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Résumeé

Le contexte industriel s’avere de plus en plusicliff dans le cadre de la mondialisation, de la
compétition internationale ou de la complexificatites exigences des clients en matiere de quaélité e
de personnalisation de produits. Par conséquest,ni@ustriels ont a optimiser les codlts, leurs
ressources et notamment les investissements. Isiridude I'assemblage n’échappe pas a la regle, et
I'optimisation des systémes et processus d'assgmbtzrme une réelle problématique de recherche.
Ce travail a pour objectif la détermination d’'unéthode d’aide a la décision pour la détermination d
niveau d’'automatisation optimal pour un processassgmblage. Cette méthode prendra en compte les
caractéristiques du produit, les exigences en meatié qualité, I'aspect ergonomique, I'aspect $pcia
et le contexte économique et financier de I'indaktta méthode d’aide a la décision a pour obijéati
détermination d’un outil pour supporter les designeécideurs, et managers pour la conception de
leurs systémes d’assemblage de produits.

Une revue de littérature a été élaborée sur ce. $tlje a confirmé que la littérature en matiere de
décision d’automatisation n'est pas abondanteuetlg décision a propos de I'automatisation manque
de méthodologies assurant notamment la tracaddigédécisions. L’état de I'art de ce rapport & donc
balayé les tendances et les axes de recherchet@memautomatismes dans I'assemblage, le concept
du niveau d’automatisation, et les méthodologidstantes en décision a propos de I'automatisation e
particulier pour les systemes d’assemblage.

A la suite de 'analyse de la littérature, les éars et parameétres intervenants dans la décision on
été identifiés. Une méthodologie de décision a gsopde l'automatisation dédiée aux systémes
d'assemblages a été élaborée et un organigramnueasion a été présenté faisant intervenir les
caractéristiques du produit, la séquence d’asse@mblas exigences qualité, 'aspect ergonomique, la
stratégie de I'entreprise, le contexte économidua eapacité d'investir de l'industriel, I'aspesicial
de l'entreprise, I'aspect réglementaire suivant Idgalisation du manufacturier, ainsi que les
informations d’industrialisation pouvant étre diefides assez to6t avant I'étape de conception des
systémes d’assemblages tel que le volume de piodutd cycle de vie du produit, le temps de cycle,
le taux horaire suivant la localisation planifiéel@éntreprise.

La méthodologie de décision établie nécessite eticper une méthode graphique standard de
représentation et d'ordonnancement des séquenassethblage. Les méthodes graphiques de
représentation de processus d’assemblage onta&isées, et d’autres méthodes plus globales pouvant
étre utilisées dans ce domaine ont ensuite étéeseMll a été nécessaire de définir une nouvelle
méthode graphique s’inspirant de certaines méthaeontrées en les combinant avec et de nouvelles



idées et améliorations liées a notre cas d'apjpticafpres définition de cette méthode nomm&ML

pour «Assembly Sequences Modeling Languagen vocabulaire standardisé d’actions d’assagebl
standard a été associé a la méthode faisant de methode une méthode standard dédiée a la
représentation des séquences d’assemblages, edtfzrnde définir, d’organiser, et de représerger ¢
séquence tout en déduisant les ressources néessshan représentant les contraintes de précédence
et de gestion du parallélisme pour des tachesardsou des taches a contraintes de précédenaes. U
exemple d’application a été élaboré pour la rept@sien d’'un exemple d’assemblage en utilisant la
méthodeASML établie.

Dans le cadre de la décision & propos de I'aut@ataiin, la sélection des taches a automatiser est
faite en se basant sur la méthode graphisakIiL et I'optimisation de colt d’assemblage. Il estralo
nécessaire d'estimer les temps d’assemblage posr opérations manuelles, automatiques, et
robotiques. Pour ce faire, les actions d’assembssgedardisées ont été estimées du point de vue du
temps nécessaire pour les trois technologies sarfaintervenir les parametres impactant le temps
pour chacun des actions et pour chacune des tedfesl La encore, ce travail s'est appuyé sur les
multiples expériences relevées dans la littérature.

Le travail a été conclu par une validation de ldhmée et des timings par une reprise de I'exemple
d’application d’assemblage et l'estimation de lajusnce obtenue pour un assemblage manuel,
automatique, robotique, et deux combinaisons hgbrides interprétations donnent des éléments
tangibles en ce qui concerne l'optimisation du aived’optimisation. De multiples ouvertures et
perspectives a ce travail en matiére doutils daid la décision et d'analyse du niveau
d’automatisation optimal pour les lignes d'assembtaont ainsi été dégagées.



ABSTRACT

The design of manufacturing systems with the mogakle Level of AutomationLA)
within assembly manufactories continues to be agbdh fact, manufacturers recognize the
importance and delicacy of the decision about aatmm and that to be competitive it is
absolutely necessary for manufacturers to aligir greducts and production with customer
demands [1]. This becomes more and more difficuth wapidly changing technologies and
shortening product life cycles [37]. In this diffic market context, production systems and
supply chains must be designed to handle on oné sach high variety while at the same
time achieve mass production quality and produgtid].

The aim of this master thesis is to define, afteteap literature review about theA
concept and the decision about automation in tieealure, a methodology consisting on a
support tool for the decision about automation inglrocesses deciders and designers in
dimensioning and designing assembly systems. Ity faevas deduced after the literature
review that the research topic is worth doing beeatican be confirmed that the support for
automation decisions is poor [15] and the discussimn the question to automate or not, are
not well documented and the path that lead toitte flecision is not traceable [5].

Consequently, the purpose is to define a decisiethodology leading to an assembly
system LOA the most suitable to the manufactusslfitonsidering its strategic orientations,
its context, location, and economic, financial, aodial situation. The methodology considers
in the decision the product to assemble charatteyiand industrialization and production
planned information that may be known at an eadge before the assembly system design
such as required volume and product market life exploited in order to optimize the
manufacturing cost.

In order to achieve these objectives, an assemfalghical modeling language labeled
ASMLwas built and defined for assembly sequences septation allowing a simple, clear,
and intuitive representation of assembly and legadinassembly sequencing, planning and
optimization. The decision making about automatimtline was developed and standards
timings and tools that will represent the basishef decision making were built and defined
during the master thesis.
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CHAPTER 1. INTRODUCTION

1.1.Industry and automation context

The driving objectives of manufacturers for thesisembly processes are generally increased rapidity,
reliability, and robustness. Their choices weremyainade from a technical point of view. Hill [5&fated that
“the major problem with the technology oriente@diture is that it focuses on the specific appboatand the
potential improvements but, unfortunately, failetglain how to select technological investmenés support
a business”. This is making manufacturers ofteringpfor a high level of automation that are gergral
oversized and more productive than required, artdaiways the most suitable for their production and
context. In fact, they are realizing in the last fgears that a maximum level of automation is nguarantee
of success, and not a guarantee for better mafgirgroducts to sell. In this context Fieldman &ldm [1]
point out that: “To be competitive nowadays itlisalutely necessary for manufacturers to aligrr iireiducts
and production with customer demands. This custoonentation is leading to an increasing number of
variants and to shorter product life cycles reqgjira high degree of flexibility”. Brainbridge [37pted: “In a
time of rapidly changing technologies and shortgrpnoduct life cycles, many companies are focusing
automation as a means for competing on a more déintarmarket. However, an increased usage of
automation does not necessary result in increaseefis”.

In fact, in the last years, and due to mass cugtiand individualized products, manufacturers khou
respond to customers becoming more and more den@imliproduct quality and personalization. Much of
quality is related to repeatability and reprodugiquality that may be performed by automated pss=syet,
automated processes are not always flexible, adg@nd convenient to production where high valitsthin
the demand exists. Brainbridge [37] noted in tloistext: “as demands for more customized produciease
and production systems become more and more cojmplereased levels and extent of automation do not
necessarily result in desired results *“.

Thus, production systems and supply chains mustelseggned to handle on one hand such high variety
while at the same time achieve mass productionitguaid productivity [2]. On the other hand manudaer
should consider and take into account the prodacken life being shorter and shorter. In this cantk [3]
reported that in the automotive supplier industng, average lifetime of a component declined 308infi7.8
years to 5.4 years between 1986 and 2000.

Consequently, the manufacturers’ environment amtexd becomes more and more competitive and
difficult. In order to survive and to secure theasition in the worldwide market, they must mantggr costs
and investments from many points of views and pErtypes, especially the product design, the higtiscand
investments, the product manufacturing and theuariooh processes.

One of the most relevant solutions for every mactufer used to face the manufacturing cost predsure
to rationalize automation. Automation, when wellided and well dimensioned, allows considerablyuag
costs increasing competitiveness, especially insavehere the labor costs and the volume are higlerimits
particularly reducing assembly time and cost. lct,fthe assembly step are still costly for the oaathat it
represents between 30% and 50% of overall produtitiee in the automotive industry, and up to 70%lin
the industries [4]. Therefore it is evident thaé tbpportunity to reduce the global product costmfrtine
assembly step is worthwhile, and as cited by Ressfitomation can help to rationalize the assembly

Consequently, automation can contribute efficiettlyimprove manufacturing capability and industries
position in the world market facing an aggressikdalization and competitiveness.

During the last years, industrial automation isrenand more adopted by manufacturers for production
systems. According to Lay and Schirrmeister [6f tlise of automation within factories especially in
Germany, has experienced constant growth betweg d:®d 1999. Furthermore, the author noted indhees
reference that, after having experienced a higlell@f automation, the results of a survey in German
companies about automation shown that more thairch df the 355 surveyed companies planned to eeduc
the level of automation within their plants. It che seen basing on these results that automatiorbea
advantageous if we see the two third of comparagsfied, and may also be disadvantageous if wéhgee



third of the companies which are disappointed aadt#/to reduce the level of automation. In the seomext
Boothroyd [95] noted that “although during the I&siv decades, efforts have been made to reducenblse
costs by the application of high speed automatiwh anore recently, by the use of assembly roboits;ess
has been quite limited. Many workers assemblinghaeical products are still using the same basiots tas
those employed at the time of the Industrial retrohi. Therefore we can confirm the existence of a
convenient or suitable level of automation for eadmpany that should be defined according to some
parameters, and that is what we are defining a® ‘Gptimal level of automation”. Recently, and witie
evolution of technology and science in fields ofoaation and robotics, many technical researchstindies

are being done for improving manufacturing techgms with flexible manufacturing systems and
autonomous systems, allowing flexible and recoméigle systems that are adaptive with the products
variation and production variability. However, thes/stems still expensive, not accessible,anduitatbde for

the major of companies especially for the small meedlium sized industries.

1.2. Deciding about automation

The level of automation for the assembly processilshensure the required production volume in its
nominal production rate, without being oversizetlug, a convenient dimensioning and an accuratey stiid
the required performance and production rate optioeess should be done in order to respond tondrket
demand or the planned volume to produce with thetrmdequate process minimizing as much as poghible
manufacturing cost.

Other involved parameters in the level of autonmatiefinition will be considered as product and part
required quality, type, design and characterisfdisthese criteria will contribute to the evaluatiof the LoA.
For example, a part with a thickness inferior tBamm will be more difficult to hand and to insemdahen an
operator will spend more time in assembling it tmassembling a thicker part. A same reasonimgiesfor a
non symmetric part compared to a symmetric bechulEnands a time to align the part in order t@ihg in
the correct orientation. This required time diffaczording to the process level of automation,thed a level
of automation may be fixed according to that issiitme saving, because it is affecting the prodwst and
the profitability. In fact, a profitability study illvbe done to justify a solution and not the otlaercording to
the production volume and context.

As the assembly can differ completely from an esnwinent to another, and in order to build a method
allowing judging the LoA for every assembly systemmilarly whether in an existent assembly system or
when designing a new assembly system, a standaotizaf the assembly description will be proposed i
order to unify and simplify the study.

The purpose of this work is to define a standartho@nlogy allowing the decision about automation in
assembly lines. This decision will be located bemvthe product design that is supposed to be knamdhihe
process design. The assembly sequence would bedeethe decision and will be supposed to be kndwn
graphical method would be needed to describe thenady sequence using elementary assembly motran ti
assessed, in order to detect pattern and taskaifomation. These standard elementary motions eaphigal
method will be built and defined in this work, irder to prepare to the decision further.

Other factors should be considered to evaluatdetred of automation as product market life, produrct
volume, machines cost for automatic and robotid, eniteria related to the factory itself as itsdton and
labor costs, and also its situation from economiaadncial, social, and organizational points @w allowing
or not automatic or robotic investments. Theseofactvill not be detailed in this work but may regeat
important outlooks to improve this work.

1.3. General objectives and purpose of this master thesi

The aim of the work initiated by this master tkeisi to help developing a standard method supgprtin
manufacturing deciders and processes conceiversodedting them in the design step of the assembly
machines with the most convenient level of autoomatiThis decision will be built according to releva
involved parameters in the decision such as thelymtoand parts characteristics, the product assembl
sequence, the product market life, the productmome, the manufacturing location impacting theokatost
and some other parameters as tasks manually feniddthe required product quality imposing sons& ia
automatic, the economical aspect and the initiadissible investment, etc.. The method should pesgihich
tasks to execute in manual assembly, in automatién robotic with estimating the time required athe
solution cost, in order to argument and to justifg choice and the solution. This tool will be Helpand
beneficial since that it will avoid some costlywans not suitable or feasible for factories.



The procedure and methodology should be generic agpiicable for every assembly manufacturer
whichever is its product to assemble or its contéxtfact the decision procedure should be standant
should take into account the related specific gateuring the decision process using a standasdnalsly
motions with specific timings according to critetiwt are specific for the product, and involvirigilze other
manufacturer parameters.

To decision methodology built led to a need to apbical method dedicated to assembly sequences
representation. This led, after a literature revigwthe existent graphical method usable in assgrtioh new
assembly method definition and building,

Therefore, the research process and findings wilibroduced, presented and constructed through the
following parts of this report:

The chapter 2 entitled “Review, analysis, and ltnins of the existent in assembly manufacturing an
automation” will consist in state of the art abthe actual research orientation and studies in faaturing,
level of automation and the decision about autargati

The chapter 3 entitled “The position of the decisiothe manufacturing procedure, Information iveal,
and the decision basis, tools needed, and outliw#l ‘define the position of the decision in theopess, the
factors that will be considered, and will presestl$ on which the assembly decision and methodotogy
build will be based. The chapter will end by theidion about automation methodology outline presgra
decision making state chart.

In the chapter 4 entitled “A new modeling langudgdding for assembly sequences representation and
optimization: The Assembly Sequences Modeling Laggl, we will build a graphical method for
representing assembly sequences with standardigesl and notions. An assembly vocabulary of mation
will be defined and standardized related to thehoubt allowing describing any assembly operations in
industry. These motions will be used in the graphistandard method. The graphical method will be
exhaustively presented, defined and argued aftesepting the existent methods used in assembly and
manufacturing and the need argumentation to a maphical method building. The benefits and contidyu
of the new method will be presented comparing ® @Ristent methods. The chapter will be ended by an
example of application.

The chapter 5 “Assembly sequence and motions tistienation, analysis, and time involvement in the
decision about automation” aims to define rulesesfimating assembly sequences represented using the
modeling language built (ASML). After rules defioit, the assembly standardized motion will be ezt
for manual, automatic, and robotic assembly, cansid the factors impacting the duration for eaaitiom.
Examples of time estimation are presented at tdeoéthe chapter for manual, automatic, robotid hybrid
assembly for a defined assembly sequence studibe jprevious chapter.

In the last chapter entitled “conclusion and outloawe will conclude the report by presenting theima
results and contributions of the work and sugdesptoject perspectives.



CHAPTER 2. Review, Analysis, and Limitations of the existenin Assembly
Manufacturing and Automation

2.1.Introduction

The aim of this chapter is to present a stditthe art on level of automation (LoA) and machjne
manufacturing and assembly. The purpose is to préise tendencies and orientation of researchsaerably
consisting on improving technological processes assembly manufacturing such as reconfigurable
manufacturing systems (RMS), flexible manufacturimystems (FMS), autonomous or advanced
manufacturing systems (AMS), and manufacturing etpgystems. Other tendencies in the domain recentl
consists on the concept of level of automation (LaAd some works deal with the decision aboutraatimn
in assembly and manufacturing.

The part will start by the review of whatlietmore frequent in the literature of assembly matn that is
a focus on improving performance, productivity, auonomy of production systems and projecting the
manufacturing systems on advanced and new techiesla@j automation, robotics, and feedback sensors
rather than the focus on the most adequate pradtusiistem. The notion of the most adequate prastucti
system appeared recently in the last few years théghappearance of the Level of Automation (LoAjiag
to find the most convenient process to a considiEedry basing on its own parameters, factors, amdext,
and that's what will be studied in the second péuthis chapter. The third part of the chapter Waltus on
how decision is made about automation in the litzea

2.2. Tendencies and major research orientations in assdaty automation

The focus of researchers in assembly automasiggenerally technical and concentrated on inmipmv
performance, productivity, and autonomy of manufang processes.

Besides, the studies concern also the infeomatutomation and manufacturing support systeroraation
as will be detailed in this section.

In fact, and as it will be presented in therkture further in the next part, many researchetsed that
automation concerns Mechanical automation and rmétion automation. The first type concerns the
machines and the physical processes. The secormtrosnthe information systems, communication, and
manufacturing information tools.

Therefore, this review will be divided to:
- Tendencies in assembly Mechanical Automation
- Tendencies in assembly Information Automation

A- Research tendencies in assembly Mechanical Autonia

The first appearance and evolution of technologima&lchanical manufacturing paradigms from
Flexible Manufacturing Systems over ReconfiguraBjstems towards Autonomous Manufacturing
Systems are shown in table 1.

Autonomy in general means the independence ofsters in making decisions by itself without
external instructions and performing actions bglftavithout external forces [60].

The Characteristics of autonomy for a system:[60]
- The independence from neighbor systems and froemitsonment
- The ability to control itself.



Flexible Manufacturing systems

Table 1 Research tendencies in assembly Mechanical Autdorat

Assembly Mechanical Automation

Reconfigurable Manufacturing

Autonomous Manufacturing systems (AMS)

(FMS) systems (RMS)
Appearance 1980s [60] 1990s [60] 2000s [60]
Market Variety of products Customized products Personalized products
Demand Small volume per product [60] Fluctuating demand [60] Turbulent markets [60]

Requirements

Flexibility

Adaptability, changeability

Self-Adaptability, Self-Optimization, Self-Organtizan [60]

Central control system, hierarchical

Central and decentralized controls,

Autonomous control,

Control structure [60] dynamic structure [60] Hierarchical structure [60]
L -The flexibility and adaptability is - Based on decentralised control - The aim of designing autonomous assembly sysigtasreach self reconfigurability by both hardwarel
Description  realized by clustering the assembly  approaches and heterarchical software [60].

system into subsystems and modules
which get a certain degree of
autonomy and control themselves in .
decentralized way (figure 1 Appendix
- The assembly system consisting of
network of assembly stations or cells
buffers, transport systems etc. is
clustered into subsystems and
modules. These subsystems and
modules get a certain degree of
freedom to react on changes by
themselves and adapt to new deman
- they are more or less autonomous
[60].

