hat is,

0 8¢ Qi i z’c’x‘ld)fQ‘QZ
08¢ Q¢ 0Qe Qoad?l

o'Yp

1 TCTg Defined as the time it takes to complete the assembly thsk.the sum ofeparate activig
timesand can be usetb provide insight orhow time is distibuted (Funk, Kosch, Greenwald, &
Schmidt, 2015Note that this thesis does not focus on time measuremesali. Rather, it intends
to describe thamplicationsof AR deploymenon TCT conceptuallyor the interested reader the
researcher refers toAAppendixD ¢ Time measurement systems MTM and MO®here time
measuranent methods are describedGroover, 2007, Chapter 14; Wiedenmaier, Oehme,
Schmidt, & Luczak, 2003; Zaeh, Wiesbeck, Stork, & Schubd, 2009)
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1 Gazeg Agaze shifts switt of eye focus from the instructiomanualto the placeof the assembly
and back. It is Aeadmotion that should be prevented, as it introduces physi¢aad turning)
and mental workloadcontinuouslyrecallinginstructions) hence,is a threat forergonomics.
Indeed, ergonomics involve boghysical and cognitive aspects and AR can improve Wérker
environmentis enhanced througheduction of gaze shift&roover, 2007, sec. 22.3; Henderson &
Feiner, 2009, 2011; Polvi et al., 2018)turn, gazeshifts are reduced wheoontent is displayed

in front ofthe assembler, such that switching eye focus to read instructions iseeated

The following explainthe interdependence between these measurdss explained irsubsection3.1.2
Establish efficacthrough ARAS designperceived usefulnedsas crucial rolen ARAS efficacf¥herefore
ARAS dsigrs should be humarcentric (Quandt, Knoke, Gorldt, Freitag, & Thoben, 204&8) emphasize
ergonomicso ¢ F 1A 6 9 . Er§ooni@Loncermstier interaction between theassembler and his
working environmenturingassemblyThe importance of perceived usability is stressed once rgoen
that the aim of ergonomic design &o avoiderrorsand enlarge productivig/(Groover, 2007, sec. 22.1)
The higher the perceivkusability, theshorter TCT andhe fewer errors are made. Furthermor&CT
increases with the number of activities and motiobst also with the occurrence of erro(8oothroyd,
Dewhurst, & Knight, 2002; Riclsmon, Jones, & Torrance, 200&penlarge ARBighttherefore consider
Assemblability Analysis (A@oothroyd et al., 2002)Ths will be elaborated isubsectiorbelow.

3.2.2Reducing assembly effort
Design for Assembly (DfA) constés an interesting perspective, considerthg performance measures.

The paradigmis to design products with higher a&sably efficiency without compromising on product

quality (Nof & Chen, 2003Quality increases with assembly efficierag/the assembly process is less error

prone (Boothroyd et al., 2002, fig. 1.13 fact, it can be seen as a fmoof pokayoke (Ishii et al., 2013;
Kurdve,2018) ¢ KA OK AGaNBFSNAR (2 GKS LINB J-Sogt)idevices that BeteSt NNE2 NA
'Y Rk 2 NJ LINB @fogvar, 200),Spr £27)Through DfA, @ntent generation requiresless
programming effortas there are less instruction§herefore manageramight perform an assemblability
analysigAA)prior to AR deploymengSaaski et al., 2008)hisformsa complementary action in step 1 of

the model ofChimienti et al. (2010AppendixE¢ DfA guidelinesummarizes DfA guidelines applied to AR
deployment(Boothroyd et al., 2002; Shimon Y. Nof et al., 1997)

Additionally, gamplifying assembly instructions complements DfA practices and can be done in parallel, as
the goal $ to reduce dependency on human err@attullo, Wa, Fiorentino, Scurati, & Ferrise (2017)

proposed that instructions can be isolated and reformulated such that they complyeiitrolled Natural
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Language (CNLGroover (2007, p. 648lsomentioned that instructions should be simplistic and easily
understood to avoid errorsAssembly efficiencgan be further enhanced, even thoughe guidelines
above havezero effect.Thispracticecould be considered in step 4@himienti et al. (2010Dne should

be aware, howeverthat an unexperienced assembler needs more instruction détaihaximize the
benefits from AR deploymer{fFunk et al., 2017; Syberfeldt, Danielsson, Holm, & Wang, 2016; Webel et
al., 2013)

All in all,this section has listed measures that answer the question of how ARAS efficacy can objectively
be evaluatedThrough ARAS support the assembly performance is expected to inckFesteermore, it

was argued thatit pays-off to redesignassembliesand simpify assembly instructions tanitigate
dependenceon human errorsand thereby increasassembly efficiencyTime consumptioras well as
market pressuréPorter & Heppelmann, 201®ay hinder companies fromonducting AA and instruction
simplification Yet,it can be argued thathese practices lower # barrier for ARAS implementatiofihe
following section wilfirst identify assembly activity groups, then explain the role of assembly complexities

and ultimately incorporate the role of AR in this respect.

3.3Assemblyactivities
Thissection commences witbutlining whybasic motionsshouldbe aggregated into activity groups in

order to evaluate ARFhen, asembly activity groupsre describednd related to assembly complexities.

3.3.1Typifyingassembly activities

This subsectiondescribesthe basic mabns, Wi K S N@rank B.&Gibreth & Gilbreth, 1924; Groover,
2007) seealsoFigurel.2 on how motions ardundamental to eachask Therbligscan be categorized
along differentdimensionslikeelectricalandmechanicahctivitiesfor which joining techniques diffNof

et al., 1997, sec. 2.3physicaland mentaltherbligs(Antonelli & Astanin, 2015; Towne, 1985; J. F. Wang,
Zeng, Liu, & Li, 2013; Zaeh et al., 2G0#)productiveand nonproductiveherbligs(Groover, 2007). Table

3.5 classifies the thdiligs along these aspects.

2The termdherbligdstems from its authors Frank and Lilian GilbretoteNthat the term is the inverse of the authdrs
surnames.
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Productive therbligs
Transport empty Reaching for a component
Grasp Grasping a component
Transport loaded Move an object horizontallyrovertically
Release Release a component with the aim to lose control over it
Use Manipulating a tool
Assemble Also coined joining or connecting. Creating permanent or temporary fixtures bet

components. A distinction must be made between mechahnignd electronic joinin
techniques (Nof et al., 1997, sec. 2.3).

Physica Mechanical | Electronic

Fastening by screw or bolt Soldering

Riveting Surface mount technology (SMT)

Pressing Welding

(Pegin-hole) insertion

Disassemble Separate components that we joined previously
Stripping Removing the encapsulation from a cable of wire for further installation
Adjusting Changing, for example, theientation of a component olocation of a component

Assessing theomponentquality, alignmehor connection. Also called inspecting, testi

Mental Inspect or measuring (S. Y. Nof & Chen, 2003).

Delay Rest Resting to overcomer preventfatigue of the assembler
Nonproductive therbligs
Hold Control the motion of a component.
Physica - Also coined®@ommissioninf(Stork & Schud, 2010) or orienting. Making sure that tt
Preposition . . .
components arenearthe defined location and oriented correctly.
_ Position SeeWPrepositio® The difference is that the components are natthe defined location
Physica The assembler needs to identify required components for the assembly. Also called Ic
Search . .
& or identifying.
Mental Select Choosing among different components or the proper action that is involved in the ass
instruction.
Mental Plan Decide on wht should be done next.
Unavoidable Waiting time introduced due to factors beyond the control of the assembler.
Delay _ L
Avoidable Waiting time introduced buthat couldhavebeen prevented.

Table3.4 Produtive and nonproductive therbligs, categorized in physical, mental and delay types (Groover, 2007, |

Aggregating activitiesllows the researcher to observe and identify assembler activitieshorter period

of time (Groover, 2007, p. 433Jable3.5 summarizes activity grouphat are aggregated from the basic
motionswhich allows for quicker classification during @pgations and simplify data collection as there
are fewer categories to choose frofGroover, 2007, p. 433Hence, this approach accelerates ARP
assesment. Delaymotions aredisregardedsince AR cannot support ifdle time. Distinctactivities are
listed for handling and joining to facilitate transparencilso,activity groupsshould not be too long

(Groover, 2007, p. 346ickingis the activity of reachingnd graspinga component Placinginvolves

3 SMT is a technology im @assembly technique frequently used in the assembly of PCBs. Components are mounted
on the surface of the PCB.
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laying down a componerih its ultimate positiorand often follows after pickingRegenbrecht, Baratoff,
& Wilke, 2005)In the miscellaneous grouipfrequent activitiesshould be listedShimon Y. Nof et al.,
1997, p. 24)Note tha the set of miscellaneous activities depends on the situatiarhand, not every
assembly involves stripping or paintifidheactivity ofprepareis separated since it is aimed to prepare for
assembly or accomplish changeoy@&roover, 2007, p. 405)t is not associated with the processing of

components.

Physicahctivity groups
U Handlingg In this activity the assembler hasanualcontrol over the omponent motiors. The group is spl
up in the following activities;
a) Picking b) Transport
c) Holding
d) Placing
0 Joiningg Creating permanent or tempona fixtures between component# distinction must be made
between mechanical and electronic joining teajues(Nof et al., 1997, sec. 2.3)

Mechanical Electronic
Fastening by screw or bol{Soldering
Riveting Surface mount technology (SM1
Pressing Welding
(Pegin-hole) insertion
Glue

U Adjustingg Changing, for example, the orientation of a componenther location of a component.
Checking; Assessing the quality of aligrent, connection or adjustmer{S. Y. Nof & Chen, 2003)
i Preparec Assembler is settingpuworkplace for a new activity or making ready a component for further
assembly
U Miscellaneous etivities
a) Strippingg Removinghe encapsulation from a cable of wire for further installation.
b) Cabling& Wiring¢ Install wires for final use.
c) Paintingc Dye a layer o& certain substancever a component
Mental activity groups
i Comprehend; Understard the message of the assembly information
U Plang Internally select the proper action that is involved in the assembly instructimo. called
interpreting.
U Searclr;, Identifying, locatingor detectingrequired components for the assembly.
i Selectg Chapsng among several components or options.
Table3.5 Differentassemblyactivity groups.

N -

Recall that the core function of any ARAS is to provide assembly informatstoosimplisticto seek for
nonprodudive activities to improve assemblyperformance as an ARAS supports the assembler in
productive motions too(Antonelli & Astanin, 2015; Radkowski et al., 20RPis present forthose
activities where the assembler requires cognitive effort to complete an assembly activity |lesstoe

physical activities throughisualizingight joining techniqus, orientatiors and positiongRosenthal et al.,
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2010) The key is that an ARASS RdzOS a WO 2 3 through @s8alizatignBhitKaSowRaRicker

and more qualitative physical execution of assembly activities.

Furthermore, a paradox iéadjustinggshould be notedldeally, awell-designed ARAS makes aljng a
redundantactivity, because the assemblers receappropriatecontentas assemble without error¥et,

the activity group is included to account for assembler mistakes.
The nextsubsectionntroducesassembly complexities asoderating factor®n assembly performance.

3.3.2 Assemblycomplexities
Assembly amplexitiesaredefined adactors in an assembly context of which the effects must be mitigated

(Haagsman, 2018hence, moderate performance benefitsfrom ARAS supporfFalck et al., 2017)
Assembly complexities have been categorizedpinduct, process assemblerand environmental
complexities(Alkan, Vera, Ahmad, Ahmad, & Harrison, 20t&)wever, not all complexities impede
execution. For this reasoma higherlevel distinction is made betweestructural and operational
complexities Operational complexitiesact on the workplace level impact activity executjowhereas
structural complexities are introduced through on a higher level through assembly system design and do
not act on workplace leveglAFZuheri, 2013) Manufacturersshould thus question which operational

complexities are present in their assembly situation

Thus far, ithas been argued that mitigation of operational complexitiegequired to maximize the
performance benefits resulting frorARASsupport. This thesis adopts an approach that linkgivty
groups (subsection 3.3.1 Typifyingassembly activitigsand operational complexitie® envision how
execution of activity groups is moderatdyy operational complexitiesGradations in complexities are
formulated to assess to which extent a complexity is pres@mioperationalcomplexity is High Complex
(HC) if idecelerates activity executigtut Low Complex (LC) if it damst. Table3.6 describes gradations
for eachcomplexity Complexities for whichthere wasno ARRn the ARPmodd were excludedthe other
ones were included and classified based on the work Hdéagsman(2018) Below changes to the

complexity list in the ARRodel are described.

New complexities

Firstly, the ARPmodel excluded the partial completion of assengdithrough machinery. This is an
oversimplification as ®chinery can be responsible for a diversity of activities like handling, setup and
joining. Thedegree of automatioris, however,added as process complexity on the structural leaseit is

introduced bythe structure of the assembly system
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Seconlly, Haagsmari2018)omitted the aspect of relative obility of the (sub)assemblyo the assembler
which is introducedby the assembly layout. The latter determines how the activities are executed

(Boothroyd et al., 2002, sec. 3.2B)jgure3.3 typifies different assembly setups.

Location of (sub)assembly

Fixed Variable
Location of  Fixed Assembly on site Moving assembly
assembler  Variable Workshop assembly Line assembly

Figure3.3 Typology of assembly organization (Nof et al., 1997, p. 143).

Similarly repetitivenes®f activities has been disregarded. However, tiee an assembler executes the
same activities the whole day or only for one hour has implications for assembly performance. An
assembler may get bored from doing the same for a whole shift, which introduces errors, reduced
motivation and slower executionf assembly taskslhe degree of repetitiveness is introduced by the

design of the assembly system and will therefore be classified as structural complexity.