-Autonomy in general means the
independence of a system in making
decisions by itself without external
instructions and performing actions b
itself without external forces [60].

- Advantages:

* The benefit of introducing
autonomous subsystems within an
assembly system is reduced
complexity of both the physical
structure and the information system
[66] , flexibility, adaptability,
robustness, and fault tolerance. They
enable rapid response to customer
needs [67].

- Disadvantages:

*When the control system is a centra
control system, "the complexity of
such control systems grows rapidly
with the size of the underlying

architectures

-The implementation of intelligent
control strategies became required in
order to adapt the system [1] :

* The majority of researchers used
agents and multi-agent systems either
design metaphor, as software technolo
or for simulation models [72].

* The Intelligent Manufacturing System
(IMS) program and the Holonic
Manufacturing System (HMS) concept
developed within this program ([73],
[74], [75], [76], [77], [78]).

A “HMS” consists of distributed,
autonomous, cooperative agents or
holons. Three basic holons were define
resource holons, product holons, and

- Only the combination of reconfigurable hardwangl software will lead to an autonomous assemtstesy [60].
- The enabling technologies to realize autononpsaducts are [60] (figure 5 Appendix):

* |dentification (e.g. RFID)

* Localization (e.g. RFID reader, WiFi, GPS)

* Communication (e.g. WiFi, UMTS)

* Decentralized data processing (e.g. softwgents)

* Sensor networks (e.g. visual sensors)
- The more autonomous the assembly systems wili bee future, the more sensors are going to becom
indispensable [82].
- Autonomous machines in assembly are mainly autmus robots for handling and assembly but also
autonomously controlled transport systems.
- The works and studies in recent autonomous sygstan be divided into:

* Full-Automatic stations based on an autonomob®t

* Cooperative man-robot systems

* Automatic multi-robots stations

order holons [79] (Figure 2 Appendix).
- The multi-agent concepts used for
decentralized assembly control include

Automatic multi-robots
stations

Full-Automatic stations based on
an autonomous robot

Cooperative man-robot
systems

both powerful agents with planning anc
optimization capabilities and simple
agents with only a set of rules.

-The intelligent agents use planning ar
optimization heuristics already known
from central control systems such as:
*Genetic algorithms
*Neural networks
*Fuzzy logic etc
-The reconfigurability was realized by
building autonomous assembly cells
which were connected by flexible
transport systems such as automated
guided vehicles. An assembly system

Autonomous robots were develope In autonomous systems, a concept
which are able to recognize their cooperative human-robot appeared
environment by sensors, to coordinal where the robot is completely
their work with other robots and autonomous and is participating
assembly equipment, and to adapt th actively in the assembly. The robot
assembly process if new products ha is flexible and adaptive. He can
to be assembled. Such degree of capture man’s motions using vision
autonomy requires also sensor- cameras and sensors and react his
equipped grippers and manipulators maotions thanks to his adaptive
which are able to act like a human program. Difficulty consists on
hand [60]. ensuring the cooperative man’s

safety.

The concept of multi-robots
stations are stations where there
more than a robot in the station.
These robots are autonomous an
reconfigurable and are used for
handling and insertion. They are
generally cooperating and self
adaptive.
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manufacturing system. This
complexity results in high costs for
development, maintenance, operatiot
and modification of the CIM control
system. Alternatively, heterarchical
control architectures lead to reduced
complexity by localizing information
and control, to reduced software
development costs by eliminating
supervisory levels, higher
maintainability and modifiability due
to improved modularity and self-
configurability, and improved
reliability by taking a fault-tolerant
approach rather than a fault-free
approach.” [68], [69], [70], [71].

consisting of flexibly connected
autonomous cells can be adapted quic
to changing production volume and
product mix.

-To increase flexibility and adaptability,
the cells were built up of replaceable
components and modules. The concep
of “Plug & Produce” helped to quickly
introduce new or remove old units or
devices in analogy to the “Plug & Play”
concept in the computer world [81].
“Plug & Produce” is defined as the
linking of system elements to ready-for
use production systems without manue
configuration effort.

Examples
of works

-Developed at the beginning of the
‘70s as a research topic and has bee
adopted as a real application since th
‘80s, pushes for set up times reductic
to enable wide mixes of components,
exploiting such enablers as robots ar
machining centers [67].

- Many works based on the mixed tyf
business model Push-Pull:
design-make-sell-assemble dominate
this paradigm. The components of th
products are still produced following
the Mass Production paradigm but th
are assembled only after the client he
decided some optional [67].

-Starting in 1983, in Italy the National
Research Council has launched such
research programs as [67]:

» The “Targeted Research Programs
Mechanical Technology”, mostly
addressing the FMS

development and implementatifio0]

e The “Targeted Research Programs
Robotic Systems” , focusing on new
robotic systems and applicationg1]

-Feldmann et al. developed in 2005 a
system of automated guided vehicles
(AGV) with distributed, decentralized
control [83] (Figure 3 Appendix). The
AGVs transport parts and subassembli
between assembly stations and cells
whereby they autonomously decide
about their particular routes. Each AG\
has a control system by its own which
realizes not only the routing and contrc
of the AGV but also all decision-making
and coordination tasks for the processi
of transport orders and collision
avoidance. For this, agents negotiate
between AGVs and stations in real tim
Feldmann et al. ([81], [84], figure 4
Appendix) developed a decentralised,
self-organising and “Plug & Produce”-
able material flow system which is bast
on autonomous modules where each
module automatically possesses
knowledge of all other modules in the
system and the way they are coupled.

- Schippner et al. developed the
Mobile Autonomous Robot Twente
(MART) [86], [87] : The concept of
the Mobile Autonomous Robot
Twente consists of a vehicle-based 4
degrees of freedom assembly robot,
part supply station, and a navigation
system. The mobile robot carries the
assembly manipulator and a number
product carriers. Assembly is
performed on board. The manipulato
is controlled by distributed software
that can be downloaded via radio link
[871.

- Fujita presented a human-like
assembly robot which autonomously
interprets an assembly job by simply
observing a sample object and therel
generates a task sequence and actio
procedure. By following this action
procedure, the robot can then assem
a replica of the sample. With the aid
sensors and detailed knowledge of
executable tasks, the robot is able to
grasp a targeted object which is not
precisely placed and securely attach
to a subassembly at the desired
position [90].

- Krliger at al. proposed a hybrid
assembly cell to overcome the
separation of man and robot and to
combine the accuracy and speed o
robots with the flexibility and
reliability of human workers. They
developed a system based on digiti
3D image analysis which supervise
the common working area of robot
and man [43] (Figure 6 Appendix).
- Krliger at al. continued the issue
with presenting the robot system
"Cobot" capable of sharing the
workspace with the human co-
worker and collaborating with him
through direct physical contact.
Intelligent assist systems (IAS)
represent a novel class of assembl
systems capable of working with
human operators [85] (Figure7Apn»
- Morioka and Sakakibara [91]
presented a project of a new cell
production system with a human ar
robot cooperation. The aim of the
system is to make the operator avo
doing mistakes with feeding only
components that he needs. It keep:
him also concentrated in complex
tasks. The system includes a suppc
systemexplaining to the operator th
operations to do.The degree of det:
can be controlled according to the
skill level of the operator.

- Hirabayashi proposed a system
travelling assembly robots where
three sets of robots are moving
around on a rail track [87], [88].

- Hitachi realised an assembly
system usingautomatic guided
vehicles (AGVs) which work as
part feeders, assembly tools,
universal robots etc. This system
can change its configuration usin
a precision autonomous robot
system that does not require a
teaching process [89].

- Pelaggage et Al [44] presented
study about building criteria for
multi robots assembly cells
highlighting the difficulties
encountered such as the
coordination and synchronization
the sequencing, the collision
avoidance, and the communicatid
architecture.
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B- Research tendencies in assembly Information Automgin

This section is focused on the second type tmaation “Information Automation” which consists
on a real axis of research in the assembly automaind manufacturing. The focus here will be on
manufacturing support system and tools researaited@mains.

Manufacturing support systems are technolaiasenhance the performance of the processes and
sometimes they are absolutely essential in ordeactoeve the full potential of the manufacturing
system [23].

The automation of manufacturing support systéms at reducing the amount of manual and
clerical effort in product design, manufacturingmobing and control, and the business functionbef t
firm [23].

According to Boyer and Pagell [49], in manufaittg support systems a distinction can be made
between design applications, manufacturing apptinat and administrative applications

We organize the tendencies in assembly Infaomautomation as shown in the table 2.

Table 2 Research tendencies in assembly Information Aufomat

Assembly Information Automation ‘

Design applications Manufacturing applications Administrative applications
Computer Aided Design (CAD), Computer Aided Manufacturing Electronic mails, knowledge management
Computer-Aided Engineering (CAE) (CAM) [23] system, decision support systems, material
(23] requirements planning (MRP), and
Examples enterprise resource planning (ERP) [23]

Product life cycle management (PLM): Allows compnio manage the entire lifecycle of a productigffitly and cost-
effectively, from ideation, design and manufacttihepugh service and disposal. Computer-aided d€§ié\D),
computer-aided manufacturing (CAM), computer-aidadineering (CAE), product data management (PDM)digital
manufacturing converge through PLM [98] (figure Bp&ndix).

It can be seen from this technical oriented reteaf both mechanical and information automatiat the
dimensioning and decision about assembly procdssasspecific installation is absent. In this seogations
were found in the literature that may argue thi& laf information:

< Lindstrém and Winroth stated that « the supportaistomation decisions is poor » and claimed that

« There is clearly a need for developing suppaistto find an appropriate level of automation riaore

efficient and robust production systems » [15].

< Hill [52] stated that the major problem with theti@ology oriented literature is that it focusestiom

specific applications and the potential improversemut, unfortunately, fails to explain how to sélec

technological investments that support a business.

¢ Ross [5] noted that the discussions on the questiautomate or not, are not well documented and

the path that lead to the final decision is natdeble.

e Frohm [12] noted from a review that it could be doded that the usefulness of automation is very

much dependent on finding appropriate distributbrasks between the human and the technical system

e Parasuraman et Al [25] and Wiener et Al [92] statteat “in contrast to the voluminous technical

literature on automation, there is a small but gngwesearch base examining the human capabilities

involved in work with automated systems”.

» Safsten [23] noted that « for the technology-ogdnliterature a limitation within the human factors

engineering domain is that it focuses on the sjgeagplications and does not consider whether rdiffe

solutions support a business ».

Therefore, during the last few years, somdietuare being published about the right dimensmwif the
manufacturing process being convenient to a definadufacturer, with consideration of factors relaie the
plant itself and its context. A comeback to consitk@nual execution of tasks if needed was regdterhis
appeared with the appearance of the concept detlet of automation, some approaches for the etialua
and measurement of the level of automation the proditable and adequate to a company.

Some questions about the fact of determirtiegcbnvenient process for a considered plant ang be be
asked such as “Which system functions should benzated and to what extent? ” [25] leading to the
consideration of both manual and automatic oparatand tasks in hybrid systems looking more optiamal
more suitable to the specific case of applicatiod &aking into account interactions between hurremcs
automated subsystems.



The decision about automating tasks will beetdasn evaluative criteria leading to what exteribmating,
and as said by Parasuraman et Al [25] “becausentpact of the evaluative criteria may differ betwee
systems, the appropriate types and levels of adiomir different systems can vary widely”.

The aim of the next part will be the presaatabf works done in the literature in the domaifrtte Level
of automation and the decision about automaticassembly.

2.3.The Level of Automation concept

2.3.1.The Level of Automation in the literature

In the manufacturing domain, the literature s&rorks addressing the level of automation and@ajhein
assembly are not abundant. Besides, the existetisvemd definitions around this concept are quitierdnt
and the definition for this concept is far to béque or standard.

In the definition of this concept of LoA, seak perspectives and points of views exist and many
distinctions may be done. We organize the defingicn seven families where each family includesmes
global concept or perspective of LoA. These coream shown in figure 1 and are detailed below.

LoA Definitions

LoA as levels of and Taxonomies LoA as a decision
Mechanical ) ) among the
and Information in the literature manufacturer
automation strategy
LoA as tasks LoA as an

allocations economical
between Humans function or model
and Machines LoA as REREE of costs
the process LoA as the computers degree of
technol involvement in the )
echnology decision and automation
execution of tasks

Figure 1: LoA definitions and taxonomies in the literature

A- LoA as levels for Mechanical automation and Informéon automation

LoA is defined as the allocation of physic¢atechanical processes) and cognitive (information o
computerized) tasks between humans and technoltigly flescribed as a ranging from totally manual to
totally automatic (table 3 Appendix). A seven scht¥A is used to describe each of the two types of
automation: the Mechanical LoA as the level of endtion for Physical support or mechanical actisitiend
Information LoA as the level of cognitive (computed) activities [12]. In another source [13], Ldé
defined similarly as a reference to both mechaniaed cognitive tasks allocated between humans and
technical equipment. Also a range from 1 to 7 isduas an LoOA scale. This level of automation isicket
from product to product depending on volume andetlaee no support systems guiding decisions [13].

B- LoA as tasks allocations between Humans and Machige

The LoA was defined as the relation betweemdru and technology in terms of task and function
allocation, which can be expressed as an indexdsetvii (total manual work) and 9 (total automatiai)
The graduation from 1 to 9 reflects the dominarfcesks allocated to machines in relation to thelkecated
to humans. In other work, LoA was described alsdisarete steps but consisting on manual, seminaatied,
and automated depending on task allocation betwperators and equipment [23].

This LoA was viewed in the literature as a dimensib process technology consisting of a mix of pssc
technology and humans and stretches between higty and judgement and low acuity and judgement. In
order to optimize this LoA, manufacturers have piroize the task allocation between humans and mesh
because of the complementarities of technologgieficy with the flexibility of humans [15]. In atier way
and for an LoA optimization sake, task allocatitiodd be optimized by “Allocating to the human theks
best suited to the human, allocating to the autimmahe tasks best suited to it* and “Achieving thest
combination of human and automatic control, whesst lis defined by explicit system objectives” [2I1].
order to fully utilize the capabilities of both hans and machines in a semi-automated manufactsystgm,
the interaction between them needs to be well deadd22]. Such interaction has traditionally belescribed
in human factors engineering in the terms of functallocation, implying a system design processrehe
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functions are allocated to humans or to machinespectively. The resulting function allocation mas
described as the LoA, ranging from entirely marmgarations to full automation [22].

A figure about the optimal level of autorsati(Figure 9 Appendix) called “Rightomation* wasposed
[23] aiming to represent how maximizing the compaagnpetitiveness avoiding the under automationtaad
over automation which both decrease the manufactumepetitiveness, with presenting the advantages a
disadvantages for each position of the companyfaét, an appropriate LoA, ‘rightomation’, contrilest
positively in several aspects, whereas the effor® both under and over automation can have negati
effects on manufacturing performance.

The LoA was also defined as the concept vigveintomation as a task sharing approach betweéntthet
human and technology [20]. Fasth et Al [10] noteak t The assembly system needs to have the “righls
of automation i.e. an optimal mix between humantactinology for each task and operation in theesyst

To conclude, it has been hypothesized basinthese alternatives of LoA definitions that by fkieg the
human involved in system operations, some interatedioA may provide better human/system performance
than that found with highly automated systems [BD,3

C- LoA as the process technology

LoA can be defined as the “process technology’d arefers only to equipment for production
[16][17][18]. This view is however technical asdibes not take into consideration the integratiohwhans
and technology

D- LoA as the computers involvement in the decision @hexecution of tasks

Since 1978, a LoA taxonomy incorporating 1Celewvas defined [33] (table 4 Appendix). This tacmry
incorporates issues of feedback (what the humanlghee told by the system), as well as relativerisigeof
functions determining options, selecting optionsl @amplementing. While this taxonomy can be applied
more general terms, it is instantiated in termsvhich agent (the human or the computer) gets anasig
options, selects actions, requests or approvesteleof actions, starts actions, approves stadgadibns, or
reports actions and has been framed in terms détaeperation environment.

A 10 level scale for LoA was also developed l@&hAppendix) [33] aiming to have applicability dowide
array of cognitive and psychomotor tasks requirggl-time control within numerous domains includiig
traffic control, aircraft piloting, advanced manctizring and teleoperations. Four generic functiotrinsic to
these domains were identified:

- Monitoring : scanning displays to perceive systtatus

- Generating : formulating options or strategisdchieving goals
Selecting : deciding on a particular option wategy
Implementing : carrying out the chosen option.

Recently, a new 10° scale for LoA was defifidd][25] where a low level implies mainly manuakka
whereas a high level implies limited or no manasaks (table 6 Appendix).

E- LoA as the degree of automation

The level of automation can also represenptiréon of automated functions of a system intiefato the
complete function of the system [8].

In this sense, it was defined as the degrextent to which an automated, i.e. machine- basggghoach is
employed [27].

The degree of automation can be describech@det/el of automation [29]. So the notion of lewdl
automation may be confused with the notion of degifeautomation.

Gorlach et al [38] in a case study about eatidn of the LoA in 3 sites of VolksWagen autometiv
manufactures in order to decide if the LoA showddrzreased or decreased used a scale of LoAtinflebe
degree of automation from 1 to 7 where 1 represhethighest LoA (the most automated or full autt@di
and 7 represents the full manual.

F- LoA as an economical function or model of costs

Hartmann [9] represented graphical curves ahufacturing costs per unit of product (automatosts,
personnel costs, and total costs) in function ef pnocess LoA in a scale of [0,100] % of LoA, a&hd
optimal LoA minimizing the total cost (figure 10 pendix). He defined the LoA concept with a direct
correlation and consequence on manufacturing csfact, and as can be seen in figure 10 Apperiti,
personnel costs decrease proportionally to the igghloA. At a beginning, automation is economigall
justifiable, total cost is decreasing, and autoomaitost increases almost linearly. Yet, reachingnpiete
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automation causes the automation cost to increggenentially while the personnel costs decreasg onl
linearly, indicating a higher total cost.

Recently in 2012, Windmark et Al [28] citedathran “Optimal automation level is important in erdo
realize a resource efficient manufacturing andeghg a long-term sustainable production“. Theyspraed
the LoA (notedxy) after developing a complete economical modelofmtimizing the LoA in discrete batch
manufacturing systems as a percentage includingdhgment costs per hour i and the salary costs per

hour (Kp) as follow:
Kcp
Kcp +Kp

Xaf =

This ratioxys (the LoA) is termed the automation factor. Itigarin value between 0 and 1.0. Production
whenxg = 0 is entirely manual, the equipment costs beegjigible wherxy = 1.0, it is salary costs which are
negligible, production being completely unmanned.

This LoA definition is based on a continuoasian with level varying from 0.0 to 1.0 while ather
definition are discrete and in a limited scale getye from 1 to 7 or from 1 to 10. This definitiois
consequently original compared to previous examples

G- LoA as a decision among the manufacturer strategy

The link between the Level of automation arelstrategic approach of the manufacturer was lgjgtdd in

the literature:
. Lindstrom pointed out that “There is a need forealeping tools which support alignment of both
strategy and operational levels for reconfiguratbautomation levels* [14]
. Lindstrom and Winroth noted in [15] that “Withinghmanufacturing strategy literature, decisions
regarding automation and more specifically, levalsautomation have traditionally been viewed as a
structural decision category within the manufactyistrategy literature®.
. They noted that [15] “Research has shown that edent between manufacturing strategy and
decisions regarding automation are often of an ed fmature, i.e. the support for making automation
decisions is poor*.
. They pointed out also that “The purpose with theéhmdology for formulation of automation strategy
is to choose an appropriate level of automatiorciviig aligned with the manufacturing strategy & finm
where the measurement takes place“[15].
. They noted the current interest for implicating thanufacturer strategic approach in the decision
about automation saying that “Manufacturing autdomatvith strategic implications has become of saleci
interest to both practitioners and researchers:[15]
. They also highlighted the need to build supportstdor decision about LoA by saying that “There is
clearly a need for developing support tools to famdappropriate level of automation for more eiitiand
robust production systems*“[15].
. LoA according to Groover [26] influences the lorgr strategies of the company related to the level
of competence and where to locate production.sib @fluences several output factors such as gualit
delivery issues, and flexibility [26].

2.3.2.Limitations of the Level of Automation definitions in the literature

After this literature review about the levélamtomation concept, it can be seen clearly teéindions of
the Level of Automation (LoA) are quite differenhch various definitions for this concept exist. Each
researcher introduces his own perspective abasitrétatively new concept. In fact, this concepinseéo be
not yet mature. There is no unique or neither comuaelinition, nor approximately a same definitiotisgs.
Generally a discrete scale is used to measure\amidage LoA with different values generally fromidL7 or
to 10, some authors make difference between pHyaiwh cognitive automations and others not, andesom
authors defines LoA in a continuous scale recently.

There is a need of a complete and accuraiaititef for this concept in the research domainnming
later the evaluation, measure and dimensioningnfanufacturing processes. Some existent definitanes
precise, others are general and do not allow anteghidentification and a good description of ag®@ss.
These definitions don't give idea about the basithe degree of automation and how many tasksvilnale
process are done automatically comparing to thogse chanually.

Some definitions are too subjective and tlaeeegenerally no objective criteria defined in orteassess it.

For some definitions a scale of values morkess large for LOA measurement is given, and freis only
the concept is defined without an issue to evalitate
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The research domain in the decision about t#e needs first a standard and common definitiornthef
LoA concept which unifies the most accurate andgopable existent definitions, it should give a soal
range of values sufficiently large for accuracyesalowing a good measure and assessment of tto fafc
LoA.

The methodology to define and measure the &bduld be objective. The LoA value to obtain udinig
specific definition and methodology shall be theedor everyone who has to follow the procedure.

In the literature, except Hartmann [9] preBent cost curve in a scale [0,100]% and Safstehl ¢23]
with the last definition in 2012 defining the LoA a division whose result falls in the [0,1] randefinitions
and scales of LoA in the literature are discreteemand generally including ranges from 3 to Idlestevels
for evaluating the LoA. Nevertheless, it is betehave a continuous range of values or a LoA ooptiis
function in order to be more accurate and moreagtative, giving a percentage value.

By contrast, evaluating a LoA basing only @basy cost and equipment cost [9](figure 10 Appghdi
seems to be not sufficient and many other invofeetbrs have to be considered in such a decision.

For the model defined in [23], when a highoawatic process is relatively cheap comparing tolaher
cost, the LoA will be low using the formula, but ieality the process LoA is high because the poigs
highly automated. Consequently, the defined contisuscale seems to be accepted and convenierg if th
approach of defining the LoA will be performed.

2.3.3.Building a new definition of the Level of Automatian

In our work, we propose to build an altenmati oA definition. This LoA is seen in out contdrdm an
assembly global process abstraction level. This dlhbe used as an indicator informing globallyoabthe
degree of automation describing the assembly pso¢&s us, the Level of Automation represents thréign
of elementary tasks executed using machines wiocft dequire a high assistance of humans in thaskst
whether automated or robotized in relation to thehe of the production tasks that the productiostesy
assumes. An elementary task may be whether mamualitomated (using automatic or robotic machine).
This LoA ranges on a continuous reference scale 086 representing a completely manual execution to
100% representing a full autonomously machinedguaitonomous robots or autonomous automated lines.

When using a standard vocabulary of produdiisks description as it will be defined later e section
4.4.3, the LoA can be described as follow:

Number of automated production tasks 100

LoA =

Total number of production tasks

Where the Total number of production taskds fixed whatever is the technology (manual, auttad,
robotic) so a constant number. Therefore optimizing LoA leads optimize thenumber of automated
production tasKsobtained after selecting each task in a defirethology. In that case obtained LoA is the
optimal LoA.

With this definition the LoA reflects the allmtion between human and technology in the productio
system.

At the same time, the optimal LoA is the LoAnimizing the cost per product after respectingdtrategic
orientation of the manufacturer, considering itateat, values, production rules as the ergononpeetsand
tasks forbidden manually, quality engagement, envitent respect, location for labor cost and loawlsl to
follow, and its economical, financial, and socialtss.

To calculate the product cost for each pradacsystem many strategic parameters should beveesd,
exploited and considered such as salary cost par, kequipment cost, the initial admissible invesitméehe
product planned production cycle, etc..

The optimal LoA is important in order to realia resource efficient manufacturing, to achieleng-term
sustainable production, and maximize its competitess.

The optimal LoA influences the long-term stgies of the company related to the level of cosmpet and
where to locate production

Optimizing the LoA aims to obtain the cheapastduction process concept being at the same ttime
most convenient to the concerned manufacturer derisg all its own parameters, requirements, amdeco.

This concept of LoA that we defined in thistsen will represent an indicator about the globssembly
automation degree. Therefore, the importance isenmor the methodology definition than on an overall
indicator. In fact, the aim of the topic is the d@&mn about automation and this LoA definition niag an
indicator calculable resulting as a consequence fitee optimal assembly system reached using aidecis
about automation methodology.
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2.4.Deciding about automation in the literature

In fact, determining the optimal level afitomation considering intrinsic and specific dastfor the
manufacturer such as context, location and typgeraduct remains difficult for companies in industisector
[5,8,12]. The Literature about the decision is almtindant and the support for making automationsa®s is
poor [15]. In this context Ross noted [5] in 2083attthe discussion on the question to automat@iprane not
well documented and the path to lead to the fieaigdon is not traceable. Hill noted [16] that fferspective
about the decision and automation in the literatsitechnical and fails to explain the selectiorappropriate
technological investments that support a business.

In the literature, few methodologies aboutdeeision were found. Although, many useful ideas thay be
exploited later in the decision making were foumt awill be presented first. These ideas represent
encouraging or discouraging parameters for automati not. Consequently, all what is related todaeision
in the literature will be presented as follow:

- Concepts and ideas about the decision: consistseiful parameters or advices to consider or to itatoe
account for the decision.

- Guidelines and frameworks for the decision: coasist standard methodology. The existent methodedogi
described in the literature are generally abstmaot, concrete, consists only on a reasoning maandr
don’t consist, as it should be the case, on a metlicapproach to follow accurately and using exent
mathematical tools in order to converge to a sasalt.

2.4.1.Concepts and Ideas about the decision in the litetare

2.4.1.1.Concepts and Ideas about using (full) Manual or (fli) Automated

After a literature review about the decisidyoat automation in the literature, many useful emts and
ideas were found, and that may be used furthdrdrdecision methodology to build. We organize thidsas
in figure 2.

2.4.1.2 Hybrid systems: a mix of Manual and Automated systas

After presenting concepts about using full namor full automated processes concerning also tizdub
systems encouraging or discouraging the choiceptif@ for a full manual or a full automated, we g@et in
this section the concept of combining these twterbht kinds of systems in the same process, dmisists on
hybrid systems aiming to bring benefits from batkoanatic and manual systems.

These hybrid or cooperative cells combine dlceuracy and speed of robots with the flexibilityda
reliability of human workers [43]. This combinatids especially useful for complex assembly and hagd
tasks [43] (figure 13 Appendix). The balanced cambon of manual and automated processes increases
flexibility, reduces manufacturing costs, providegh quality and throughput [38].

Concretely in this sense, the result of cdsdies [38] about optimizing existent levels of @uation
showed that fully automated as well as completebnual processes are not the optimal in automotive
assembly. It was also shown that the fictitioustyetmined levels of automation consisting of auteehand
manual stations is a better option if the combie#elcts of cost, quality and flexibility are considd.

Justifying the hybrid systems, Lindstrém et [Ab] noted that “research has shown the importawfce
integrating both humans and technology in manufatguautomation, thus supporting sustainable ahdisb
manufacturing system”. It was also declared thatdid automation, is automation achieved with a huma
touch” [40].The future of assembly manufacturingswaredicted by the increase of inline conveyorised
systems and semi-automatic bench-mounted mact86gés [

Researches also talked about the notion oktHaman centered automation » which is purportechéan
« Allocating to the human the task best suitechtoltuman, allocating to the automation the tasks iéted
to it » [41]. Sheridan [41] also stated in this @ « Achieving the best combination of human antbmatic
control, where best is defined by explicit systebjeotives ». In the same way a model called “MABA-
MABA" appeared [53] as “Men Are Better At-Machin&se Better At” (table 7 Appendix).

The reconsideration of manual execution in rabbe was discussed and argued by involving a caewen
dimensioning of this participation. Bley pointedt ¢hat « we have to care for appropriate humarigigation
during planning and execution of assembly » [42]s lin fact more optimized in some cases, esfdgdial
mechanical assembly to use hybrid system base ptogee’s interventions or also manual operatiosteiad
to automate, for the sake of flexibility, reduciogmplexity, feasibility and economy [1]. In facinee certain
elements involved in production of many types canparticularly difficult and costly to automateeth
decision is often made to introduce use of padigiomation [54]. Yet, in economic allocation ana fo
equivalent performances, if the cost of technolfgyautomating a function is higher than hiringaperator,
the function will not be automated even if thera iechnical solution [23].
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- Improving competitiveness

* European manufacturing companies are presently focusing on automation as a weapon for

competition on a global market [7]

* Highly automated product realization is an important means for industry to meet
competition from low-cost countries, due to relatively high wage costs observed in e.g the US

and Europe [7]

* Many companies are focusing on automation as a means for competing on a more
demanding market because in a time of rapidly changing technologies and shortening product

life cycles [37]

* 97% of the respondents of a survey claimed that automation increases competitiveness [7].

- Don’t ensure high quality and reproducible
quality [35]

- Availability and Flexibility

*Many manual operations can be found in assembly
according to availability and flexibility [35]

*People are the most flexible resource of a company

if a satisfactory education and life-long learning are
taken into account [42]

* A low automation level often results in a high
degree of flexibility and, accompanying this, the
possibility of producing a greater mixture of
different products through a shortening of the setup
time [28]

- Achieving complex operation [35]

- Automation becomes less attractive
when product design is improved and
number of parts is low (<4)

([34],[95], figure 11 Appendix)

- Product must be manufactured in
quite large quantities before
automation could be considered34][95]
- Product design may be change (DFA)
to improve feasibilitv of automatit 341

- Reducing the number of manufacturing operations
* With the complete-assembly in only one setting, the
number of manufacturing assembly operations like
transporting, clamping, and positioning is reduced [35]

* one of the purpose of automated systems is to
perform functions more accurately than human
operators [7]

* 98% of the respondents of a survey claimed that automation
gives possibilities for higher efficiency [7]

- Improving Productivity - Improving product working environment
* Automation allows increasing labor productivity and mitigating the effects of labor shortage [26]. * 93% of a survey answers that automation allows
* 94% of the respondents of a survey claimed that automation increases productivity [7] eliminating monotous and physically demanding work
o | situations [7]
=1 * Automation allows the execution of impossible or
- Improving product Quality - Minimizing the number of labors hazardous work for humans, difficult or impleasant work
* Automation allows improving product quality [26] * 85% of the respondents of a survey for humans, and extention of human capability [47]
* Under certain conditions, the quality of the units produced can claimed that automation enables * automation allows reducing or eliminating routine
be improved by an increased Level of Automation [28] production with a minimum of manual or clerical tasks, improving worker safety, and
emplyees [7] accomplishing tasks that cannot be done manually [26].
- Accuracy - Higher efficiency

5

Disadvantages

Manual Assemb
Advantages

The DFA impact on
automation

Involving the
manufacturer strategy
and context in the

decision

Ideas around the
decision about
automation

»| - Cost savings
Ll

for manual

Task being not suitaEH

> |
Automatic/Robo p| - Time savings
* Automation allows
Manual Assembly Assembly Advantages reducing lead time [26]

*100% of the respondents of a survey claimed that
automation allows cost savings within production
[7]

* Automated system is a more economic as well as

Task being not suita

be automated

Lean Awareness

Automatic/Robo
Assembly

- There is a need to deepen and to embed human centred
approaches to automation in manufacturing strategy [46].

- in the implementation of advanced manufacturing technology
other aspects are important such as organizational culture and
systematic practices [46].

- Choose an appropriate level of automation which is aligned
with the manufacturing strategy of the firm [15].

- Successful decisions about automation go in line with what the
company aims for in the long term and the decisions are
synchronized with the manufacturing strategy and
capabilities[48].

- If the decision of automating is pushed on the organization,
without linkage to the manufacturing capabilities, such
investments may become real failures [23].

- To fully utilize the manufacturing potentials provided by
automation, improvement and refinement of the automation
decision on a strategic level is required [23].

- Decisions concerning automation require consideration of the
possible advantages of choosing between different LoA [23]

- An automation decision formulated together, and in
congruence, with the other decisions in a manufacturing
strategy, has shown to be more successful [49],[50]

- Level of technology is one of several decisions constituting the
manufacturing strategy content [51][52]

- The skill level of personnel should be in congruence with LoA
for managing the system, doing programing tasks, and so on. [23]

- Flexibility and products

variants management

* As Demands for more customized
products increases and production
systems becomes more and more
complex, increased LoA do not result
necessary in desired results [37]

* A high LoA can lead to less flexible
automation systems leading to difficulty
of customizing products [38][7]
*Process productivity increases with
decreasing flexibility [1]

Z

- Maintenance

* Using automation adds
maintenance costs to the product
that should be considered [2811951

- Robustness/

Dependence of LoA o
manufacturing domain and on

the product type

The plant Location an

impact on LoA

A 4

well as safer system [7]

* Automation allows avoiding the high cost of not
automating and allows reducing the labor cost [26]
* production system with a high automation level
requires that a high production level be achieved in
order for it to be particularly profitable [28]

- Specific aptitudes of Robots
* Assembly robots are useful when there are:

\ 4

0 Heavy components to assemble [43]

0 Large number of components to assemble [43]
o Different directions in assembly operations [43]
* Assembly robots are useful when high accuracy
is reauested [431

»

>
- According to a survey [7], these tasks

Disturbances

* Automated
systems robustness
decreases with
increasing parts
tolerance [37].

* Systems where

- Complexity

processes [35]

* High complexity of the technical and organizational

* Automation includes more complex production
systems which are difficult to handle [7]
* A high LoA can lead to extremely complex systems [38]

motions [10]

LoA are too high

present high degree
of sensitivity to
disturbances [28]

- The Investment

investments in automation 71

* A high LoA can lead to expensive automation systems [38]
* Automation cost increases with increasing of LoA and of flexibility [1](fig12 Appendix)
* 60% of respondents of survey claimed that it may be difficult to get payback on

- Configuration/ Reconfiguration
* A great deal of time and cost is
spent to engineer and program
robotic assembly cells [36]

- The supply to a limited workspace of numerous
different work peaces and tools [35]

s sewed, {

- The degree of automation of the
assembly process depends on product
type :
* In electronic assembly components the
degree of automation is converging to
100% last few years due to
semiconductors technology evolution [1].
* In mechanical assembly the automation
level is increasing but not really too high,
about 55% in 2000 [1].

used [61,62,63]

- Lean awareness within companies
impacts the decision about automation
and perspective toward automation:
*Companies with low lean awareness
think of mechanical LoA [10]

* In a study of 6 companies 4 of themn
got suggestion of increasing lean
awareness to improve productvity
before considering automation : wastes
were over production and operation

* To achieve lead-time reduction or a
time optimzation, JIT tools could be

* Companies have to adopt lean tools
and have lean awareness before
consiodering automation [64]

are tasks in a context of:

* Hazardous environments (97%)

* Monotous and physically demanding
working situations (94%)

* Tasks demanding high precision over
time (89%)

- According to a survey [7], these
tasks are tasks in a context of:

* Occasional products over a
limited time (73%)

* Production of occasional
products or small batches (72%)
- Resons :

* Automation of such products
would not be cost-efficient

* The change-over time would be
too high

Figure 2: Using Manual or Automate

- Decision about automation depends on plant location:

* A study for improving LoA for a same vehicle product in Volkswagen automative
industries in Germany and South Africa [38] shown the implantation of the VW firm
of different LoA in assembly lines comparing the production countries sites [38].

* The optimization of these LoA by the author [38] led also to different LoA
comparing these countries sites (table 13 Appendix)

* Choice of plant Location depends on personnel and energy, skills, costs, level of
education, and motivation of peronnel, and on the market conditions [38]




2.4.1.3 Automation in real cases of manufactories and feedicks from companies having
experience with automation

According to studies done by Fraunhofer Instit®@% of the companies, which have had experiences
with automated solutions, are of the opinion thaytexaggerated automation in the past [38].

Evidence from US companies indicates the importafcacluding human aspects when implementing
advanced manufacturing technology [45].

Many studies indicate that most automation decgsemanate from the top, and often the outcometis no
what was expected when making the investment [23}as also reported that systems in the manufactur
industry are rarely fully automated [23] and a camnnsolution used by manufacturers is to integraaeual
and automated operations into semi-automated metowifeag systems [23].