Deepenedomplexities
Thirdly,Haagsmar(2018)A y Of dzZRSR W{ AT S LINE R &= ii iQ notmerelytieBifedfOi O2 Y

the product thatmoderatesexecution.The following complexities are extensions on operational level.
Component stabilitynoderates executiomwhencomponents ardeld manuallyffor assemblyln addition,
component weightplays a rolewhen the component is too heavy transport individually. Next,
component symmetrynfluences assembly efficiency. Symmetric componemts easier to assemble,
hence, could affect joining, handling and planraagjvity for instance(Boothroyd et al., 2002)_astly, the
number of componentgenerally implies assembly complex{ghimon Y. Nof et al., 199ut was

disregardedby Haagsmar2018)

Lastly, heassemble©2 YLJX SEAG& 27F Wt Kaagshaido18)is@efiredt nfose ickuiiael). ¥ NB Y
Groover (2007, p. 59%0entioned that physical strength is affected fiiyysical conditiopgenderandage.

Whereas physical conditiatetermineshow activities are executed (operationaBge and gender do not
directlyimpactwork execution(structural) Fhysical condition isurther decomposed intesight, hearing

and endurance Similarly, lighting, noise temperature and humidity are alded as operational
environmental complexitieas the assembler might be hindered tme presence of some (or all) of them

(Groover, 2007, p. 574; Palmarini et al., 2017)

Figure3.4 summarizes the above findingEhe left tree represerststructural complexities, whereas the
operationalcomplexities are in the right tree. The complexities in blvere changed with respect to

Haagsmar2018)
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In this sectionassemblyactivity groupswere defined. Alspthe moderatingrole of operationalassembly
complexitieson assembly performance waexplained It has been argued thamnanufacturers should
carefully assess the presenceoplerational complexities in their specific situatidris is translated to the
framework as followsManufacturersshould first identify the activity groups preseiatr their assembly.
The next stp will then be to link operabnal complexitiego the identified activity groups. Then, users

should assess which complexities can biggated through ARS supportfor whichTable3.6 was created.
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Structural complexities Operational complexities ’

—
| 1 1

Assembler Product
complexities complexities

Assembler
complexities

Environmental
complexities

Process
complexities

Sequence
dependency

Clarity of
mounting
position

Figure3.4 Assembly complexities atructural and operational leveBluecomplexitiegepresent changes comparedaagsman (2018)
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Structural complexities

Category complexity Level Description
HC Assembly activities are executed slower because of the assemblers' age
e . .
hg LC Assemblers’ age does not affect activity execution
HC Activity execution depends on the assemblers' gender
Gender - PR .
LC Activity execution is independent on the assemblers' gender
bi Educational HC The assembler has low educational level, such that learning is more complicated
Assembler level LC The assembler has high educational level, such that learning is more efficient
Years of HC The assembler lacks prior knowledge about assembly
experience LC The assembler knows how to assemble the focal product
Assembler HC The assembler needs to leave the workplace frequently to assemble the product
mobility LC The assembler stays at the workplace to assembly the product
. HC Interaction between machine and assembler is needed to perform assembly
Automation . . . .
LC There is no interaction between assembler and machine
Sequence HC Operations must be done in a certain order/sequence
dependency LC Independence of assembly order
. HC Need of adjustment
Rework required .
LC No need of adjustment
Duration & Time HC Time demanding operations and/or time pressure
pressure LC Solutions that are easy and quick to assemble and/or no time pressure
Detail of work HC Assembly instructions needed are detailed, unclear or insufficient
Process instruction LC Self-evident operations that do not need clearly written instructions
Number of HC Many assembly steps (per operator) and many parts to be mounted
details and
mounts LC Normal amount assembly steps (per operator) and parts to be mounted
Process HC Many ways of doing the task
variation LC Standardized (accepted) way to do the task
Product HC The level of fitting and adjustment varies between the products
variation LC The level of fitting and adjustment does not vary between the products
Repetitiveness HC The assemblers do the same every day, for the whole week
of work LC The assemblers have different tasks per day or daypart
Operational complexities
Category Complexity Level Description
. HC The assembler has less hearing, has a hearing device or hearing complaints
Hearing .
LC The assembler has a good hearing
HC The assembler needs to take uncomfortable body postures during assembly
Posture .
LC The assembler does not need to take uncomfortable body postures during assembly
Assembler HC | The assembler has difficulty seeing details
Sight . .
g LC The assembler is able to see detail
q HC The assembler is unable to perform physical activities over a longer period of time
Endurance
LC The assembler is not restrained by endurance (is fit)
Clarity of HC | Mounting position of components is not clear
mounting
Product position LC Mounting position of components is clear
HC The product or assembly moves during the assembly process
Product mobili . . .
v LC The product or assembly has a fixed position during the assembly process
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HC Assembly activities are less intrinsic due to complex geometric shape (= lack of
Component symmetry)
symmetry LC Geometric shape of components is symmetric, such that activities can be executed
logically
Component HC Weight is such that more than two hands (= 1 assembler) are required for handling
weight LC Weight is such that one assembler can handle the part
Necessity of HC Subjective assembler inspection is needed
inspection LC Subjective assembler inspection is not needed
Accuracy HC The assembly requires high assembly precision
demanded LC No precision demanding tasks, no careful fitting necessary
Number of HC The final assembly has a component count above 30 components
components LC The final assembly has a component count below 30 components
Immzzdiate HC | The product provides no information when it is assembled incorrectly
product
feedback s Product provides feedback about correctness of assembly
) HC The component size is such that two assemblers or more need to transport it
Product size LC The components size is such that one assembler can transport it
HC The assembler has poor access to perform assembly steps
Accessibility
LC The assembler has good access to perform assembly steps
Visibility of HC The assembler cannot see where his hands are and what they do during the activity
operations LC The assembler sees where his hands are and what they do during the activity
Component HC The component must be hold in order to be assembled
stability LC The component is stable due to its geometric shape
Material HC The material under hands is slippery or flexible
characteristics
(erip) LC The material under hands is solid and has no form changes
Workplace HC The surrounding temperature has a negative impact on activity execution
temperature LC The surrounding temperature does not affect activity execution
Noi HC Activity execution is inhibited, because the noise is too loud
oise = : = . B -
LC It is relatively quiet, so that activity execution is not complicated
HC The workspace is small such that ergonomic hazards are introduced and activity
Environment Workspace execution is complicated
p LC The workspace is big enough to work in without ergonomic threats and complicated
activity execution
Lightni HC The surrounding light causes bad sight and hinders| activity execution
ightning LC The surrounding light does not hinder activity execution
o HC The surrounding air is rather humid, breathing is complicated
Humidity . — p
LC The surrounding air is good to work in

Table3.6 Gradations oftructural and operationadssembly complexities.
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3.4Conceptual Model

A conceptual modeak a simplification of reality that exhibits the causal relations between core concepts

university of
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(Goddard, 2010, p. 202)n this project these conceptand ther relationsare described in the three

previoussections As the scope is on workplatevel, only operational complexés are in the conceptual

model Thereasonings as dllows: Literature has proven thassembly performancbenefits from good

ARAS @sign by providing realtime assembly information. However, the presence of operational

complexities complicate the execution of assembly activities and moderate assembly performance. Hence,

benefits from good ARAS design ambderation of operational compxities are two competing

phenomena and mitigation of operational complexities should increase assembly activity performance.