Some case studies were performed and presentedfbiei®s [23] about experience of 5 companies with
automation in order to study how they worked withoanation issues linked to automation decisiongséh
companies’ characteristics are presented in taBlpndix. For the results of the experiences gleater to
table 10 Appendix. The results indicate that whetiglons concerning automation are made without
considering the context, the long-term result isgatisfactory.

Kenneth [55] tested and presented an experienadiffefent LoA and process automation in a same
application of a case study in the physico-chenticathain and drug research. He tested 5 technoldgies
the semi automatic process to the robotic and dulomated with HTS (High throughput screening)
technologies processes aiming the improvementldrcapacity, speed and efficiency of the drug disgo
processes for a same case study and presentedivihptages, disadvantages, capacity and costs bf eac
technology (table 9 Appendix).

Lay and Schirrmeister [6] reported resulta glurvey in 355 surveyed German companies abootnation
showing that after having experienced high LoA, enttian a third planned to reduce LoA within thégmgs.

Udo [57] and Mital [58] noted that there cowi to be reports of investment failures and diffies in
computer-integrated manufacturing systems impleatiemt, due to the lack of addressing man—machine
interaction appropriately.

An important companies’ feedback was also meploindicating the need of management to a supgant
improving man—machine interaction at the earli¢atjs of their manufacturing automation decision ingk
process, in order for them to avoid the pitfallsoe€r-automation which can lead to the failure amputer
integrated manufacturing systems to deliver cadgieéif’e and flexible operations [59].

2.4.2.Guidelines and frameworks about the decision in théterature
2.4.2.1.Guidelines and frameworks for conceiving optimal pocesses

* Methodology developed by Parasuraman et Al [25]

«* The methodology presentation

Parasuraman et Al [25] developed a decisiodeh@iigure 14 Appendix) based on academic literind
industrial surveys aiming to allow designers teed®ine what should be automated in a particulaesysThe
purpose is to develop a tool that would incorpohatman factors in the evaluation of different awation
alternatives at the manufacturing systems desagest

Using the scale defined previously in thisorefn table 6 Appendix, the authors classifiedlaagtion of
automation to 4 classes: Information acquisitiafpimation analysis, Decision and action, and Acttio
implementation.

Each of these functions can be automatedfiereint degrees, or many levels, and to each eassA from
the scale is associated (figure 15).

The proposed model provides a framework for exargimiutomation design issues for specific systems.

The evaluation criteria of the decision aleutbmation are organized on a series of stepsraitdrative
procedure that can be captured as shown in thedtatt of figure 14 of Appendix as follow:
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» The human performance consequendeasur human performance areas were discussed layther:

= Mental workload
Well-designed information automation can changedmoperator mental workload to a level that is
appropriate for the system tasks to be performed.

»  Situation awareness
If a decision aid, expert system, or other typdagfision automation consistently and repeatedict=l
and executes decision choices in a dynamic envieoaynthe human operator may not be able to sustain
a good “picture” of the information sources in #revironment because he is not actively engaged in
evaluating the information sources leading to asi@c.

= Complacency
If automation is highly but not perfectly reliabieexecuting decision choices, then the operatgr ma
not monitor the automation and its information segrand hence fail to detect the occasional times
when the automation fails: -> over trust or complaxy

=  Skill degradation
If the decision-making function is consistentlyfpemed by automation, there will come a time when
the human operator will not be as skilled in parfimg that function.

» Automation reliability and the costs of decisiontida outcomes
Assessing the appropriate level of automation decision automation requires additional
consideration of the costs associated with deciaiath action outcomes. The risk associated with a
decision outcome was defined as the cost of am enuttiplied by the probability of that error.

o

< Discussion and limitations of the methodoloqy

The proposed model suggests the costs as aunaéion criterion, but don’t present a methodolagy
calculate the costs, and don't define thresholdefample to evaluate and compare a solution tersth

The importance, weight, or priorities of exalan criteria is not discussed.

The model is a simple guide giving an oridotabf thinking, but not an accurate methodologyditow
allowing precise calculations and a unique solutiboonsists on a qualitative approach and nohtjtaive.

Automation decision may depend on severalraiialuation criteria in addition to the proposeitecia.

» Methodology developed by Ross [5]

7

s The methodology presentation

Ross [5] developed a decision methodology (figueAppendix) aiming to determine the economically
optimal LoA in the assembly [93].

The inputs of the methodology are the product imftion like the product range, e.g the quantities are
to be assembled and the description of the paradf sub-assembly, but also of the assembly meses.g
type of the joining functions that are used to aamtdhe assembly processes [93].

The methodology starts by evaluating the technéfdrts to economically automate the joining and
handling assembly functions of the assembly prassssith the help of a criteria list, which has hheeeated
after a literature review by Ross. The output @ #nalysis is a value called “effort value” forchaassembly
activity. This effort value is then compared to taeshold value based on previous experiences with
automation and stored into a databank. If the eWalue is greater than the threshold value, thas not
economically practical to automate the assembliviaicand the assembly tasks will be manually dofiee
decision is consequently argued by an economieadilidity study providing the final output, whichk, ifor
Ross, the economically optimal level of automatioa given situation for the assembly [93].

o

< Discussion and limitations of the methodoloqy

The methodology has several advantages such aghasinputs like product and process assembly that
are known at an early stage before the assemhtigreydesign. The economic argumentation is alsodstieg
and increases the objectivity of the approachdttiteon the method is quantitative and based ocutations.

This methodology has also some limits like bagingew criteria of evaluation which are only teatadi
In assembly system design several other factonsldte considered than the cost efficiency.

Other inconvenient is the inaccuracy of the outputfact the output is manual or automatic, so & on
levels of automation are considered, and for threege process. The threshold concept and how tib iinot
detailed nor discussed by Ross, despite it is mapprtant in the decision methodology.
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* Methodology developed by Konold and Reger [94]

«* The methodology presentation

Konold and Reger [94] developed a decisiorhoddlogy (figure 17 Appendix) giving an indicatiohthe
LoA that must be implemented into the assemblyesgstonsisting on 4 levels or types of assemblygeees
[93]:

- Manual assembly where sequence of workstations@mmechanically chained (transfer by hand)

- Manual assembly where sequence of workstationsiaohanically chained (automated transfer)

- Hybrid assembly: manual and automatic assemblipatat

- Automated assembly: automatic assembly stations

The approach is based on seven questionsdfigu Appendix) that characterizes the assembhgsyand
covering various domains: the quantities that haviee assembled, the period of time available ¢ostiart of
mass production, the runtime of the product assgmntid number of product types and variants, theuarnof
work per assembly, the level of difficulty of thesembly process, and the transfer of the sub-adissmb
between the assembly stations.

7

** Discussion and limitations of the methodology

This methodology presents some advantagdseasimplicity, the uniqueness of the result regesliiwho
is the method user, and the applicability of thethmé at an early stage of the process design sdbég
parameters and questions guiding the decisions.

By contrast, the method has some disadvantages as the output of the method. In fact, thehowet
provides the LoA of the whole assembly system amdtdlescribe accurately which stations to be mhoua
automated. Solution is not accurate also becausé ider to robotic solution considered also atbmated.
The aspects to evaluate the LoA consisting of #&etspare limited and not sufficient for such a sieci.
These aspects are also all of them technical amt d@wo/olve the manufacturer capabilities such bs t
economical possibility to invest on an automatiogass for example if the decision coming from the
methodology is a full automated process which maybe approachable by the manufacturer.

» Methodology developed by Windmark et Al [28]

«* The methodology presentation

Windmark et Al developed an economic modeldetermining the optimal level of automation fosaete
batch manufacturing. This model is based on sewa@homic equations that the author presented atetyr
[28]. The economic costs considered involve sevpratluct and manufacturing information consisting o
product materials costs, cycle time , downtimes;atejects, rate losses, material waste, Totalnahtosts of
a batch, maintenance cost, salary costs per howidaring the number of operators and the averageys
cost per hour, equipment cost per hour, produc@ies size or the batch size, the production daneg the
planned life time of the equipment, the plannecvation of the equipment during its planned lifeginthe
basic investment, the cost per year for spacedhgment occupies considering the size of the spadethe
cost per square meter, and other factors.

The author [28] presented, as shown in thefpaf the section 2.2.1 in this report, the LoAaaguotient of
the equipment costs per hour and the sum of thigpegent cost and the salary costs per hour, arsépted a
formula of the unitary product cost function ofgHioA permitting optimizing the cost by derivingigh
formula with respect to the LoA factor. He presdntising the economical equations that he develdiped
evolution of some manufacturing parameters in fioncof the LoA (table 11 Appendix). He highlighteg
presenting curves that the maximal production dapand the lowest part costs are not found at seahge
of the LoA factor (table 12 Appendix). The optinhalA of system is also also proved dependent erbdich
size (table 12 Appendix).

7

“* Discussion and limitations of the methodology

The model seems to be very precise and aectoatalculating the part cost considering margydis that
impacts the product cost in the manufacturing, twslmodel can be helpful in orienting in the metblogy
building to all factors that can impact the costted product, if an economic justification will bellowed.
Yet, the presented model involves some informa#od costs that may be not known at an early stage o
conceiving a process, such as manufacturing bareh ejects, rate losses, material waste, andugtmoh
setup. In fact this model can be helpful in an ecoic calculation of product cost for a productigstem to
propose, but seems needing an adaptation In ardestimate some costs that cannot be known atrén ea
stage when designing a manufacturing process. Fmoather side, only an economic justification is not
sufficient for a decision making about automatiand other factors involving the manufacturer ane th
product characteristics should be considered.
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» Methodology developed by Boothroyd [95]

«* The methodology presentation

Boothroyd studied in his book “Assembly autcdmraiand product design” [95] the assembly manufaogu
of an example of a product consisting on a poweg [ffigure 18 Appendix) and presented a study abuwat
most convenient process to assemble it: The asgesgbtem being the most profitable presenting #aestl
product assembly cost per unit.

The author calculated in the study the costppaet for six different systems: A full manual,dvautomatic
systems: the first using indexing machines andgs#fo®nd using free-transfer machines, and 3 robgsitems:
the first using a one-arm robot; the second usirmgarm robot; and the last using a multi-stationots.

For each possible assembly solution the awdhloulates the unitary product assembly cost usaagiomic
formulas that he developed previously in this bbaked on the required feed rate and estimating euntfb
feeders to use, the time estimation using the lagndind insertion codes and times according tospart
dimension and characteristics developed by Boothrf86] for manual, automatic or robotic systems
corresponding to the studied process, the feedmis,cestimations of basic machines cost (feedehima
cost estimated to $7K, indexing machine cost estichao $10K, automatic assembly station estimated t
$30K, robotic SCARA standard one arm robot costeged to $80K, robotic two arm robot cost estirddte
$150K), the assembly labor rate in cent/sec (thaevased is 0.83 cent/sec ($30/hr) for the workbol rate
and 1.1 cent/sec for the assembly techniciansk efficiency value (estimated to 80%), tools cdsts
inspection estimated to $10K, fixture costs estaddab $12.5K, the cycle time for each type of etatetc..

The author [95] calculated the cost per partefach assembly system and presented a table dogplae
obtained final product assembly costs in ordereienine the most profitable assembly system amguhie
least value of product assembly cost (table 14 Agpe@.

+» Discussion and limitations of the methodology

The economic justification is based on siguifit information and estimations concerning thedped and
its characteristics related to the specific assgrapstem especially from required assembly timingpof
view, which reflects the assembly cost. Consequetitis information can be known or estimated atarly
stage of the design of an assembly system. Anddbeomic procedure seems to be important and useful

By contrast, the approach doesn’t concernitiybystems that can be convenient and less cdwtly the
studied processes. In fact, being limited to sopeeific systems without combinations may don't léadhe
most optimal and feasible for a case study.

The standardized costs used such as machéte @y lead to faulty results. In fact, thereometimes a
great difference in prices between automatic mashthemselves or between robots themselves acgadain
accuracy, tolerance, domain... Although the authedws standardized cost for automatic, a standatdine
of a one arm robot, another for a two arm,.. Tesué may be improved by making some categories in
machines and in robots based on cost average,, rangeler of magnitude.

Other drawback may be cited consisting ontilmgithe decision making to only the manufacturaugt.
This manufacturing cost is important in the decisly is far to be the only criterion. In fact, theost
profitable process may be for example not ablenguee for example a required quality, or a compdsdor
may not be available where the plant is locataldfsolution is a full manual. Other example, i§ thpproach
leads to multi-station robot systems, the econamstatus of the manufacturer may not allow to purehars
support it.

* Methodology developed by Almannai et Al [59]

«* The methodology presentation

Almannai et Al [59] developed a decision suppaol based on the “Quality Function Deploymef@FD)
technigue and the “Failure Mode and Effects Analy@FrMEA) technique (figure 19 Appendix).

Rather than the traditional investment justifion process, the proposed methodology uses #@2 Q
technigue as the prime method to link the automatisestment objectives with technology, organaatiand
people evaluation for the selection of the bestraditive [59] followed by deployment of the FMEA@ique
to draw attention to any problems or risks that hihige associated aiming to support management in
identifying potential problems with the selectettalative and preventing them [59].
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In order to be applicable to processes developmendijfications and adaptations were mandatoryter t
QFD and FMEA techniques which are originally relatito products development rather than processes
development.

The decision algorithm consists of 3 stageshasvn in the figure 20 Appendix: The first consist
weighting the criteria regarding the “managemenmjuieements/objectives” using the QFD technique. The
second consists on evaluating the automation aliees regarding the sub-evaluation criteria, ideorto
identify the most suitable automation alternatigeng also the QFD. By taking into account the wtsgif the
different criteria classes, a global score is camegbufor each alternative making possible to rank th
alternatives from the best to the worst. The preadsidentifying the evaluation criteria and sulaleration
criteria involves compiling a list of the elemethsit could be related to technology, organizateord people
in manufacturing systems selection and desigratiiee. And the third and final stage aims to idgrhe risks
and potential failures associated with the bestrmditive selected by applying the FMEA techniquethos
selected process.

o

< Discussion and limitations of the methodoloqy

Giving a quantified approach for evaluatingemdatives can be considered as an advantage. Other
advantage consists on the fact of basing on stcaiegprmation in the evaluation making the method
applicable in early stages of designing new prasess

Yet, the methods don’t seem very useful anddiiantages also exist for this method such aséfiritibn
of the automation alternatives was not definedadidition, the QFD and FMEA techniques dedicated to
product development and adapted by the author fmress development was not justified and argued. Th
validity of adapted QFD in the literature is alsot mbundant. Other disadvantage is the evaluatiberie
which are not fixed but depend on the decision makad his knowledge, so the method is almost stite

2.4.2.2.Guidelines and frameworks for optimizing existent pocesses

* The USA (“Understand-Simplify-Automate”) principle

«* The methodology presentation

The USA principle («Understand, Simplify, Aatate»), is an automation strategy focusing on dspec
consider prior during implementation of automatedcpsses is suggested by Kapp [96]. It is basednon
automation migration strategy of an existent precesnsisting on a plan for evolving the manufaowiri
systems used to produce new products as the degramg. It involves three phases: manual production,
automation of single stations, and finally autordatetegrated production [96]. The USA principle was
defined by Singh [97] as a common sense approaahttonation projects.

The USA is based on three major steps [97]:
» Understand the existing process

The obvious purpose of the first step in ttf®AUapproach is to comprehend the current proceah of its
details and ask questions such as: What are thésihppWhat are the outputs? What exactly happetiseto
work unit between input and output? What is theciom of the process? How does it add value to the
product? What are the upstream and downstream tapeyan the production sequenced, and can they be
combined with the process under consideration? [97]

Mathematical models of the process may alsadedul to indicate relationships between inpuapseters
and output variables. In this way other questioay tve asked: What are the important output vars@bléow
are these output variables affected by inputs ¢opttocess, such as raw material properties, pras#sags,
operating parameters, and environmental conditidis® information may be valuable in identifying ath
output variables need to be measured for feedbaggopes and in formulating algorithms for automatic
process control.

»  Simplify the process

Once the existing process is understood, tieisearch can begin for ways to simplify. Thi€ofinvolves
a checklist of questions about the existing pracéésat is the purpose of this step or this tran$pts this
step necessary? Can this step be eliminated? Imdkeappropriate technology being used in thig%stdéow
can this step be simplified? Are there necessagpssin the process that might be eliminated without
detracting from function? Can steps be integratémla manually operated production line?

« Automate the process
Once the process has been reduced to its simplest then automation can be considered.
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“* Discussion and limitations of the methodology

The USA principle is a methodology that carhbpful in simplifying and automating existent pess. But
this method doesn’t give the tools to apply exaatig concretely. It consists on a logical apprdaeking to
simplify the process after understanding it andlead to automate it and to reduce cost, butcgtiie abstract
from technical point of view. There are also nogpaeters to follow or to improve.

*  Methodology developed by Lindstrom and Winroth [15]

7

¢ The methodology presentation

Using the scale LoOA described in table 3 Amlerbased on mechanical and Information LoA, and in
extension of the Swedish Dynamo and Dynamo++ pi®jecindstrom and Winroth [15] presented a
methodology of LoA improvement involving the marctfaer strategy. The purpose is to align LoA whb t
manufacturer strategy. The proposed methodologgisnof four phases:

» Phasel: developing the methodology for measuridoggasessing levels of automation

Done through 8 steps and may be summarizéteimain following actions: visiting days to marctfaer
and locate what areas should be in focus, doingesstpdy to identify and document the purpose ef th
production flow and where it starts and ends, ifigny and documenting products and variants preduc
within the production flow, identifying the work gainization and the purpose of the machines and tgma
identifying and documenting the main task of eaehtien/cell followed by identifying the sub-tasky b
observation, using the operations instructions, gaomy documentation using the Hierarchical Task ¥sisl
(HTA) technique, judging the LoA for each task Ibgson how the task is conducted, and what type of
interaction that is observed for fulfilling the kagstimating with the operator or/and productiechhician on-
site the relevant maximum and minimum LoA for easdasured task, and analyzing the collected data fro
the LoA-measurement on-site, with the assessedodatalevant maximum and minimum of LoA [15].

e Phase 2: Validating the dynamo methodology

The purpose with the validation was to perfdine whole Dynamo methodology at an industrial canyp
which had not been participating in the developnoéihe methodology (figure 21 Appendix)

» Phase 3: Reviewing and evaluating manufacturirajesiiy formulation processes

In this phase the steps taken to review litgéeaon corporate-, business-, and manufacturiregegty
formulation processes are described. The objeutitle the analysis was to identify and describegratt of
the frequency of each criteria used for evaluatibthe processes. By doing the analysis, improvérasras
were sought and found for improving formulation gesses.

« Phase 4: Embedding the measurement methodoldfe iprocess of manufacturing strategy formulation

The methodology for formulating automatiorattgy contains five sub-processes as follow:

- Preparation aiming to agree on purpose of executing the auilfogy and to make an execution plan.

- Sub-process :1 Formulation of business and manufacturing sgrateims to the assessments of
business and manufacturing strategy with the irgdngurpose and to understand the chosen and
intended strategy.

- Sub-process:2Measurement of levels of automation for critisab-tasks in a production flow.

- Sub-process:3Linking level of automation and strategy: donehe form of a workshop with active
participants who take part in the analysis of ddfé LoA alternatives. Moreover, actions should be
listed to propose those that are line with thendésl manufacturing strategy and also check the
outcomes of sub-processes one to three to ensatityqef outcomes and should also provide a plan
for implementation of the chosen LoA that is ireliwith intended strategies.

- Sub-process:Documentation of the results found in sub-proesss

+* Discussion and limitations of the methodology

This methodology based on Dynamo and Dynanmréfects has the advantage of the use of its Lafesc
which is simple and understandable, and makingmiffce between mechanical and information LoA.

The disadvantage of the methodology consistthe fact of being abstract when speaking aboatesfy;
the methodology is not accurate in terms of whigbtdrs to consider for the evaluation, the cost tae
economic factor is particularly not discussed. Tiethodology is not quantitative and this constiaereal
disadvantage.
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* Methodology developed by Fasth and Stahre [10]

«* The methodology presentation

Using the LoA described in table 3 Appending an the context of the Swedish Dynamo projecéstir
and Stahre [10] defined a methodology for measuang improving LOA of existent systems within
manufactories.

In the first step consisting on the pre-stumijormation about the production would be gatheaed
measurement of current stage of LoA should be aptshed basing on observation and interviews. The
triggers of changing the situation for the studiethpanies coming from the companies themselveddiheu
investigated. Investigation around the Lean awa®ngthin these companies should also be perforined,
order to verify further their triggers. The aimtis verify if the improvement can really be achievey
applying what they suggest, or the improvementftanbe performed by improving lean approach iderto
reduce the assembly time and reducing consequibietisnanufacturing cost. These triggers of changetlaa
current situation of the manufacturer representrthats.

The following analysis steps defined by theahmodology [10] aims to analyze the possible improgats
solutions and to determine if assembly system Leéds to be changed:

» Stepl- Work shop to decide min and max values

The workshop starts with a short briefing oneheélier steps and then if the companies have soguers of
change to redesign their system, which LoA do th@yk reasonable to have in the new system (figRRdx).

» Step 2- Design a Square of Possible Improvemeot31}S

The step 1 results are transformed into th& hoatrix to illustrate and to be able to analyze tbsults. The
min and max values form the boundaries for the B&gofiPossible Improvements (SoPI),shown in (fig@8A

* Step 3- Analyse the SoPI

The SoPl is the used tool in order to anaifyitds possible to do a task and/or an operatiptimization.

The result of the methodology application araae study was, as shown in figure 24 Appendexnted to
increase the cognitive level of automation in altradstasks, and also to increase the mechanicalihsome
tasks.

«» Discussion and limitations of the methodology

This methodology has a major advantage camgisin the consideration of 2 aspects of automatios
mechanical LoA (the physical processes) and tharnmdition LoA (the cognitive aspect). The simplelesacd
7 steps is also simple and easy to use.

The method has also some disadvantages. trtffacdesign and the analysis of the square ofildess
improvements are not detailed and the way to coenpgdferent LoA and to decide about the right LaA t
adopt is not discussed. Argumentation of the LoA eriteria of decision are also not enough studied.

» Methodology developed by Gorlach and Wessel [38]

«* The methodology presentation

Gorlach and Wessel [38] analyzed the assembly bh&&lksWagen AG at the three production sites (2
sites in Germany and 1 site in South Africa) inesrtb give recommendations to automate or de-autrbg
combining aspects of manufacturing systems sudosts, productivity, quality and flexibility. TheolA scale
used is a 7° scale where ‘1’ is a full automated ‘&ha full manual.

In the methodology, the authors gave an econonsidfigation for the solutions, and to do so, relgva
cost approach is used, where only the costs thke tivee largest contribution are taken into acctasing on
Ross approach [5]. They considered the followingtsdypes as necessary for the realization of $sermbly
process: the Personnel (persons who are carryimgaod planning activities in the assembly process;
personnel costs consist of wages or salary andalseosts; depending on personnel qualificationy th
operating material (installations for assembly arahsport; operating material costs include alltedsr
running the operating material), the material (oobynsumables are relevant), and the Information ddee
used economic formulas allowing the calculatiothef costs are described [38].

The unit assembly cost is considered as a criteiriothe decision about the required LoA that the
manufacturer has to possess. The other criterid tasevaluate the LoA, besides the cost, are tladitguthe
productivity, and the flexibility. These criteri@eaused for determining the best LoA of the assgraptems
at the three production sites defined. The optimal of automation regarding the cost is the ldgatling to
the minimum unit cost [38](table 15 Appendix).
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The quality criterion is assessed was based oraguotd indices of number of rejects, of rectifmatdf
rejects, of customer complaints, or audit notes ®ptimal LoA regarding the quality is based orlemied
data involving the quality factor in the 3 diffetesites. The table 16 Appendix shows the qualityc&hand
comparison for the three production sites.

The productivity is measured by the number of uthits are planned to be and that have been but, t
production times (cycle times, manufacturing timdeyntimes, total working times), and the number of
employees involved in the production process. Titrmation is being set in relation with: the dshility of
production system, the decreasing degree of pesgiocey the degree of quality, the effectiveness of
equipment, the productivity which refers to therage number of vehicles built by one employee duen
specified period of time and the number of vehidla#t by all employees per hour. The productiviyures
are examined in relation to the number of work€rese workers are later seen in relation to thecie=hbuilt
and the time needed for that as shown in the fi@bdrom which it can be clearly concluded thathiyg
automated is also highly productive when considethmat the smallest number of employees produces th
highest number of vehicles.

The flexibility is measured by a focus on two aspethe variations of production quantities and the
number of workers required. The most flexible preithn system considered as the one that has tayetihe
least to cope with the increase/decrease of prmtuquantities, i.e. a minimum variation in the rhen of
workers. The optimal level regarding the flexilyllis the level leading to the least variation inmioer of
workers through the +20% of variation in the pradycantity. Table 17 Appendix shows the resultse Bbid
and shaded fields show the most flexible productgstem with little or no variation in the number o
workers, while the underlined fields representléfast flexible production systems with a large aion in the
number of workers needed to accommodate differerdyztion quantities.

The decision about the optimal LoA involves therdecia. The cost criterion is defined as the bawsic
main criterion. The other criteria are comparedhwtite LoA of costs to find a total solution for bac
production site as shown in table 18 Appendix. Waen.oA according to a criterion x less prior trearother
y, the criterion y is scarified and not respectoimetimes a compromise should be done and a solutiere
a criterion is not important is not satisfied may ddmitted. For example in the table 18 Appendixtie
manufactory ‘Golf A5 Uitenhage’ for the assemblytph (AP1), the LOA required regarding the costis
the LoA regarding the quality is ‘3’, but the opihLoA recommended is ‘5’ (more manual than what th
quality requires).

+» Discussion and limitations of the methodology

The methodology represents many advantagdaiegg by being realistic, concrete, and significdme 4
criteria considered (cost, quality, productivitndaflexibility) are very convenient and relevant.

A drawback of the method presentation congstshow the value of LoA was fixed concerning the
productivity/Flexibility or also other criteria ugj the gathered information; this is not treatethmarticle.

Another drawback of this approach consisthiaw fixing an optimal LoA basing on the 3 valued ofA.
This was not argued or studied in the article.dot,fa weighting approach by fixing a coefficientveeight
relative to each criterion may be suggested.

After improvements of this method considerthgse remarks and some adaptations, this techmigyebe
useful for enhancing LoA of existent processes,nm@ay be adapter or exploited in order to create a
methodology for optimal LoA determination for neysgems conception.

2.5.Conclusion

In this chapter a deep literature review was preserabout the actual and recent major studies,
orientations, and tendencies of the research ienady automation where the topic was proved teeirsnd
looking to improve productivity without regard tonensioning the most suitable assembly system for a
considered manufacturer. In fact, after a litematteview around the concepts of LoA and of the siexi
about automation, there are considered informatiotihe domain but generally not directly focusedtba
subject. Many ideas may be exploited particulamlyhie section concepts and ideas about the decisitoh
looks helpful for finding the relevant parametarghe decision. The decision methodologies in itleeature
are far from considering all the relevant factomsoiving the manufacturer itself, few works hadsthi
orientation but are not exhaustive in the decigioocess and criteria, and no satisfactory methagyotbat
may be applied in manufacturer real decision cdnésists. There is also no objective algorithm pplg
systematically and leading to a same result inmesaontext without subjectivity and dependencehi® t
decider itself and his own thinking and analysis. the next chapter, the work around the decision
methodology to build will be introduced by the erith to consider in the decision, and an outlinghef
decision algorithm will be presented.
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CHAPTER 3. The position of the decision in th Manufacturing procedure, Information

involved, and the decision basis, tools needed, andtline

3.1.Introduction

The chapter aims to present globally the decisi@thodology to propose for the optimal level
automation (LoA) determination after the literatusview presented in the previous chapters whes
existent about LoA from definitions and decisioménts of views were presented. In this chapter, tgegd
interesting concepts encountered in the literattilebe considered, combined, and improved in otddsuild
a satisfactory decision methodology that shouldd®irate, objective as possible, istandard for assembly
manufacturing.

The chapter will start by presenting the positidrth@ decision about automation in the manufacty
process and presenting the basis of the methodatogyild. Then, some relevant needed tools thithei
exploited will be presented consisting on Design &ssembly (DFA), motions and time standards bo
and Methods Time Measurements (MTM). The critémablved in the decision considered in the deci:
methodology will be presented during this chr which will finish by the outline summarizing tliecision
mechanism and the general algorit

3.2.The position of the decision in the Assembly Manufzuring procedure

3.2.1.Position with regard to product desigr

Before starting with the decision building, it y be useful to localize this decision making ak
automation in the manufacturing process and toctiekee eventual interaction with the involved memsb
Globally, the decision is located in the phase betwthe product design and the process den the simplest
way it is located after product design and befbee rocess design, preparing and helping procesgndes
Yet, some interactions may exist with the prodwgigners in order to make manufacturing easieuard3).

Manufacturing Assembly
<:> system Design

Decision about automation with

Product Design <:>

regard to product design

Figure 3: Position of the decision about automation with refjr product desic

In fact, there are more and mccollaborations between product designers and ptadaaufacturers fc
the ease of manufacturing. The product designnmodern approach is done with regard to manufaguam
with a design manufacturing collaboration. The piiddesign may be changor improved to make the
manufacturing feasible, easier, or cheaper. Silyjlavhen designing the manufacturing system, thases
have some feedbacks and returns from system designdifficulties exist or for feasibility issuamposing
negotiations whi LoA deciders or with product designers for theecheof decresing or increasing LoA
(figure3) With these interactions and feedbacks, the toadit attitude of designers “We design it, you th
it" or “the-overthe wall approach” [95][102] (figured) is being to be completely surpassed in ac
manufacturing especially with the appearance ofxasign for Assembly (DFA) approach which aimshe
ease of manufacture [102] and improving productéasblability” and “producibility” [103]. In this autext
Boothroyd noted that “a competent designer shoeldamiliar with manufacturing processes to avoidiag
unnecessary to manufacturing costs during desitp2]|

Yo

5

ﬁ,,iﬁ | SRS, \

Figure 4: The over the wall design [102]
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In addition to the DFA approach which defined rui@sthe ease of assembly (table 3), time standaeds
also developed in the 20th century with the Methbiise Measurements (MTM) approach [104]. These
approaches were resumed later by Boothroyd [95][%0® developed rules and standards for DFA ane tim
standards for assembly handling and insertion denisig the parts characteristics. These approazhtse
standards for motions timings determinations and DHI be exploited and will form a basis for theasion
methodology in order to estimate the assembly segueotions times for the manual, automatic anatrob
technologies which will form one of the axis in thecision as it will be defined later with the dson
methodology.

As the MTM and DFA particularly for assembly timéarsdards will be exploited in the decision
methodology, contribute actively in the decisiopmach, and will be present in the position of deeision
about automation in the manufacturing processillithe worthwhile to present these concepts:

3.2.1.1.The Design for Assembly approach

The Design for assembly (DFA) is a process by wpidducts are designed with ease of assembly id min
[105]. The DFA methods can be described by: redupiroduct part count, improving the modularity bét
assembly, utilizing standard part wherever possdntel minimizing the probability of assembly fa@ar[103]
(figure 5).

Figure 5: Applying DFA for a same product case [102]

DFA aims also the reduction in assembly cost andyst cost noting that product simplification brbtig
about DFA analysis often leads to parts cost regingtthat are significantly greater than the reidmst in
assembly costs [34]. DFA may be applied even wissarably costs are small [34].

The DFA approach is recently related to the assgsydtem technology (figure 10 Appendix). In fabe
analysis of a product design for ease of assemigheinds to a large extent on whether the product
assembled manually, with special-purpose (automptivith general purpose automation (robots), or a
combination of these [102].The way to automateairmay be supported by the DFA approach. It wasdot
that assembly automation becomes less attractiverame difficult to justify as a product designgiadually
improved (figure 10 Appendix) [34][95].

Boothroyd [95][102] developed guidelines and desigles for DFA according to the manufacturing
technology dependently to manual, automatic, ammbtro assembly (table 3). He also developed foheac
technology time standards for assembly handlinglaseftion allowing the assembly time estimatiamfrthe
early design phase presenting tables with codirgdjgits determination according to part charactiess row
digit and column digit for each criterion for egudut to assemble in order to retrieve the correaesponding
estimated time. Here also a distinction is madeséein manual (figures 44, 45 Appendix), automatigli(@s
46,47,48,49 Appendix), and robotic (robotic singfiation one-arm (figure 50), robotic single statime-arm
(figure 51), and robotic multi-station (figure 52The assembly handling in the Boothroyd vocabutanysists
on acquiring, orienting, and moving the parts, wihilsertion (and eventually fastening) consistsnating a
part to another part or group of parts [102]. i b& seen that part design symmetry has a prinicigelct on
time required.
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Table 3 Design Guidelines and Rules for Manual, Automati) Robotic Assembly (gathered from[102])

Manual Assembly

Rules for part handling

Rules for Insertion and fastening

Design parts that have an end-to-end symmetry @ational symmetry about the axis of insertion. -

And if not possible then designing parts havingrfaimum possible symmetry.
Design part obviously and clearly asymmetric dannot be designed symmetric.
Provide features that prevent jamming of parts.

Avoid features that allow tangling of parts wheorstl.

Avoid parts that stick together, that are slippeslicate, flexible, very small, very large, that a

hazardous to the handler.

Design so there is little or no resistance to itser

Provide chamfers to guide the insertion of two n@parts,

Standardize by using common parts, processes, atithds.

Use pyramid assembly: progressive assembly abaxislof reference.

Avoid the necessity to maintain manually partsmgaé&on during manipulation or during the placemsithout
guidance.

Design so that a part is located before it is sdda

Take into account the mechanical fastener costclssification according to the cost of fastertighniques from
the least to the most expensive is as follow: ditpg, plastic bending, riveting, and screw fastey.

Avoid repositioning the partially completed asseyrihlthe fixture.

Automatic Assembly

Rules for product design

Rules for design of parts

Minimize the number of parts
Ensure that the product has a suitable base pavhimh to build the assembly

Ensure that the base part has features that eihadlee readily located in a stable position ia th -

horizontal plane

If possible design the product so that it can Li# bp in layers, each part being assembled from -
above and positively located so that there is ndeacy for it to move under the action of horizbnta

forces during the machine index period.

Try to facilitate assembly by providing chamferdagpers so that help to guide and position thespart

in the correct position.

Avoid expensive and time-consuming fastening ojenaf such as screw fastening, soldering,..

Avoid projections, holes, or slots so that causgliag with identical parts when placed in bulkte feeder. This
may be achieved by arranging the holes or sldtetemaller than the projection.

Attempt to make the parts symmetrical to avoidrteed for extra orienting devices and the corresipgridss in
feeder efficiency.

If symmetry cannot be achieved, exaggerate asynuakteatures to facilitate orienting or, alternaty, provide
corresponding asymmetrical features that can be taserient the parts.

Robotic Assembly

Reduce part count

Include features such as chamfers, leads, lipssaruh, to make parts self aligning in assembly.
Ensure that parts which are not secured immediateipsertion are self-locating in the assemblyiditiy down of unsecured parts cannot be carriedpuat single robot arm so special fixturing is fiegi which
must be activated by the robot controller, and éldids significantly to special purpose tooling arehce, assembly costs. With a two-arm-singléestatystem, one arm can, on principle hold down@secured part

while the other continues the assembly and fasggmiocesses.

Design parts so that they can all be gripped aseriad using the same robot gripper. One majorecaluimefficiency in robot assembly is the needdopper or tool changes. Each change to a spgéjer and the

back to the standard gripper is approximately etpo assembly operations.

Design products so that they can be assemblegén fashion from directly above. The simplest, ieastly, and most reliable 4 degree of freedonota@ibms can accomplish the assembly tasks.

Avoid the need for reorienting the partial assentsl§or manipulating previously assembled partsesEhoperations increase the robot assembly cyetewithout adding value to the assembly.

Design parts that can be easily handled from biidkachieve this goal, avoid parts that: nest aglam bulk, are flexible, have thin or tapered eslthat can overlap or “shingle” as they move akegnveyor or feed
track, are so delicate or fragile that recirculatio a feeder would cause damage, are sticky onatagso that a force comparable to the weighhefgart is required for separation, are abrasidevalh wear the
surfaces of automatic handling systems, are lighhat air resistance would create conveying proble

If the parts are to be presented using automatidefies, then ensure that they can be oriented asimgle tooling. Feeding and orienting at high spsexkldom necessary in robot assembly.

If parts are to be presented using automatic feetleen ensure that they can be delivered in @amiation from which they can be gripped and ingertghout any manipulation -> avoid the situatiohese a part can

only be fed in one orientation from which it musttorned over for insertion.

If the parts are to be presented in magazinesrbtrpas, then ensure that they have a stablengeaipect from which they can be gripped and iedesithout any manipulation by the robot.
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3.2.1.2.The Methods Time Measurements approach

Methods-time measurement (MTM) is defined as a fmohelping to engineer a method before beginning
production [104]. It allows treating methods amddisimultaneously instead of separately and aioreasing
objectivity of the existing methods tools and foramsadded tool for method engineer [104]

The MTM is a procedure developed for manual assglaudlyzing any manual operation or method into
the basic motions required to perform it and assigneach motion a predetermined time standardhnikic
determined by the nature of the motion and the itiond under which it is made [104].