The relations are schematically showrFigure3.5

AR deployment &
ARAS design

Operational
Assembly
Complexities

A 4

+

Figure3.5 Conceptual Model

Assembly activity
performance
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4. Situationdescriptiors
Thischapterbriefly describes the current production situation of the case companleesre the data was

retrieved Production layouts, interest in AR and other details are shared Rerghe remaininghapters

the researcher refers tdppendixG ¢ Data source codée®r the list of sources.

4.1Company

/ 2 Y LJ pfaducés mechatronic devicesth a focus on control technolog¥he employeesf the focal
productin this thesisthe crackunit, have a distance to the labor markdthe crackunit is used to check
whether there are cracks in eggshells by sensing the interruption of vibrations. It is used in egg sorting
machinesTheplantis segmented in differentedls, varying in required cognitive capatityOne is coined

the assembly cell, where the crack units are assemisldthtches Crosdraining is conducted to reduce
repetitiveness of work and increase flexibilithe interest in AR is mainly drivémmough quality and part

of the mntinuous impravement philosophy®. An assembly maual was retrieved, however,iréct

assemblyobservations were not possible, duegapplyproblems.

4.2 Company

/ 2 Y LJ pianufdctures boilersThe production plantis split up in siyroductionlines.The focus is on
one assembly workstation wiin one of thelines. During assemblfé¢ assemblemwalks with the boiler
until the whole assembly task fimished. Theprime interest in AR igjuality (safety for engtonsumer)
related but should also be seen in the light ebguctivity ° The aim igo develop a training facility with
AR, to reducetress duringeasonal peak In the new situation, nevassemblerare then directly able to
perform assemblywhichunburdenspermanentassemblers from their coaching role, whilegtuces he
intimidation experienced by new employedeo and increases productivitthote, however, that the
decision to develop a training facilifoes not have to be made in advandam assembly manual was

retrieved.HIming the assembly process was not dodblepractical reasons.

4.3 @mpany!

Essentially,2 Y LJ- ynanufacturessensors that readio sound However, it alsdakes care fohousing
and packageBy sensinguir vibrations(i.e. sound) it is possible to detect théocation of thevibration
source,despite HoiseQdn the direct enironment. The product being assembled during data acquisition
wasa cable needed to produce the whole produttK S O 2 Y LJI y is SotsgecificaflyirgsbeBaly
but rather onarray visualization of sound wavétoweverthe casevas suitable as thproductwas rather
RAFTFSNBY (G T NP Yhe dokpadyDnlyihgs tvo adsgmBlers, eich beitieer experiencedin
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addition, they mentioned that the assembly is precise and skilled ‘Wokkmicroscope is used to for
certain activities to support the asswler. Film data was retrieved during the production of the assembly,

so that typical activities could be identified.

Figured4.1 classifieselative mobility per companthat is introduced through their layout

Location of (sub)assembly
Fixed Variable
Location of  Fixed o,y

assembler  Variable B

Figure4.1 Classification of assembly organization pasecompany
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5. Analysis

Thischapteranalyzes theesearch data in accordance with the research questidhgy are shown for
clarity below. The aim of data analysis was to find similar interviewee responses with respect to the

research questions.

Subject gectior) Relevant susesearch questions

How does AR work?

Deploying AR (3.1) How is ARAS efficacy established?

- How is activity performance defined?
Activity performance (2) o0 What are important measures?
- How is AR deployment related to activity performance?

- What are typical assembly activities performed by an
assembler?
If possible, how can AR support aiij execution?
o Which complexities play a role?

Activity characteristics (3.3)

Table5.1 Revisiting the subesearch questions

5.1 Deploying AR

A supplier of ARolutions provided feedback offrigure3.1, the content generation proces¥he revised
versions can be seen and compared with the inftiacessn Figure5.1. The main difference ihat spatial
mapping uses the calibration step to base the contern the position, whereasmage recognition
calculates content immediatehAlso, Bpping the screeiis required,which implies authorization by the
assemblerin oth processes, howevekey features areecognizedFigure5.2 explains the steps for each

of the revised processes.

To make the (dis)advantages for the dgafational options fromTlable3.2 more robust and usable,
suggested improvements. FirseD and 3D da are separatedas 3D data is more complicated to
generate "Furthermore, weight and portability are separatédlportable object is not necessarfigavy,

and a light object is not necessarily portablable5.2 shows the result.
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Sense Track Register e (a)
. - . {Authorize &
(Capturing) (Measuring) (Rendering) Display)
Image Recognition

-

Spatial Mapping

- (C)

(b)

Calibrate

Figureb.1 Initial content generation process (a) and revised versions for image recognition (b) and spatial mapping (c)

Image recognition

1.
2.
3.
4

5.
6.

Sense —Image captured by camera

Recognition —Image is recognized based on key features

Tracking — Software computes position and orientation of the image relative to the camera

Calculation — Based on position and orientation it is computed how content has to be exposed on the
screen

Combine — The real-time camera images is merged with the digital content and exhibited on the screen
Interact — The communication between the ARAS and the assembler.

Spatial mapping

1.
2.

Sense —Image captured by camera
Calibration — Software computes position of the mobile device based on camera images and sensor data.

a. Move the camera of the mobile device along a predefined plane

b. Key features are recognized by the software in every frame

c. Displacement of key features in separate frames are compared to the sensor data of the mobile

device

d. Once enough data is collected, the mobile device recognizes the planes and calibration is completed.
Tracking — The same steps as in step 2 are executed to know how the mobile device moves through space
Placement — By tapping the screen of the mobile device, the location of the content is determined.
Calculation — Based on position and orientation it is computed how content has to be exposed on the
screen
Combine — The real-time camera images are merged with the digital content and exhibited on the screen
Interact — The communication between the ARAS and the assembler.

Figure5.2 Degription of content generation step for image recognition and spatial mapping
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Analysis of the interview data resulted in the identification of two boundary conditions:

1. Project support The initiation of the project has to find support on different aggeand levels of the
organization.
a. Busines§ 42 S 0StASGS G(GKIG RSLX2eYSyid 2F 'w A& | ¢
y2i KIF@S adGFrNIGSR GKS LINR2SO0 v¢
b. Assemblers The assemblers are working with the ARAS every day. Therefore, assemblers
should aprove the imposed working conditions. A PoC could prove the performance
improvement& (J. F. Wang et al., 2013)
c. Technical Availability of CABnodels would increase assembler support of an ARAS. Humans
prefer visuals over text, but CADodds are a minimum requirement for visual conté&nt
Similarly, unambiguous assembly instructions need to be present and documented. If not, the
company must act upon this by reducing instruction ambiguity. AR fails to support the
assembler when the assemblis not aided in its thinking process during the assefnbly 3
2. Astandard assembly sequeniserequired(Haagsman, 2018, p. 144ARASs are unable to cope with

varying sequenced he absence of a fidesequence is an exclusion criterion to use the framework.
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Evaluation criterion
Sense
Creation Update
Data format easiness? easiness?
2D
3D
Audio
Textual
Combination
Track
Robustness Computational
Vision-based 2 g Reliability? Accuracy®®* requirement? Latency® Jitter® Operational Range®
Feature-based
Model-based
Marker-based
Sensor-based
Mechanical
Acoustic
Electromagnetic
Magnetic
Optical
Inertial
Hybrid
Combination
Interact
Field Of View Social Enable
Display Weight® " Portability®° " Resolution®® " Latency?® (FOWV)3®-# acceptability® collaboration®
HMDs
HHDs
Projector
Monitor
2D glasses

Visualization

Creation
easiness?