The procedure of collecting data in the MTM is isttial investigations procedure and analysis proced
of motion picture films using three different metiso micro motion study film analysis, “time and oot
study and formulas for wage incentives” or Gilbbreasic elements.

Each motion in method time data is classified &ssés or cases according to the type or charaicteaé
the motion or of the assembly operation and to eade or combination/correlation of cases corredpen
time standard value. These standard timings foeralsly concerns the following assembly motions #rat
studied in the MTM procedure (figures 53, 54 Appehd“Reach”, “Move”, “Turn” (including apply
pressure), “Grasp”, “Position”, “Disengage”, andelRase”. An additional motion consisting on “Walfkins
presented apart in a curve of time per foot fumctbworker age and weight (figure 55 Appendix).

3.2.2.Position with regard to Assembly Sequence

The Assembly sequence will form the basis of theisien methodology about automation. In fact, the
product assembly sequence will be analyzed in dimléreat each task of the whole assembly in aifipec
technology that may be manual, automatic, or rabdthis should make possible the assembly to hdla f
manual, a full automated, a full robotic, or a hglsystem with combinations of these systems aveitary
modules or subsystems. The optimization methodosbgld fix all the tasks of the assembly in a tetbgy
according to the methodology decision criteriaotder to achieve this, a graphical methodology khbe
built allowing the representation of the assemigguence basing on standardized elementary motor.
that what will be defined in the next chapter.

3.2.3.Position with regard to Quality level required

The product quality level required may impose amtdbute in the LoA of the assembly system. In fact
the quality required may force or impose some djmars. in a specific process technology or prohsioiine
tasks in a technology considered not suitabletfiemt For example, generally, for a reproducibleliuan
automated or robotic system is suggested. Mansanady may not ensure such quality and don’t akkow
high level of accuracy. In another way, manual esBg may be preferred for some complex assembly
operations that are too difficult or costly to autie and allowing an equivalent or satisfactoryliguar
sometimes even better.

3.2.4.Position with regard to Ergonomics

Similarly, the ergonomics criterion may imposefance tasks from the assembly sequence in a specifi
technology. In fact, for ergonomic sake, some tamksnotions are not allowed to execute manually for
internal rules, national ergonomic rules, or inggional standards.

3.2.5.Position with regard to Manufacturer Strategy

The decision about automation is considered amportant decision especially considering the faat it
suggests a high investment and that it influenkeptoduct quality. This decision should be alignétth the
manufacturer strategy [15]. That's why an effegtilecision about automation should be validateddeally
collaborated with the manufacturer strategic desi{49][50].

It was noted that successful decisions about adtomgo in line with what the company aims for iret
long term and the decisions are synchronized \eghmanufacturing strategy [48]. It was also poirgatthat
without linkage to the manufacturing capabilitiegch investments may become real failures [23].

In the proposed decision methodology, the manufactstrategy criterion or agent can allow or forbid
some choices in the assembly system. This factblesto prohibit manual execution for some tasic even
all the tasks, and same for automatic and robagcion.
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3.2.6.Position with regard to manufacturer economic situéion and ability

The process level of automation should lead topgraachable, purchasable and manageable system for
the company in the simplest way. That's why thecpss cost should be convenient to the manufacturer
capabilities from the economic perspective. Fomgxda a solution respecting all the criteria andlieg to a
least costly product unit considering the productauring all the period of the product market lifayt
demanding a high initial investment or excessivadgtly equipment at the launching phase that caheot
purchasable for the manufacturer, should be cat@e a second solution of automation should badpu
even if it will lead to a more expensive producit tinan the first solution, because this may bdizable for
the manufacturer even if it is less profitable.t&® automation solution, in order to be valid, ddatheck the
feasibility from economic point of view, and thetial investment should be accepted by the manufaciand
inferior to a maximum investment threshold. Angthihould be managed in the decision methodology.

3.2.7.Position with regard to social aspect

The social aspect should be considered when degcatiout automation. This decision should respext th
culture within the manufacturer and the personneb wnay be impacted by the decision. Opting for la fu
automated or a full robotized process may leadyff workers, and this solution is generally nofvenient
and avoided for the manufacturer because manygmabmay result from such decisions, and in somescas
the manufacturer don’t have the possibility to idcrom another point of view, when opting for aqess
technology, the manufacturer should be sure to divallable competences that is able to ensureetiaired
tasks, whether for manual execution, or for auteshand robotic manufacturing which demands exsksta
such as maintenance, and specific skills for usimanufacturing systems generally highly computerized
reconfiguring machines, or reprogramming robotscdkding to the social aspect, some tasks may be
forbidden in automated or robotic. The social aspsy also prohibit manual if for example thera igck of
competent workers to execute manual tasks in @regtjquality level, leading to automate or use tslio the
corresponding tasks.

3.2.8.Position with regard to Local laws

According to the plant location, the manufactusesiibject to the local laws and should respecteela
engagements. Some of these laws impact the de@siont automation. For example in some countries li
China the manufacturer is engaged to recruit anddfminimum number of employees according to #s.si
This should be taken into account when decidingiebotomation in order to not design a system reguan
inferior number of labors and being obliged to &tellaws or having under load because of exorbitamber
of worker comparing to that one the system requires

3.3.Industrialization Information involved in the decision

The decision methodology about automation shouwldhre the maximum possible of the industrialization
information available. The information to considmmcerns the planned production criteria and esims
about the future manufacturing. The most informatio consider the more accurate the decision véll b
supposing that these information and estimated faaturing criteria are seriously developed and tae
nearest possible to the future production realibye information may concern: the volume plannee, rtfarket
life of the product, the product rate required loe tycle time, the down time rate, the maximumatsje
allowable, the space available for the manufacguaind the monthly cost per square meter...

3.4.The decision making methodology and the solution gtification

The decision methodology should take into accolintha criteria cited above and should ensure an
assembly system that respect all the requiremedhttea capabilities with forcing assembly tasks ianoml,
automatic, or robotic if the requirements leadslmothe optimization, the methodology will considesks
where the choice is not forced and where there fiea choice to select the technology indiffererahyd
without specific requirement. The first step isdalculate the product unitary cost consideringtladse
indifferent tasks by default in manual. Then, icle#@eration automate block by block and calcuthte cost
and this represents an automation solution. Aetieéthe solution to keep is the one presentingriimemum
cost, and consequently and obviously respecthaltdquirements and factors respected before.

The industrialization information will be exploited the methodology in order to calculate the paidu
manufacturing cost for each solution and in jusiyautomatic or robotic investment. In fact whateare the
requirements and the issue, the capital investimestitomatic machinery must be amortized over theket
life of the product [95], and automation will bdfaiult to justify if the market life of the produés short [95],
this issue should be anticipated and argued befoireg the investment, and the economic justificatd the
solution should be present and demonstrated.
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3.5. Outline building for the decision about automationmethodology

We represent the following state chart of the methagy explaining graphically and globally the
decision methodology or algorithm (figure 6). Inistigure the green color represents the standtards
develop for the calculation as static constantslata base of standard values of time estimationalior
motions and for all the characteristics that afféghe estimations and the corresponding timinde Blue
colors consists on the decision algorithm glob&bas, and the mauve color represents its inputsed with
graduate color representing the degree of pogsilbdichange or negotiate these inputs where #&t ldark
represents the least difficult to be changed optdha
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Figure 6: The Decision about Automation Methodology outline

3.6.Conclusion

In this chapter the position of the decision akmutomation in the manufacturing procedure was ddfin
and the information concerning the assembly marnurfi;mg that may be known at an early stage generall
defined by managers, industrialization and marketeam within industries. The decision outline vedso
defined with the presentation of state chart shgwhe involved information and the global decisagorithm
and tools showing the possible interaction and gbanand the need to an economic model for cost and
profitability evaluation of the solutions, and ta assembly sequence representation method in d¢oder
facilitate the assembly representation and seqgngrigiorder to allow the decision and make it gassand
clear. This is what will be the aim of the next ptet during which a literature review of the assimb
representation methods will be presented leadirgyiew assembly modeling language in order tollftife
requirements that may not be fulfilled by the estigtmethods.
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CHAPTER 4. A new modeling language building for assembly se@nces representation

and optimization: The Assembly Sequences Modelingdnguage (ASML)

4.1.Introduction

The decision methodology, as shown in the previchapter, needs a graphical modeling language for
representing the assembly sequence clearly andatelyu This will contribute to determining the astbly
tasks that may be automated or executed manuallyrdiaog to the factors and criteria to considethn
decision methodology. These criteria, may forceshswn previously (figure 6) some tasks in manual,
automatic, or robotic execution. Other tasks, beiog forced and consequently considered in “uneelfin
state or technology, will be decided in the cosiirojzation procedure using a cost model calculatimg
product cost for every possible solution. This exoit model will involve industrialization informain
concerning the designed product and the plannetlption information which should be available ateanly
stage before the assembly system design. The gedpbol that will defined during this chapter skballow
understanding, defining and deciding LoA of taskshie convenient technology and should be a stdirdat
tool for representing assembly sequences and mesewhatever is the technology used or to usevery
task in assembly. This should make possible thenalsly to be a full manual, a full automated, a falbotic,
or hybrid system with combinations of these systamglementary modules or subsystems. One of ts¢ m
important goals and purposes with the assemblyisamptimizing the assembly sequence from timinimptpaof
view by representing possible parallelism betweglependent tasks in the product assembly sequeadig
to reducing the assembly timing and consequentyctist. The methodology definition during this dieap
will start by the requirements definition that tteol should meet. Then presenting the existent lgcap
methods already used in assembly. A next sectidinpvésent the existent representation graphicahouks
that may be exploited in building the graphicallteccording to the presented requirements. Then the
graphical tool representation and definition waké place. The chapter will end by a representation
assembly sequence using the tool for an exam@sesgmbly manufacturing.

4.2.The assembly modeling language’s requirements

The modeling language will be designed in orddilitdefined requirement that are conceived in ortte
help in the decision methodology and the decisigorghm building further. This modeling languagelw
represent a platform on which the decision willdased. That's why it should be well designed ireottd be
as accurate and representative as possible. ltdsheltenough clear and should provide a good Vitsilsibout
the assembly sequence for every assembly procesdewen are the product, the context, and the téabynado
use.

The requirements that the desired assembly modelimguiage should fulfill are as follow:
» Requirement 1A Graphical representation

For a better visibility, the assembly modeling laage should be designed as a graphical representati
language.

» Requirement 2A sequential representation

The modeling language should show clearly the sa@ieaspect of the assembly sequence with the
precedence aspect between the serial tasks irs¢eenaly sequence.

» Requirement 3Transitions between the assembly tasks

The transition allowing passing from an assembs¥ tdo its successgrshould be shown in the assembly
representation language to design.

» Requirement ADecisions and choices

In assembly it may be possible to have a choicevdmt assembly procedures according to a defined
previous condition or transition. In fact a cormtitimay make the choice in the executions betwerrba
sequencé or a sub-sequende the modeling language should make possible dbisg

* Requirement 5Representing parallelism for independent tasks

When some tasks are completely independent andenegence conditions between these tasks exist, the
modeling language should make possible to showgtiaighically.
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» Requirement 6Representing parallelism for dependent tasks

When dependence between parallel tasks existseirwtiole of the assembly sequence imposed by a
precedence constraint, this should be managed aprbsented using the assembly representation
language. This management may be ensured by mkgegr delays between dependent tasks in parallel
seguences.

* Requirement 7Representing material flows and needed ressotwceask execution

The needed tools and components for each task enafsembly sequence should appear in the
representation using the modeling language. In thetneeded tools for all the assembly sequerm@dh
be known before starting the execution of the absemhen considering the needed tools for all Heks.

» Requirement 8Representing the final product assembly nomemaat

After representing the different serial and patdlsks leading to sub assemblies’ constitutios, fthal
product assembly should be visible by assemblireg stb products with referencing to the assembly
sequences of each sub product as by managing Qyeaikey or procedure name for each sub assembly.

If the final product assembly is simple from numbéassembly tasks point of view, it should be paes
to represent directly the assembly sequence leadirige final product without making sub assemblies
and procedures.

» Requirement 9A standard representation independent from prioiype or context

The graphical modeling language should allow byames manner and simply the representation of
assembly sequences whatever is the product type.r@presentation should be unique and every person
who uses this modeling language should providenzesa&presentation for a given assembly sequence to
represent. To do this, a vocabulary of assemblyamstwill be defined and the assembly represemtatio
should use only these motions or assembly verbshagtiould be standardized and exhaustive in oader t
allow the representation of all possible manufacgioperations in assembly.

The assembly sequences representation languagkl shbill all these requirements and exigencies. T
build this modeling language, the existent modelanguages in the domain will be consulted. And@se
existent modeling languages respond to some rageite these modeling languages will be exploited an
combined in order to participate in the methoddiog satisfying all the requirements and criteria.

4.3.The existent modeling languages useful in assemldgquences representation

4.3.1.A literature review about existent modeling languags

In the industrial assembly representation domaianynmodeling languages and methods were found.
Some of them concerns the product hierarchy fronchvlssembly sequences may be directly deducthblg,
others are dedicated to represent only the assesahjlyence.

A literature review was established about the nminddlanguages used in assembly and others used in
other fields which seem to be useful consistingtttm Sequential Function Chart (SFC) method and tGant
method in order to search if a method exists inliteeature fulfilling the defined requirements. & modeling
languages found were evaluated from some usefuperspectives consisting on how the assembly seguen
is deduced from the representation, the possilafitysing a referencing system for sub-assembtizdudg 4).

In fact determining the assembly sequence fronrépeesentation is not always obvious and requines a
effort for deducing an adequate assembly sequéecause the majority of the existent tools useakgembly
are build to represent the product as a first aisnarchitecture, and how the parts are organizet the
relations between them (table 4). The assembly esemps are deductible from these representations and
generally the representation allow to deduce allgbssible assembly sequences, and this is theotaliehe
found methods used in assembly excepts the CopneSgmantics Based Assembly Tree (CSBAT) method
and the liaison diagram method (table 4).

The second important factor that should be presetiie modeling tool to build is the possibility a$ing
a referencing system in representing the assersblyesice leading to the final product assembly. 3yssem,
inspired from computing principles and the use micpdures, allows referencing sub-assemblies irephg
assembly in order to define its assembly sequendependently for many issues: simplifying the graph
increasing reusability, limiting redundancy, avauglirisk of error allowing changing the assemblyiny one
graph if there is a change to do instead of ddivgahange everywhere the sequence exists. We ptasen
existent modeling tools used in assembly in théetdbwe evaluate them by the factors cited, angresent
a graphic example from the literature and a citatithere the corresponding method is explained tailde
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Table 4 Literature review in modeling languages usefulAgsembly sequences representation

Existent modeling languages used in Assembly Repngation

Representation Assembly sequence  Possibility of using "¢ Method's graphic oo noq iy
. ption
Purpose / Domain Node Arc deduction procedures/ referencing Struec):::ﬁp?g 4 inthe literature
Scenegraph
Parts, sub- Relations Indirectly: effort of
assemblies, final b interpreting the graph to Possible Figure 26 Appendix [106][107
etween parts )
product build assembly sequence
Hierarchical Structure Model
Product desigP ?ierarchy Parts, sub- Relations Indirectly: effort of Figure 27 Appendi
representation i 1 i i i I !
assemblies, fing ' " parts interpreting the graph to Possible Figure 28 Appendix [108][109]
product build assembly sequence
Hierarchical Relation Graph
Parts, sub- Indirectly: effort of

assemblies, final Relations interpreting the graph to| Possible Figure 29 Appendix [109]

product between parts build assembly sequence

Relational Model

- Part entities in

rectangles directly: eff f
- Contact entities Relations . In irectly: effort o . .
L interpreting the graph to| Not Possible Figure 31 Append|x [113]
in circles between parts .
build assembly sequence
- Attachment
entities in triangles
Product design parts Graph of Connections

relations types Relations Indirectly: effort of
representation Parts to assemble interpreting the graph to Not Possible Figure 32 Append|x [113]

between parts build assembly sequence

Connection Semantics Based Assembly Relational Mg@SBARM)

-Parts to assembl

in rectangles Relations Indirectly: effort of
-Connectors in the parts-parts, interpreting the graph to Not Possible Figure 33 Append|x [108]
Assembly(screws,.) connectors-parts build assembly sequence
in ellipses
Precedence Graph
; Order of adding
Assembly all possible ; . . . .
. | parts/ choice for | Indirectly: the graph gives . Figure 34 Appendix
sequences representatignParts to assembl Farcs exiting a same  all possible sequences Possible Figure 35 Appendix [95][109]
node
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AND/OR Graph

Parts,_ SUb'. Parts compos_ing Indirectly: the graph gives . Figure 36 Appendix
assemblies, final sub-assemblies ¥ T Possible . . [112][113]
product final product all possible sequences Figure 37 Appendix
Parts Tree
Parts. sub- Decomposition 0
assemblies, final cot;nposmogl_of Ind:lrectly:_ltgrlle graph gives Possible Figure 38 Appendix [111]
roduct sub-assemblies,  all possible sequences
P final product
Connection Semantics Based Assembly Tree (CSBAT)

Assembly specific sequence Order to adding | Directly: the parts to add tg

representation with limited the part to the | the assembly are fixed but
flexibility of sequencin Parts assembled sub-| the order of assembling the Possible Figure 39 Appendix [108]

y qu g product or final | sub assemblies is not fixed:

product no rigid sequencing
Liaison Diagram
N Directly: the graph gives all
Assembly specific sequen Relations the possible sequences but
representation Parts between parts following the numbered Not Possible Figure 40 Append [111]
P arcs it leads to a unique
sequence

Purpose / Domain

Programming PLCs
(programmable logic

controllers) and preparatign Actions

for systems control

Purpose / Domain

Project Schedule

Step

Arrow

Sequence deduction

Possibility of using

procedures/ referencing structure by an exampl in the literature

Sequential Function Chart (SFC)

Modeling languages used in other fields but maydeloited for Assembly Representation
Representation
Transition

The method’s graphic

Use/description

Conditions

Link step-
transition

Representation

Rectangle

Arrow

Directly: Only one definite
sequence is representeq

Sequence deduction

Gantt

Possible

Possibility of using
procedures/ referencing

Figure 41 Appendix
Figure 42 Appendix

The method’s graphi
structure by an
example

[114][115]

Use/description
in the literature

Tasks

Precedence
constraints
between tasks

Directly: a specific and
accurate sequencing is
represented

Not Possible

Figure 43 Append

[116]
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4.3.2.Discussion about the compatibility of the presentednodeling languages and the
defined requirements

After presenting the existent modeling tools thatyrbe used in assembly, we discuss in this setti®n
compatibility with what we require in the decisiorethodology and what we require from the modelow) t
in order to be useful. In order to achieve this, leek for every method encountered in the literatthre
fulfillment of the requirements that we definedfie section 4.2.