Vividness?®

Update
Intrusiveness? easiness? Intuitiveness

2D

4

3D

Audio

Textual

Combination

Table5.2 Revised (dis)advéages per configurational optiods & feedback from AR supplier.
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U Robustness The extent of the ARAS to detect and estimate assembler poses under disturbing con
TPositive evaluation | (pomas, 2007)
W U Reliabilityi The extent to which the ARAS is able to produce adegaadenented views (Thomas, 2007)
U Latencyi The time gap between the action in the real world and the AR display updating the augm
view (Thomas, 2007)
JitterT Trembling of the augmented view
FOVI The Field Of View is the width or angle of the augradrgcene the assembler is able to see
Vividnes$ The extent to which the displayed information enhances assembler assembly experience
Intrusivenes$ The blocking impact the augmented view has on assembler perspective

Palmarini et al. (2018)
Zhou & al. (2008)

Ong et al. (2008)

Elia et al. (2016)

Krevelen & Poelman (2010)
Zauner, Haller, & Brandl (2003
Thomag2007, Chapter 1)

[ entRR ent A et

Q (|0 |Q|0|T|D
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5.2 Activity performance
Eachcompanyaimed to increasassemblygualitywith AR in the first place. Byandardiingthe assembly

sequencdor every assembleteliability of the production process is enhanced as individuaaxaes are

smaller It appeared that sequencesf activities differed between assembleidue to individual

preferences despite the presence of assembly instructiog@ising assemblers the opportunitg diverge

from the standard, introduces errors that glol affect quality of the consumer product ©

Additionally, 8 interviewees recognized thiaree performanceimprovements whichis shown inTable

5.3. Remarkably, ninterview mentionedexplicitly reduced TCdr ERasobjective measureRather, they
aFYS OoONBFGK Ay KS Gdz¥ shitfoh the othér Saxda was LINE R d:

were named inK S

explicity mentionedin one interview®. In addition,i usesthe number of finished boilers that were

completed in one rurasquality measure "

Aspect Source

Statement

h3 - dThe assembler has to be sure of the right tool or component tcpick
12 - AWith AR it is possible to show whether the assembler has picked the w
. parté
(Efglfjiii“e;[?/wfy 12 - éPeppIe_z, gxperienced or not, make mistakes, due to a lack of digcipti
motivationé
i3 - OWe expect to reduce reliability on new employees, by securing the asse
sequencelt guarantees output
Work h3 - fiAR should _prevgnt th_e assemblgr from making gazes. Also, error:
Environment introduced, since instruons are still on the yvorkmg memory when tr
& Quality as;e_mbler must look to_ the left to read the instruction, then perform 1
activity. AR can support in thés.
h3 - dThe ultimate tool (ARAS) should also frastrate the assembleb €
Work i3 - oHow b deal with tools? Assembly sequence can imply safety hazards fc
Environment assembler® ¢
i3 - dTraining assemblers can both be beneficiary to productivity and safety

Table5.3 Statements regarding performance ebjives

Lastly, onénterviewee stated that workplace standardization precedes achieving performance benefits

ahysS Oly

assembler preferences can be omittdtdreduces the time to think This is complicated through individual

I £

&2 Orga@ifnghe Yaksanibly wérigplacé gicalluch that individual

preferences of the assemblgf. Sandardizing the workplactalls under the umbrella of pokgoke and

cannot be settled withAR butcould be done to ease ARAS implementatialso, if the software can

distinguish components from each other, a standardized workplace is not a harideregut. Thisrelates
to astatementmade by a different interviewe¢C B2 Y (G KS Y I y dzF I Od dzZNB NA Q

LJS NA LJ:

AR should be flexible enough such that it can handle individual preferences. In this light, it is not important
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which complexits are present, but that any ARAS design can deal with complexities on hand so that it
NBGFAya A% ThEdrssedhatzoftert shaLl be adaptive and customized to the assembly

context and assembler.

5.2.1 Reducing assembly effort

It is easier to create customized content when the assembly complexity is reduced. As mentioned
subsection 3.3.2 Assemblycomplexities the number of components could be reduced in that respect,
which is the area of DfA. The role of DfAs recognizedby all intervieweesgt 5 F!  3Jdzt NF yiSSa
FaasSyofe LINROSAE @GliKyS2 (deSigniné MstRofmnents are required, the less

2 YLX SE Ay &l NUzOiAs@fgeas néetisddShe doBamiBighity of assembly instructiofis & L
alwayslearned that people prefer visuals over text. But the text that is needed, should be forrdufate
such way, that it leaves repace¥ 2 NJ A vy (i S NOdNBtérvielvde2hpwever, mentioned that most
manufacturersare unableto perform Assemblability Analysis (A#jorto ARAS implementation. Instead,

Al aK2dzZ R 0SS LISNF zeNdgighRr imhglatihil aNdays fodlate, bedafs@ 6 IdGE from
what you are currently doing. TherefaréA is always performed in parallel and the results are to be
applied by futuregenerationg' ° This insight should be taken into account in the framdwaesign, as it

was previously mentioned that AA was part of step 1 of the framework.

5.3 Assembly activities

Assemblymanualsand observationsvere analyzed on assembbctivities ¥>. Alqg film data was

analyzed'. In general, the activity groups thetere identified in lierature were confirmedHowever,also

new activities were identified like scrubbing, tinning and cuttirithese activities are classified as
miscellaneousctivitiesasttS @ g SNB y 2 (i LIS NFothd\df'tieRe adtidtB 0§/ 1 &8 T Ta a L
Is7mMmn Aa 3J22R Sy2dzZaK3z 2 NJ AE&Fighrés.3 akBitjtsitieNdBriRfiedia2tiviie®NP R dzO S
A drawback here is that the assembly manuals only provide the activities to be exenaaisregard the

activities outside the scope of the manual.
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Figure5.3 Frequencies of individual activities and activity groups.

Secondlysome activitieghat areclassified in a different activity groigerve the sameurpose (Groover,
2007, p. 346)C2 NJ YSOKI yA Ol f 2 20alyohsy avw LENGBRAAS 00 ¥ | alOBplgldy S Q 6\
YSNHAY3 (62 O2YLRYySylGas ¢gKAES Waf A RASHQYWYKHSROTWAY &S
results rom@SNba fA1S WAYALISOGIQ FyR WiSaiQo ¢ KESOHIOM A DA |
(Gattullo et al., 2017)interpretation of instructions causes no problenmsthe current situations as the
assemblershave learned to work with them and build up tacit knowlette However, for new

assemiters reduction of instruction ambiguity accelerates learniiigus, tacit knowledge needs to be

concretized in order to assess ARP.

What is more differenceswithin one activitywere observedFor example, @ewingcan differdue to
variety in screws to based ¥ ° The difference illustratethat each contexis unique hence, ARP should
be assessed per case ammhtent must be customizetbr optimal usabilityKourouthanassis, Boletsis, &
Lekakos, 2015C2 NJ i 2y S 02 dzfsiRpleA2BriodeisyffiSesfdr knstriiction whereasthe
assemblers ih mightrequiredetailed numericsupport to prevenjoining witha wrong screwThis, again,
depends on the ssembler profile too. Manufacturers should thus distinguish assembler profilesto
content creation.

Answers to which assembly activities could be\&8upportedconvergedda ! 8 8 SY o6 f SNRaveg A £ £ | f
to think for themselves. In our situatiorhé aim of training new assemblers is to facilitate sahfidence,
because the real assembly line can be quite intimidating wittamiliar colleaguethat alread/ got used

to the worké' 3. This quote suggestRPfor both mental and physical etivities as assemblers do not

require time to learn in the real assembly workplace and already know how to execute the acthdties
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mentioned insubsection3.3.1Typifyingassembly activitiethe mental activity is supported, which allows

for quicker physical execution.

Lastly, it is important to elaborate on the notion of batcloguctiorn’ ° Regardless of varying or fixed batch
sizes, the ARAS shouldoall the assembler to navigate betweekRASNstructions. By offering this
flexibility the barrier to implement an ARAS is lowered since activities can be executed without being
constrained to finishing an assembly first before commencing with the wBxytallowing to navigate
between steps it is possible tocomplete sub- & & SY 6 f A *Nate thah fdEitAthg navigation is
something different then having a fixed assembly sequence: The sequence of assembly activities is the

same for every assembly.

5.3.1Assembly complexities

Oneintervieweearguedthat the separationbetween structuraland operational omplexities as given in
Figure3.4 is debatableas they depend on the contekxt® Hence, eacltompanyshould analyze which
complexitiesare present and decidaccordinglywhich complexities i@ opeational. The separation is
made better with the involvement of assemblexs theyhavevaluable (tacitknowledgeand experience
complexitiesvery day*'4. Thus, theseparation between operational and structural complexities depends
on the unique chareteristics of theworkplaceand should not be made in advandenalysis of the data

also revealed additional assembly complexities, which are showalite5.4

Source Additional complexity Category Reason for irlasion

h33y 3,1 Concentration level Assembler ¢ { 2YSdiAYSa +y SYLX2e&SS

14, (can be interpre¢d as GKSY (2 F2NBSO 6AGK KR!

discipline ¥ Ly 3 O K&uiresthi@Saxodraagnd errors are

easily made.Thus, high concentration is needed
execute the activities.

HCc¢ The assembler is easily distracted, which introduces errors, loss of efficiency and ergonomic t

LCc On an average day, the assembler stays focused during assembly

13X 2 1 Motoric stability Assembler The assembler is required to have a stable arm
fingers due to the small size of the components a
required accuracy

HCc¢ The motoric stability of the assembler hinders proper execution of assembly activities

LCc The motoricstability of the assembler does not influence execution of assembly activities

13X 2 * Componentragility  Product A thin cable needs to be stripped witlait squeezing
forces, whereas thick cables require more squee:
forces. Fragility is @omplexity that indicates how a
product should be handled.
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HCc¢ The components need to be hdled carefully so as not to break
LC¢ The components do not need special handling
h o Presence of dust Environment ¢ / 2 Y LRy Syida KI @S G2 0S5
aildl yRI NRa¢
HCc¢ Components must be dust free in order to be assembled and meet ysédihdards
LC¢ Quality standards are not violated in the presence of dust
Table5.4 Additionalcomplexities

In sum, the influence of a wallesigned ARAS on the performance measures has been confirmée by t
research datalLikewise, the set of assembly activity groepsated in chapter three was confirmefilso,

the moderation of complexities has been acknowledged. However, the distinction between operational
and structural complexities was not vali@ihat is why it was decided to leave this decision to the

manufacturersThe next chapter stepwise guides readershe final framework.
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6. Designing the framework
Before proceeding to the actual design it is important to specify the needs around the frafdvemall

the questiongn Table2.3 regardingthe pitfalls in the ARIhodel fromHaagsman (201&)ndappearance
of the framework Theinterviewees were unaimous in the view that the ARRodel lacks insightsro
which activities could bARAS supportedit gives an indication of how interesting AR deployment could
be to enhance thavhole LINR R dzO (i A 2 YIn dlIskBeSiSwas: dnclear which data formatwere
required Hence, theguestion vhat information should the framework communicat&able6.1 provides

someinterviewee suggestiond here is &lear need fostreamlining thoughts to assess ARP.

Source Statement

1. | would like to knowvhat informationisrequired to deploy AR and in which formats \
must deliverit. The type of interaction is interesting to know too. Does the assem
press a button when hhas finished an assembly step or is it something else?

2L UKAYl AG A& dzaS¥F¥dzZ G2 KIFI@S I Ft26
which ultimately guides you to a hardware decision.

1. | think the framework should be in the form of a flemap, which guides you towards

i o LR2GiSydAlrt raaSaayvYSyid GKNRBAAK a, Sag 2

2. It does not mention how AR should communicate, remains superficial.

1. | think it is good to develop a scan with 20 questions or so, such that a manufa
reasonalte can argue whether AR offers potential to support their assembly.

Table6.1 Statements regarding framework design

1 H

The following stepgonstitute the framework design. It describkey activitiesper step ad ultimately
constitutesa procedurefor ARAS implementatioiNote, however, that the focus of this thesis is on step

3, ARP assessmeilib concretize the use of the framework, the case ffoim used as illustration.

Step 1¢ Analyzehe assembly process(es)
Should companies base ARAS design on experienced probitdrmased on the operational complexities

that can be mitigated? The decision implies a focus on either performance improve(A&hts deployed
in the most problematievorkplacg or maximizing ARP (AR is deploj@dhe workplacefor which most
complexities can be mitigat¢dideally, tkese two workplaceare identicalbut this cannot be guaranteed
Nonethelessit is an importantdecision to be madé this step, since thefocal workplace is defined that
is assessed on ARP in the following stéps problemdriven:fiAt the assembly station the operators are

working on their maxWe think a training facility would offer a good soluti®h

Boundaries
As was mentioned in sectidhl1 Problemidentification the scopeof the frameworkis manual assembly,

hence, manufacturers are discouraged to use the framework in absence of manual assembly activities.