We use a method of evaluation inspired from [12@] se present the result of compatibility methods-
requirements in the table 5 representing a matipufated in a manner indicating the row elemensistimg
on a modeling language strongly fulfill (filled cles), weakly fulfill (unfilled circles), or donfulfill (empty)
the requirement in the corresponding column element

Table 5 Existent modeling languages and requirements|faéint

The Requirements

Reql| Req2| Req3| Req4 | Req5| Req6| Req7 | Req8 | Req9
Scenegraph| @ O o - o
Hierarchical structure model| & O o - o
Hierarchical relation graph L] O e} - e}
Relational model| & O o O O
Graph of connections| & O O O O
CSBARM - O O O O
Precedence graph = L o O - - -
AND/OR graph - O O o - -
Parts tree| @ O O O - O
CSBAT - - o} o] L ] o]
Liaison diagram L] - O O
SFC - - - - - o] O o
Gantt [ - [ [ (8]

It can be seen in the table 5 that no existent fimgdanguage from the studied fulfills all the
requirements that we defined in the section 4.8, this justifies the need to build a new modeliagguage
dedicated to assembly. However, there are someoaiethat are not so far from what we require.

The Sequential Function Chart (SFC) method is #aaest modeling language from what we require from
a method allowing representing the assembly seguanorder to analyze and optimize it for the issfie
deciding about the level of automation in assemblys method fulfills perfectly the requirement$ol5 but
fulfills partially the requirements 6, 7, and 9 atah't fulfill the requirement.

In fact the requirement 7 is not fulfilled by anyistent method because it is a specificity of thektof
optimization of our topic. The requirement 6 iscat® fulfilled except by the Gantt method spece&dian
tasks sequencing managing the dependent tasksalepaxecution by making lags and delays makings&
B waiting for its predecessor A if a precedencestraint exists between task A and B. It is consetiye
worthwhile to consider this principle in the methbdilding because it represents one of the goalthef
specific problem of optimization.

The requirements from 2 to 7 are not generallyilfedf by the graphical methods used in assemblys Th
may be explained by the fact that the existent odtHor assembly are dedicated to product nomemelaind
representation for assembly and not assembly sequepresentation.

The SFC and Gantt principles will be considered aachbined. These methods when combined are
fulfilling the requirements defined except requisrh 7, 8, and 9 that should be also satisfied. tRer
requirement 8, it was fulfilled by other methodsisas the precedence graphs as shown in the télgleabise
of the applicability of the referencing principladanoting sub-assemblies by labels (figure 35 Adpgrand
defining them independently in another graph, tisiciple advantages were noted and explained én th
section 4.3.1.

To fulfill the requirement 7, the method to desglrould manage this with an inspiration from SFC the
only one fulfilling partially this requirement. Theodeling language has to make a structure wherdefiee
the needed tools in the transitions conditions.

For the requirement 9, and in order to make a sgmt@tion unique at least for a given assembly
sequencing, a vocabulary should be defined fomhbdeling tool describing the verbs and actionss®e for
assembly motions. So a standard list of assembtiom®should be defined, and this is what will e in
the section 4.4.3 in this chapter.
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4.4.The modeling language definition and building

4.4.1.The modeling language’s definition and basis

The designed modeling language is dedicated toesept assembly sequences basing on tasks
representation and not product design hierarchg. mbdeling language should present the tasks twuexé
assembly in order to accomplish the product asseinbn the beginning to the final step leading totbe
assembled product. The assembly sequences remtizentmodeling language should meet all the
requirements defined in section 4.2 and shouldwalle representation of assembly tasks sequencinglier
to help in the optimization of the assembly seqgirgnwhen optimizing in the cost using the economadel
to design. In fact, the assembly sequencing impaicetly the product cost and the need to moréess
workers, machines, or robots when envisaging. kample, executing independent tasks in parallalireg
more workers in manual, more machines in automated, more robots in robotic. This impact the praduc
cost by increasing or decreasing the final prodest when considering all the involved informationthe
economic model calculation. The modeling langudgrikl allow figuring the execution of tasks in aér
in parallel, the tasks sequencing and the everdependency for tasks in parallel subsequences mgeedi
foreseeing lags as described in the requiremems@dtion 4.2. The methodology should also verifyiausly
all the other defined requirements in that samei@ecThe modeling language will have as basis some
principles used in SFC and Gantt methods.

4.4.2.The modeling language’s basic structure and symbols

Basically, the modeling language is a transitioapyr consisting on steps (figure 7.a) and transtion
(figure 7.b) representing assembly motions andstask

(@)

) ) {(b)}

Figure 7: Steps and transitions symbols

Then initial steps for the graphic modeling langaage designed as shown in the figure 8.

I

Figure 8: The initial step symbol

Each step contains one and only one action (fi@lireonsisting on an assembly elementary motion that
can be executed manually, can be automated, anokecanibotized.

— Action —

Figure 9: Actions within Steps

Each transition contains the conditions allowirgnsiting from a task to a taski+1 (figure 10). We
make difference for these conditions between carditthat we labeC, representing the end of the execution
or result of the actioi that reflects generally the need to an indicabtomanual execution or to sensors in
automated and robotic execution, &ydepresenting the tools and parts needed to theugaa of the motion
i+1. Considering allCy of the graph, the needed tools to assemble theéuptand the product parts can be
determined basing on the assembly representating tiss method by summing on these conditiGps

A
— Action i Action i+/
\\ G /

Figure 10: Conditions within transitions

Two steps should not be directly consecutive (fglit).

— Action 7 Action i+ ] —

Figure 11: Forbidden directly consecutive steps
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Two transitions should not be directly consecuffigure 12).

Figure 12: Forbidden directly consecutive steps

We define the Action “Wait” consisting on the wait a validation of a condition when nothing is ® b
done. This fictive action allows also the respddhe structure and rules of the language. Thisvécaction
may be used when needed or when being in a situatiabusing rules (example figure 34)

The representation of an assembly sequence uss\gtddeling language may have more than one initial
step. In fact when tasks are designed to be ex@dutparallel, this requires another starting paihanother

sub-sequence (figure 13).

4<Condition /.I>> Action 1.1 {Com]mon I.2>> Action 1.2 I—
4<C ‘ondition 2. /} Action 2.1 {Condition 2. 2>> Action 3.2 I—

}—<Com]mon n /} Action n.1 {Condition n. 2>> Action n.2 I—

Figure 13: Multiple starting points in the graphic modelinghguage

The Transitions in AND/OR divergence and convergesre possible in the designed modeling language,
the figure 14shows the basic transitions types in the desigmeghic modeling language where (a) shows
AND divergence, (b) the OR divergence (c) the ANIDwergence, and (d) the OR convergence.

(@)

Action k 4<‘(mdum k }

Action j 4(1,,“1”,0”/ }

he
|

Action n Condition n}

{Fﬂm]mrm i } Action i {n»mwm i >> tction i |

{(’oﬂdﬂxoﬂj} Action {Cumlﬂwn[} Action [—

tction n
{*«md,mmu} Actionn {Condlnonn}

Figure 14: AND/OR divergence and convergence symbols
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The end of assembly leads to the final products Emd of assembly is represented by the doublé circ
(figure 15).

Figure 15: The end of assembly symbol consisting on the irmaluct assembly accomplishment

The figure 16 shows a complete simplified asserabtyuence representation leading to the final ptoduc

chndinon 1> Action 1 b e <(‘0ndmor7 r7>— Action n @

Figure 16: A complete assembly product sequencing representasing the modeling language

If the product is complex or contains numerous Qdttis may be managed by the modeling language
using procedure or sub-products whose symbol igshio figure 17.

@

Figure 17: The sub-product symbol

We define the action “Wait” consisting on a fictiaetion or a fictive step without an effective task
execute. This fictive action has many purposesmaag be used in many situations. It allows the reispkthe
modeling language rules when falling in a caseiteptb a non respect of these rules, it may bedatated
between the 2 conditions (in figure 12) as whendedeto show some conditions separately in the
representation.

The “Wait” action may also show a real wait of thaidation of the previous condition, actions, or
availability of sub-assemblies as shown in figuge IL can be used after an AND divergence whentiadail
specific conditions for the execution of each sgbsace exist besides the entrance condition of ANB
divergence. The figure 33 shows a simplified repnéstion of this case where for sub-sequence yifgpec
condition y is needed besides condition x and ffier éxecution of sub-sequence z specific conditioa z
needed besides the condition entrance x.

Wait 4<Candmanw>> *  Sub-Sequencey %
. 4<("'"Jmam_r
Wait 4<<-n,,mm;>> /% Sub- Sequencez ¥

Figure 18:the 'Wait' instruction as a fictive step for manegspecific conditions in an AND divergence

The “Wait” action can be used in order to show athing to do” of a condition is verified. The figui9
shows this case in an example of an OR divergemze when a condition X is verified some assemtdida
have to be executed, and when a condition Y idigdrgenerally including the complementary of X sisting

onX, there is nothing to execute in assembly.

*  Sub- Sequencex *

Condition x Action i —Cmnmmnf} Action i+1 e — Action n

*  Sub - Sequencey : No actionstodo *

Wait

Condition y |
’ (= Nothing to do j

(y=1X)

Figure 19: The 'Wait' instruction as a 'Nothing to do' stearding to the conditions in an OR divergence
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The designed modeling language offers consequérelyossibility to represent assembly sub-sequences
leading to sub-products (figure 20). These sub yctedreferences that can be written within the sylrolicle
shown in figure 20 may refer in other graph to #eguence corresponding to that sub product. Thés us
remembers the computing principle and the refergnand procedures. To refer to this sub producrakky
it will be sufficient to design the circle with thieference of that desired sub product within gasogedure of
assembly in other graphs or on the final produstably graph. This may simplify the design of teeeanbly

sequences using this graphic modeling language.

Condition 1.1 Action 1.1 L e <Cond1tlon I./>; Action 1.m

Condlition 2.1 Action 2.1 | — <Conditi0n 2.1>— Action 2.p
Condlition n.1 Actionn.l | — ... <<Condition n.(>; Action n.q

Figure 20: Assembly of sub-products

After a representation using sub-products, the teasepresent the final product remains possiblagisi

directly labels of sub-product in a graph leadimghie final product (figure 21).
Action 1.1
(Wait 1.1)
Condition L Action L
Action 2.1
(Wait 2.1)

Action n.1

(Wait n.1)

Condition M

Action M

@

Figure 21: Assembly final product representation using refeieg of sub-products assembly

When dependencies between tasks in parallel sueregs exist, this should be managed by the
modeling language by making a lag following the B@ninciple. When a precedence constraint betwaeen
taskx and a tasly exists causing this lag, this should be shownguirs modeling language by an arrow from

Xtoy.

The figure 22 shows i(a) a lag between the first subsequence and the segrsgquence that may be
caused by precedence constraint betweeddttien 1.nand theAction 2.1 In the figure 24b) two lags exist:
the first show the precedence between the sub segueending by théction 1.nand the sub sequence 2
starting by théAction 2.1 and the second between thetion nand the subsequence starting byAlgon 3.1.
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(a)
Condition 1.1 Action 1.1~ | —- Condition 1.n Action 1.n
r/
Condition n Actionn
Condition 2.1 Action2.1 | — Condition 2.p Action2p | —
Actionm <©
Condition 3.1 Action 3.1 | — e Condition 3.2 Action 3.2 4<C ondition 3. [>7 Action 3.p
Condition 1.1 Action 1.1~ — Condition 1.n Action 1.n ‘

/

( Condition n Actionn

\4 Condition 2.1 Action2.] — Condition 2.p Action 2.p /

Actionm O
\
\
\
Condition 3.1 Action3.1 Condition 3.4 Action 3.q
Figure 22: Dependent tasks in parallel sequences and manaddmetelays
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If the sequencing is designed representing peplactllel tasks without lags, this reflects that onenore
than an additional worker or machine is neededs Hiffiects the product cost. This ability of reprdsey
sequencing and lags demonstrates one of the mpsttamt contributions of this modeling languagedirg
to how optimizing the cost from assembly sequenddsge, aided by the conditions before and afteseh
tasks of sequences to be executed in manual, atgdn@ robotic technologies informing about the
complexity to accomplish this in a technology ar tther.

In order to allow estimating and optimizing easéyficiently, and similarly for every assembly seque
whatever the product and the domain is, and inrotdemake automating this decision and building a
computerized decision support tool further, it nb@yuseful to define a standard vocabulary for tagly, and
especially for the time costing elements in thepgrahe assembly motions. And this is what the afrthe
next section will be about.

4.4.3.The modeling language’s assembly motions and vocadbuy standardization

The aim of the graphical modeling language is tatidoute efficiently in the decision making, to neathe
decision easier and to help in the optimizatiothefassembly system to design.

The assembly time impacts the cost when considdangxample the product labor cost calculated by
multiplying the workers labor rate by the time rgqd for the product.

The assembly sequencing architecture impacts hés@roduct cost basing on the graphic representatio
language defined. In fact, when for example twdgmtrparallel sequences without lag exists, thipiires
more resources in workers if these tasks are egédatmanual, of machines if automated, and of tolfo
robotized. These impacts obviously the product fosh labor cost in manual because the increasetbat
of workers, the machines cost like the investmetibise the increased number of machines is incteaise
the robots costs because the increased numbebaisro

Using this graphic modeling language many pararseiepacting the cost are directly visible or
determinable like the cited parameters such asrddgesequence architecture and assembly time, Isat a
others such as the tools needed or machine toaiém be found in the transition conditidDglike it was
described in the modeling language definition iotise 4.3.2. These tools and machines determination
order to calculate their cost in the product magbee basing on the modeling language. Also neseesbrs,
indicators, or control architecture for automaticrobotic assembly may be discussed by designeng us
conditionC, and also the assembly tasks sequencing.

In order to make this contribution the most objagtiorganized, easy as possible and programmable in
computerized evaluation or decision tool, the giapmodeling language vocabulary should be standéris.
will be helpful in the assembly time estimation whge need to estimate the assembly time. The asgemb
time comes from the time costing elements in treembly sequence consisting on the assembly motions.
That's why we have to standardize the assemblyamstand estimate the required time for each motime
standardized motions are shown in table 6 basestuaties done in Cedar laboratory in Clemson Unityers
where the vocabulary was built and studied [11@[[1119] to which we add the motion ‘Identify’ asakin in
the table 6.

The previously defined fictive action or modelirghguage specific instruction named “Wait” is not
considered as time costing when considered alogause nothing is to be done for this motion and the
assembly time estimation for the sequence is etedutp the minimum and supposed to be in al lean
manufacture and where there is no time waste. fl¢tige action is consequently theoretically evaadhto
duration of zero seconds.

The motions time estimation will be studied in thext chapter. These verbs are convenient to describ
manual, automatic or robotic assembly executidnl€tg).
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Table 6 The standardized Assembly Motions

Standardized Verbs list

S. No Verb Definition Example
. Accurate Positioning of a part or tool over another .
1 Align Align bumper to BIW
part
Putting on a medium on an object with or without . . .
2 Apply . Lubricate headlight seal initial
the aid of a tool
Setting or binding two parts with each other using
3 Attach Attach hook to ARB
only the features on each part
Includes all performances, to clean an object with a . . . .
4 Clean Clean windshield with wipe
tool.
Includes all activities to connect/ locking or
5 Connect . . . Connect cable to harness
unlocking a cable, with or without tool.
. Unlocking a fixture or removing a part from the Disengage the fixture / Remove
6 Disengage . .
fixture or tool. lig
7 Engage Locking a fixture or engaging a tool onto a part. Engage a fixture or clamp.
Involves exchanging empty bins containing parts and .
8 Exchange . . . Exchange container nuts
supplies with full bins.
Picking up a part or tool from around 1 m or does
9 Get . . . . Get torque tool
not necessitate getting up or walking from position.
Screwing in 2 rounds, the bolt or nut by hand or with Handstart first screw on tool
10 Handstart . . . . .
the aid of tools, to set it in position. holder at lift assist
Includes all activities to assemble clips with hands .
11 Insert Insert clip to Y-strut
and/or tool
Carrying out a check on a part or process, in order to
12 Inspect L Inspect bumper for damages
make a decision.
13 Lay Laying a cable by hand and/or fastening exactly Route Bowden cable
Moving with/without a part/tool around the car or
14 Move . . . . Move to front bumper
actions like bending down, squatting.
Includes all activities to handle packaging, separating .
15 Open (Preparatory) . Open bag with tool
layers and opening package to take contents.
Operating is to getting control over adjusting
16 Operate elements with a hand or foot and performing a Operate to lower EMS onto hook
single operation or a combined operation.
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Position a part or tool that is already in hand and

17 Place . . . Place ems hanger on third coil
requires no additional walking
Press Pushing a button or switching on a control to
18 . Press button to release
(Switch/button) operate a tool.
19 Push Manipulating a tool or part to align or start motion. Push seat into place
Reading information carrier, data cards to L
20 Read . . Read option list
comprehend the information.
Remove Includes all activities to handle packaging, separating
21 . Remove flex layer
(Preparatory) layers and opening package to take contents.
22 Remove Take a part off an assembly or piece of a part. Remove a round cut out
Refilling storage containers, toolboxes and/or .
23 Restock . Restock rivets to carts
containers.
24 Restrict Restrict cables.
Includes all activities to mark an object with a Get scanner and scan label on IP
25 Scan marking device or to document an object with a skin
scanner.
. Involves screwing in a bolt or nut completely with .
26 Screw in Screw in by hand total depth
hand.
Securing a cable with stationary or moveable .
27 Secure ) . . Secure cable for foglight
fastening elements. With or without tools.
L . . Snap |-Panel Finisher into
28 Snap Clipping in parts with clips and onto other parts
console stack
. Fastening screws and bolts with manual tools or Tighten 4 off screws with torque
29 Tighten
torque tools. tool.
Unscrewing bolts/nuts manually or with help of a Unscrew adjuster 3 half turns
30 Unscrew
tool. 3mm gap
Walk from car body to car body or supply area
without picking up part or any action.
31 Walk Walk to cart and back
(and)
Walk to supply area to pick up a part.
32 . Identify the right element to use from organized or .
Identify . . . Identify the wanted screw to use
mixed and disorganized package
33 Walt Wait for a previous condition validation or for ASML Wait for the availability
ai

rules respect

of a needed part
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4.5. Example of application

In Order to validate partially the modeling langedwyilt, a test on an example is worth doing. Tfoges
we apply the language on a simple example.