Also, ecall the two baindary conditions of sectioB.1 Deploying AR has full ailability of CABnodels
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but it was observed that individual preferences exist for the sequence of assembly activities. A
standardized sequence is present, but assemblers do not always stieR toHtehce, future effort should

be to trainexisting asemblergo stick to the prescribedequence ohissemblysteps Existing assembly
instructions wereslightlyambiguousand shouldbe analyzed on simplicity Simplifications of assembly
instructions are to be implemented in step Bigure6.1 displays alecisional charthat was designedo
structure decisionsThehierarchy in these is debatable, atite figure is mag indicative for manufacturers

such that these issues are not omittdeurthermore DfA practicesireinitiated. As theepracticescan be

cumbersome and time&onsuming(Boothroyd et al., 2002)mmediate redesigns are not exged®.

Decisions in stefh

Project suppo
presen®

Is CABdata | Only imagesarrows and
availabl@ textual content

Yesdevelop

Not possible

Unambiguous
instructions preser

Yes

<

Design for implemenation in step

Figure6.1 Decisional chart for step 1

Step 2¢ Inventoryindividual assembly activities
Accordingly, the assembly procesd®uld be mappedAs for all stepst is important to include assemblers

becauseof the tacit knowledge. Hence, this step requires cooperation between management and

assemblersThe aim is to identify individual assemlagtivities on the workplace which differ per
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situation For instance, the assemhdyationA YA Yy @2 f #Sa y2 a2f{ RSMAYIR 2K$NREB -

supports assembly with microscope.

Theassembly manua& T wais analyzed on those activitiegecuted athe assembly station! The result

shown once more in step 3.1, where the individuahatiis are aggregateithto activity groups

Step 3¢ Asses@ARP
Step3 is thestep that was lackingh Chimienti etal. (2010)and is newlydefinedin this thesis The step

involves the actual assessment of ARRlHerdefined workplacand is divided into fiveub-steps.

Step 3.X Aggregatandividual activities
First the individual assembly activitideom step 2are aggregated intcactivity groups based on their
purpose Involvement of the assemblers is advised as they have a deep understanding of the activities that

are executed by themlhe aggregation of individual activities is showfigure6.2.

The absence of théadjusting activity in the assembly manuals does not imhlgt assemblers never
adjust Adjusting is introduced when a previous activity is erroneously executed. Hajasting always

follows checkingwhich makes thenmutually inclusive
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Check| Fix Handling Joining_E Joining_M Miscellaneous

Figure6.2 Aggregation of assembly activities 10r2 Y LJ-dy & 20dzNOSY | wm

Step 3.2; Identifyoperational complexities
Accordinglycomplexitiesare identifiedand classied as operational ostructural complexitiegand HC or

LC .Likeactivity groups operational complexitiesire unique for every contextime pressure is absent in
h | Y°R but the former has a high component count compared to the other caseangsthe boilers
in carriers, whereas the assembly nmanipulated manually in the other cases due tostability’ “or
flexibility of wires3. This illustrates thateneralizinghe set ofoperational complexities ignpossible ad

should be considered peratrkplace
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Step 3.3; Linkactivity groups and operational complexities
In step 3.3, the results atteps 3.1(activity groupspand 3.2(operational complexitiesjre merged into a

table whichshowshow the execution of activity groups msoderatedby operational complexities.The

table shouldbe used to envisiowhere performancepitfalls might occur, hence, creates foc&#gure6.3

illustrates this tabular overviewAn assembly coordinatoof b was asked to fill in this tableThe

complexities were translatethto Dutch to preventmisunderstanding due to own interpretatioVhat

strikes is thathe joining activitiesleal with the same complexities. This couldgx@lained by noting that
OKdRI SQ I OGABAGE R2 Slding Yr2SMT dngr €sg8entidl§ invdlzes RSNy f@> 6 S
mechanical joiningwo electrial componentgogether. This approves the notion that activities should be
INRdzLISR ol aSR 2y (KSAKNS LULE2/EAS/AH PoyD G KOS A@IAEISE FAMNERIdzL
the table.

Activity groups

Physical Mental
Joining_M |Joining_E |[Check |Handling Fix Comprehend Plan |[Search [Select
Assembler
Hearing x
Endurance, force x x x x
Posture of operator X X X x X
Sight x x x x x x x x x
Required concentration x x x x x x x x x
Environmental
Humidity
Lightning X X X x X X X
Moise X
Space for work X X X x X X
Temperature of workplace
Product
Clarity of mounting position x x x x
Component symmetry x
Component weight x x X x
Degree of accuracy demanded x x x x x x x
Degree of immediate feedback X X X
Ease of accessibility x x x x x
Material characteristics (grip) X X x X X X
Mobility during assembly process x x x x
Mecessity of subjective inspection x x x x x x
NMumber of components x x x x x x x x x
Size product x x x x x x x
Stability of component x x x x x x
Visibility of operations x x x x x x x x

Figure6.3 Linking operationatomplexties and assembly activities for

Step 34 ¢ Selecbperational complexities
Having identifiedthe operational complexities,sub-step 3.4aims to removethose complexities that

camot be mitigated with an ARABence, the critical questioim ask For this activitygroup, is it possible

to mitigate this complexitthroughan ARAS For instance, an ARASuUNable to mitigate the moderation

of endurance on activity execution: An assembler has either good or bad endurance. Similarly, an ARAS
cannot compensate for unworkable temperature on the workplace, except that it can warn to take a pause

regularly. Howeer, this does not supporxecution in one of the activity group®n the other hand, an
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ARAS can support the assembler wheingconcentrated igequired: An ARAS prevents the assembler
from being distracted and making errofsn ARA8analsowarn forharmful body postures hazards when
an heavy component has to be handlédus, for evenactivity groupthe role of the ARAS has to be

guestioned, which can be tirmeonsumingThis role is described in the next ssiep.

Step 3H ¢ DescribeARP
After havirg selected the operational complexities thaincbe mitigatedsub-step 3.5describes the actual

role of the ARAS for each activity grodjne step here design the interface anglolves twoquestions

1. Howc How should the content appear on the display?

2. What ¢ What should the ARAS communicate to the assembler?

These choices aim to maximizecomplexity mitigation and the results aredescribed in terms of the
performance measureAsmentioned in step 1, igual contentis preferred over text and sounas it §

more concrete andhituitive’ 2 (Dlinser, Grasset, Seichter, & Billinghurst, 2007; Gavish, Gutierrez, Webel,
& Rodriguez, 2011; Hou & Wang, 201Bence,the goalis to visualizeactivities whemver possible
without exaggeratingontent richnesg¢Blattgerste, Strenge, Renner, Pfeiffer, & Essig, 26br)nstance,
Radkowski et al2015)found that 2D visuals are more practical for precision and accuracy, but that 3D
models shold be used when spatial structures must be assesaih,an unexperienced assembleray
requirea combination of textual and visual content, whereas an experienced asseoryusesa static
explodad view of the finished assembl§ .’Therefore,content richness must be customized to the
assembler(Chimienti et al., 2010; Quandt et al., 201&8)d difficulty evels of assembly activities
(Radkowski et al., 2015; Syberfeldt et al., 2016; Webel et al., 204B)e6.2 describes ARPer activity
groupin general Themiscellaneous activity group excludedas the ndividual activities differ too much
between case companide be generalizedARP is described per caseAppendix H; Description of ARP
Lastly,visual content can take differeribrms (Blattgerste et al., 2018; Funk et al., 2017; Henderson &

Feiner, 2009; Marner, Irlitti, & Thomas, 2013; Mura, Dini, & Failli, 2016; Radkowski et &), 201

9 The actual content can b2D or 3D modelsimages,arrows (2D or 3D) annotations,
symbolsand labels

1 Gontentmay also vary ibrightnesslevel, colorand texture.

1 Content can betatic oranimated

1 In-view (in the assembledsight) or insitu (simuated/projected within the workplace)

48



university of
groningen

Physical
activity
group

ARP

How

What

Result

Handling

V+T

- Highlight positions for placements
and locations of components to pic

- animateCADmodel motion

- Show symbolarrows that indicate
ergonomic hazards.

- Texually show numeric details
tools to use or which ergonomi
hazardsare involved

First time right positioning and orientin
whichreducesER and TCINumber of gazes
remains equal for pickings software still
requires recognition of key features.
reduces gazes fagulacing and holding whel
CADmodels are used as the location ai
orientation then can be visualized.

Mechanical
joining

- Animate how two components ar
joined (and thereby indicate whict
components are joined).

- Showtool to be used.

- Highlight

mounting

component

location or

The assembleknowsthe first timethe right
orientation, position and joining techniqu
of the components which reduces ER ar
TCT.Number of gazes can be prevente
through highlighting mounting locations
instead d having to look to papel
instructions or work from memory.

Electrical
joining

- Highlight soldering locations on
componentor
- show CABmodel and locations tc
perform welding, soldering or SMT

- Warn

visually

components.

for heated

Welding locationsan be highlighted whict
prevents wrong location and orientation ¢
connection. @ze shiftsare prevented as
assembler does not neet find out how
and where toconnect.

Adjusting

V+T

As adjusting is corrective in natuesd
repeats an activity that rould have
been executed correctly earlierpitent
can be displayedin the same manner
However,extra detailsmay be provided these errors. Thus, ARP is there for tt
to ensure right execution.he assembler
must be ableto navigateto the right
assembly step.

The (extra rich) conténensures quality
throughrepairing errors made earligwhile
it also reduces TCT as it is a mem
support It cannot, however, neutraliz:

activity itself, but losses on overall quali
and efficiency have to be taken.

Chegking

V+T

- Stepwise instructhe assembler to

perform

routine

(sub)assembly.
- Content can be visuab checking
whether placement is correctand
textual to ask if there are anjoose
components and other errors fo
which assembler insight is needl

checks or

The content enables quicker validation
assembly quality. Therefore, it prevent:
propagation of errors andeduces TCT. |
the content is shown on the assembly ge
shifts are reduced

Prepare

V+T

- Stepwiseshow which components

and
assembly.

tools must be picked for

- Textualy instruct numeric details tc
inform about required numbers.

The content peventsthe assembler from
forgetting components or tooldy showing
what must be picked and where to pick

Thus, the ARAS reduces the time to prepe
while it is done the first time right.

Table6.2 GeneralARPdescriptionger physical activity group
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I 2y OSNY Ay Jne abkvé tatkudtiatesihatitexual and visual contentan be complementary
Textual content can provide important infortion that cannot be visualizeghd vice versaThe challenge

is to custaonize content for each assembler.

What is more, the results indicatbat the assembler is always supported in his thinking processes; Th
ARAS serves as a memory support through highlighting objects (search, plan, select) or shows joining
techniques, orientation and location of objects (comprehent@iable 6.3 describesARP for metal

activities.

Mental activity ARP

group

Comprehend  Visualzation lets the asembler understand at the first tryvhat needs to be done
and how it must be done correctlidenceTCTisalsoreducedwhile it ensuregorrect
activity execution Textual content does not improve activity execution as tt
assembler sliineeds to interpret the instruction.

Plan Visual contentreduces the time to select the proper actionfhe same holds fo
textual content, but de to lesser intuitiveness it can lexpected that thinking time
increases.

Search Searching is mainly egked to pickingcomponents or toolsSearchingtime only

decreasesf exactlocations are highlighted, as the assemlsdéll needsto find the
location of the componenin case of textual instructioand thereforethe ARASVill
be nonsupportive.

Select If the location is highlighted, selecting will be done the first time rigrextual
support does not very much support the assembler.

Table6.3 General ARP descriptions for mental activities during assembly

Step 4¢ Define assembly instructions
Having identified for which activities it pap#f to support activities with an ARAR step 4 the actual

instructions, textual and/or visual, are creatddecall that the analysis results of instruction ambiguity
(step 1) are implemented her@he decision of content richness is made hetaking into account the
individual assembler needs. The richness of the content determines to a great etemerceived

usefulnes®f the support hence, the ARAS effica@yadkowski et al., 2015)

In the case of , some ambiguity was observed. Hence, this is an improvement to be Aadaeentioned
in section 53, joiningactivitiesillustrate the ambiguity currently present in the assembly instructiorise
second actiorwould be to profile assemblers based on prior knowledge of the boiler assembly in order to

create customized contenWith ambiguousnstructions manufacturers are discouraged to proceed with
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the remaining steps, as it introduces increased implementatiffore wastes in time and assembly

errors ©

Step 5¢ Chooséhardware
In this step the most important decisioconcerns the display typeAs explained irsulsection 3.3.2

Assemblycomplexitiesthis depends primarily on the assembly laydeigure6.4 outlines which displays

could be used for different layouts.

Figure6.4 Recommended types of displays for different assembly layouts

Other factors likeworkspace, expage time, need of helmets and/or glasses, the environmental heat,
humidity and lighting and the ability to collaboratkould be considered to@inser et al., 2007; Palmarini
et al., 2017 Radkowski et al., 2015)able5.2, which exhibits (disidvantages per hardware option, can

be used to make a better informed decision.

Recallthe intentionsof b to developan ARAS supportetlaining facility. Training time is less than the
duration of one work shif, hence an HMD would be appropriate considering usage tifiteere are other
incentivesto use HMDsThe assembleassemblegndividually, has lowelative mobility, has enough
workspace and uses two hands during asseffibfet, an HHI an option tooLastly, immobile hardware
is an option, but only if the workstation is fixed. Fixed displays are discouraged to use foredlie
assembly lineDue to lack of knowledge and focus dwardware selection, aspecifc recommendation

camot be provided

Step 6¢ Choose software

Having cbsen the hardware componentsve now turn to the issue of software selection. The most
important issue here is thatada has to be optimized to suit the hardware, hence, the hardware choice
has implications for the software architectitas it determines required computing capadityagner &
Schmalstieg, 2009T herefore, theultimate choice for hardware and softwaiie iterative. Display types

must change if content requirements are not metichthat computatioral power suffics.

Secondlythe software decisiorconcerns the issue dh-house developmentor buying acommercial

package fromARsuppliers. Although itnay be possible to develogoftware internally, it may be more
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