The example consists in an assembly operation mbdeminiature simplified truck assembly which was
observed during an assembly classroom trainingénindustrial engineering school GI-INP (figure .ZBhis
course is taught for many ago to the industrialimegying students the assembly practically and ignoy
knowledge about manufacturing techniques aimingethuce waste and improve productivity such as lean
manufacturing and 5S.

Figure 23: The truck assembly training

The assembly operation mode description is showtheérntable 7. This operation mode is retrieved from
the work instructions of the assembly training tihat students should ensure during that course.

Table 7 The example assembly operating mode description

Step Tasks

Pick a chassis randomly (left/right, manual/autachat

Pick a correct dump truck (left/right) accordinghe chassis got (left/right)

Place the dump truck over the chassis on the hidek s

Handstart the group with a screw 6 and nuts in saith

Tighten using the key 7 and the Allen key

Place the chassis levers under the dump truckadat tinatches with the last hole of the dump truck
Screw in the group with screws 20 and nuts

Tighten using key 7 and Allen Key

Restock the dump truck in the corresponding warsou

© 00 NOoO O~ WDN P

We use the modeling language built with the staidad vocabulary in order to represent the desdribe
operating mode of the truck assembly sequencing.

The obtained representation is shown in the fi@dre

* Interpretations
The modeling language allowed the representatidgheotiescribed operating mode.

The representation showed clearly the tasks anddhditions allowing the execution of these ta3kse
material transition is also clearly shown in thensitions and this is useful for determining thedwesl tools
and parts seeing this representation before gyatimassembly.

The modeling language seems fulfilling all the riegments defined and allows all needed manipulation
and information representation.

The representation may also be useful, in addttothe use further in the decision about automafion
the assembly workers especially novice. In fact bldt representation method is usable to explaia t
assembly sequence that they will execute, thanitsetalearness and simplicity of the representaiiing the
modeling language built.
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Chassis is

left steering 1x DumpTruck 1x DumpTruck
wheel Identify left identified Get (1x DumpTruck left got
1x DumpTruck (1xDumpTruck left) left)
left avaialble
- Dun;pTr:l:k 2 Screws 6’ 2xScrews 6" 2Nuts"6’
. Identify (the chassis Place (DumpTruck, Place identified identified
Get (1x chassis) 'Vz ot — 1 back of the chassis) v * | dentify(2xScrews ) - Get{2x Screws 6') Identify(2x Nuts '§) - -
1x chassis - screws - 2xnuts ‘6’ -
avaialble Chassis is available available
right steering 1x DumpTruck 1x DumpTruck
wheel Identify right identified Get (1x DumpTruck left got
1x DumpTruck (1x DumpTruck right) right)
right avaialble - -
2xNuts'6’ DumpTruck + Key'?' ) ‘Allen’ key _— - All screws Key'7' Allen ‘key’
gt Handstart{dump truck, chassisfired identified Key 7 got entiy (1x Al identified Allen’key got S '"k“"‘L“r",‘A"‘:"", tightened restocked restocked
L5 GetfaxNuts'®) chasss, 2x Screws €/, J—— Identify (1x Key 7 . Get (key ‘7) e Get (‘Allen’ key) crassis ley 7, K o - Restock (Key ‘7') Restock (‘Allen’ key)
_ nuts 6 1xKey ‘7' _ 1x‘Allen’ key key) _ _ key, 2 5‘"}"5 L _ _ _
available available Nt )
Place (chasis ever, ChaslsiseI:ver 1 Screw ‘20 1x Screw '20" 1x Nut ‘20" 1x Nut 20" Chassis Ie::ir:d Key'?' oy Allen’ key
der dump truck plac \dentify (1x screw identified ’ identified got Handstart(chassis lever, DumpTruck fix identified ey'7 got TP identi
Ly ,“:a':::m':,'::,,”’:fhlﬂh "str) - - Get (1x screw 20") Identify(1xNut 20) Get (1xNut 20) DumpTruck, IxScrew. || Identiy (1xKey 7) Get ey 7) . Identify (1x ‘Allen .
he s hleof te dumg truck/ 1x Screw 20" . Ix nut ‘2 _ B 20', 1xNut 20') x K.ey 7 _ 1x‘Allen’ key key) _
avalable avalable avalable avalable
Al . N Screw Key ‘7 ‘Allen’ key (oA Move Wharehouse N
‘Allen’ key got Screw in (Chassis lever, Chassis*DumpTruck ChassisDumpTruck
. e Ky g Du:\;Tiuck, kley 7, tightened restocked restocked Get gt (chassis\DumpTruck, reached ‘ ALaV Isw c:e: "
Get (‘Allen’ key) Al ey, Ix Screw 20!, . Restock (key'7’) Restock (‘Allen’ key) (ChassisADump wharehouse, (chassis?DumpTruck,
- 1xnut'20) - - - assembled) - ameters) - wharehouse) -

Figure 24: The Assembly Sequences Modeling Language (ASMtapplied on an assembly example
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4.6.Conclusion

In this chapter, a new assembly modeling langualeléd ASML was built and defined allowing a simple
and clear assembly sequences representation amdizgpion from a sequencing point of view. This
representation language was built after a defimitbthe needed requirements (section 4.2) thaassembly
representation method should fulfill followed bylieerature review proving the non fulfilment of dbe
requirements by the existent assembly descriptiethoals.

The language built exploited some principles of thestent methods in order to fulfill the entire
requirements. This led to the fulfilment of thequ&rements defined in section 4.2 consisting on the
requirement 1 imposing that the method should belgcal, the sequential representation (requirer®grthe
transitions between the assembly tasks (requirerBgnthe decision and choices (requirement 4), the
representation of parallelism for independent (regoent 5) and dependent (requirement 6) tasks, the
representation of material flows (requirement g, tepresentation of the final product assemblyeraiature
(requirement 8).

In fact, all the requirements defined are fullyfifldd by the new modeling language built excepd th
requirement 9 fulfilled partially (table 8). Thiequirement 9 about building a standard representati
independent from product type or context is glgballfilled considering the standard rules and \mdary of
the method defined, but when considering the umigse of the representation imposed also by the same
requirement, this may be missing because the nmilfgossibilities of representation (serial, patalle
combinations,..). Moreover, this part of the regmient 9 is hard to verify. Yet, this requirememuing the
uniqueness may be fully fulfilled if we represemietsimplest representation as all in serial, or the
representation of the optimal sequence least twséng for example. Although we consider on the Mtibat
the requirement 9 is partially fulfilled, but sédistory fulfilled.

Table 8 The requirements fulfillment by the Assembly Sexpsehodeling Language (ASML) built

The Requirements

Reql| Reg2| Req3| Req4 | Reg5| Req6 | Req7 | Req8 | Req9
|The Assembly Sequences Modeling Language & - L ] L ] L J L J - L o

The built modeling language will be useful for ttiecision about automation because it will allow the
representation and sequencing of the assembly segLi€his sequencing and the possibility of reprigmon
considering dependencies and delays will alloweaba&uation of the assembly sequence duration esbima
for a defined configuration if all the standard fans defined in the table 6 are estimated fromrigrpoint of
view. When changing the sequencing by executingstas parallel for example will impact the assembly
estimated duration, and also the needed resouegeaing more resources to assume this paralletigion
whether for manual assembly by duplicating workéwss,automatic assembly by duplicating machines or
lines, or for robotic assembly by duplicating rabatlowing these tasks. This defines the needtimate the
assembly motions from timing point of view with @rsdard definition of times for the different teckogies
(manual, automatic, and robotic), and to set ugethad to estimate the assembly sequence duratgingoan
the representation and on the motions estimatesktiithis is the purpose of the next chapter.
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CHAPTER 5. Assembly sequence and motions time estimation, asis, and time

involvement in the decision about automation

5.1.Introduction

The assembly time, as shown in the figure 6, i®lired in the decision about automation. In facg th
product assembly time impacts the assembly costanskequently the product cost. In the designedefirayl
language ASML built in the previous chapter, thpresentation is proved able to represent the adgemb
sequencing and the assembly time duration. Tharddgesequencing is important because it refleatsctly
the resources to use. When opting sequences ifighatlais requires more resources or duplicat®ueses.
But when no resources available, it will be repnésé by a delay or lag between tasks and the testudon
will wait the occupied resources liberation befstarting. Therefore, this sequencing reflects thsembly
investment and cost, and will be considered inet@nomic method to build in order to calculate pheduct
assembly cost taking into account all the concepadmeters as the assembly time and the requivdders,
machines, or robots. It is consequently importantdte that the sequencing taking more time isenimtently
the least costly and the optimal one but it shdaddargued by the cost calculation using an economidel
considering all the parameters involved as theuress cost required when using parallel sequerinigder
to reduce assembly time for example. From anothir, $he sequence should permit the assembly of the
required volume suggested by the industrializategineers. In this chapter, we will define the basi
consisting on how determining the assembly timagishe ASML defined in the previous chapter, thea t
assembly motions time standards definition on wieleery assembly time will be based. These assetimy
estimation standards will represent an informatiata base of time values considering the partsactexistics
impacting the time for the concerned motion suckhassymmetry, the thickness, the surface, thenessito
reach and to handle.

5.2. Time estimation based on a sequencing using the ASM

The time estimation based on the assembly repragamusing this representation will depend ontitme
estimation of each motion in the sequence (tablel6¢ assembly time of a motion depends on thetpart
assemble characteristics, and on the technologg whether manual, automatic, or robotic. In facergv
motion will be evaluated independently for mandat, automatic, and for robotic assembly and congide
the part characteristics involved on the motionatlan as the symmetry, the thickness, the surftee,
easiness to reach and to handle. These timingbevillefined later.

For an estimation using the ASML, we will make hifpsis that no stop time or wait exists, so a lean
execution is supposed. Consequently, the transitiorthe representation have no duration and theé is
estimated to zero seconds. The assembly timedsrdieted only from the motions in the sequence ty%in

From a sequencing point of view using the ASML, tinee depends on whether tasks are in serial or in
parallel. If an actiom and an actiof are executed in serial, the time estimation ofgiwip is the sum of the
time estimation of each action (figure 25.a). Ahthey are executed in parallel, the time estinmatd the
group is the max between the timings of biodndj (figure 25.b). If there is a choice between twagible
sub-sequences according to conditions the timenastin of the group is also the max between thengm
between the two sub-sequences (figure 25.c).
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Figure 25: The elementary rules for sequences time estimatony an ASML representation

The figure 26 shows how determining the assembig fior 2 examplesaj and b) where combinations of
serial and parallel tasks exist.
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Figure 26: Examples of time determination using the ASML regmm&ation
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5.3. Time estimation of assembly standardized motion

In the precedent section the basis of the assetimhly estimation based on a representation using the
ASML were defined. In fact, it was shown that thime estimation is impacted by the architecture and
organization of the motion in the sequence whicly b®in serial, in parallel with an AND or OR digence,
or presenting a lag. From another side, it wasdefihat the time estimation is deduced in the execpifrom
the motions that forms the sequence, so from the &stimation of each motions or assembly actiaitsew
in each step of the representation using the ASML.

In the section 4.4.3, these assembly actions warelardized for the ASML and summarized in thedabl
6. One of the advantages of using a structuredstamtiardized vocabulary which allow the descriptidn
every motion in the assembly is the standardizeé tstimation. In order to make the time estimatiban
assembly sequence represented using the ASML sivddtbulary of standardized motions, it is neggdsa
estimate the time for each motion of these starzisidmotions. This will lead to an assembly timing
standards building. This will be presented in #astion.

The standardized timings to be built will be defirfer all the assembly actions defined in the t&blEor
each motion, the factors consisting in the charmties of the product part to assemble that imghet
required time to execute this motion will be defingith the separate ranges of values of each fattoe
required time for each motion will be a functiontieé correlated factors and ranges.

As the purpose is the decision about automatiod, @nsidering the fact that each motion of the
standardized verbs used in the assembly sequenaseatation may be realized in manual, in autanatiin
robotic, the time estimation for the assembly mmiavill be realized separately for manual, autooatind
robotic. To estimate an assembly sequence or subseg represented using the ASML, the user hasfdo r
to the corresponding motion with the correspondmglved factors according to part characteriséing the
corresponding technology.

The table 1 Appendix contains time estimationstiigr three technologies for all the standardizedser
and a coding system is to be used in the tablederao refer to the adequate timing. This codipgtem
consists of three codes:

- The verb code consists in the number of the vethdrrange ['1'.. ‘33"]

- The technology to use code that may be ‘M’ as Mgridaas Automatic, or ‘R’ as Robotic.

- The factor influencing the assembly verb time eXeaou that can be according to the correspondinb ve

‘a’, ‘b, ‘c’,... If the verb is not influenced byaictors leading to only one value, no factor infitiag
code is used.

5.3.1.Time estimation for Manual Assembly

The standardized assembly motions time estimatias malized for manual assembly and the sources
used to estimate the motions required time arévishods time measurement described in the Methads T
Measurements (MTM) presented in section 3.2.1.8, Bloothroyd’s time standards described in section
3.2.1.1, some combinations of the motions defimethése sources as described below the table 1néippe
some time keepings recuperated from a mechanisahdsdy manufacturer, and some logical estimatioitts w
a personal assumption when no source exist fomtbion time estimation. Some estimation have to be
improved, verified, or validated further by doingdustrial measurements, benchmarking, or invesbigat
The estimated time values are shown in the taBlpdendix and the detailed sources are below tHe.tab

5.3.2.Time estimation for Automatic Assembly

For the automatic assembly, sources were fewer adongpto those available for manual assembly. The
source used for the insert verb was an adaptation the Boothroyd's insertion time standards asritesd in
the sources below the table 1 Appendix. These salgre compared to their corresponding insertiore ti
standard for manual factor by factor, and it wadutded a time conversion factor of 50% as an aveirage
order to convert a timing from manual to its cop@sding in automatic. This conversion factor wasdug
estimate the timing of many verbs in automatic bgeeduction from manual with corresponding factmss a
described in the table 1 Appendix. For some veWwd®n the assembly action in automatic is a computer
instruction execution as operate verb, read, ontifje the time is estimated to 0 seconds becatise i
supposed to be in a microseconds scale to someeudhds. For other verbs such as Lay or scarsaime
duration as for manual is used (sources below thBlppendix for the detailed sources of estimation)

5.3.3.Time estimation for Robotic Assembly

The same approach of estimation as for automatisasl except that 40% for the conversion if deducti
from manual is made, is retained (sources belole tal\ppendix for the detailed sources of estinmgtio
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5.4.Time savings: a criteria for assembly tasks automaig

After standardizing assembly motion and buildingdistandards, time savings for manual comparing to
automatic and robotic are worthwhile to build fack motion considering the impacting factors farheaf
them. These time savings may represent a signifio@an to decide about automation. In fact, autmmgahe
tasks representing the greatest time savings may bigsue for the decision. It can be usable toraate also
a sub-sequence of related tasks by summing thesaviegs for manual-automatic or for manual-robbc
opting for the one representing a considerable sawing.

Therefore, we built a table containing time savingaual-automatic and manual-robotic. The values ar
presented in table 2 of Appendix. The coding systiescribed in 5.3 and used in table 1 AppendiXgs a
used for table 2 Appendix building and the time isgy values are represented as follow:
“ AtMr;mual—Automr;ltic/ AtManuaI—Robotic“ (table 2 Appendix)-

The time savings are considered for the assembig ptimization. However, the assembly system
optimization does not depend only on the assenitnlg.tin fact, reducing the required time by autdangabr
robotizing may lead to a very expensive systenoa@rt oversized system from volume and productjint
of view. For the assembly system optimization thguired volume and the assembly system cost shmzuld
considered with an economic optimization as deedribefore in the third chapter and in the decision
methodology outline defined in figure 6.

The time estimations defined before will be usethim assembly cost determination and the time gavin
will be used for building heuristics building farsks automation selection in the economic optinunat

5.5. Example of application

In order to apply the defined rules of time estioratind the standardized timings of the assemblyom®
related to the ASML, we estimate the assembly segpief the truck assembly operating mode treatedden
section 4.5. The time estimation will be based lo& assembly sequence representation of figure B8. T
purpose is to use the standards built in ordestionate the required assembly time of the sequencenual
assembly which is the case of the students traimisgmating time of the same sequence for autemati
assembly, for robotic assembly, and for a hybrideasly with combinations of manual, automatic, and
robotic assembly.

5.5.1.Estimation in full Manual Assembly

The time estimation in manual assembly will be deteed in this section using the manual standanedi
built. We reproduce the figure 39 and we show ingach assembly motion the corresponding assenmiy t
code (green color) in the figure 27.
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Figure 27: Example of time estimation of a full Manual assgnskelquence

=>» The application of the defined rules and the ushefime standards defined in table 2 Appendiddea
an assembly required time in manual executionl®B.46288&econds: [1min , 48s , 463ms]
48

Get ('Allen’ key)
[9.M3]




5.5.2.Estimation in full Automatic Assembly
Similarly, we estimate the assembly sequence oftrilek in automatic assembly and we define the

corresponding time codes in the figure 28.
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Figure 28: Example of time estimation of a fuII Automatic aslsly sequence

= The estimated time of this sequence in automasierably is: 58.9648econds: [Omin , 58s , 964ms]

5.5.3.Estimation in full Robotic Assembly
We represent in the figure 29 the assembly sequantiens time codes for a robotic assembly.
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Figure 29: Example of time estimation of a full Robotic asdgmbquence
=> For this robotic assembly, the estimated time efgbquence is: 47.18953 secondB8min , 47s , 190ms]

5.5.4.Estimation in Hybrid assembly

5.5.4.1 Hybrid Manual-Automatic assembly

The hybrid assembly system here is a manual asgemwitii an automated stocking of the final sub-
product assembled as by a use of a conveyor. Tlueefi30(a) represents the timing codes of each motion

with its corresponding technology used whethen isvanual or automatic.
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Figure 30: Example of time estimation of a full Manual assgnselquence
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=>» For this hybrid assembly based on manual and atimessembly the estimated time is: 107.728 seconds
~[1min, 47s, 728ms]

5.5.4.2 Hybrid Manual-Automatic-Robotic assembly

The hybrid assembly system that we define in tleistisn is a mix of manual, automated, and robot
assembly. The manual operations are defined irp#inenature identification as in order to reducet@nd
avoid vision sensors for identification which maydomplex and costly to implement. The effectiveeatbly
is ensured by a robot. The final sub-product astemimbvacuation and warehousing is ensured by simple
automatic conveying system. The motions codes deriaig each the corresponding technology useddohn e
assembly task are shown in the figure(I3D

= The required time to execute the assembly usirgghyibrid system using manual, automatic, and roboti
technologies seaming more productive than its previhybrid but more costly is: 49.873&conds
~[Omin , 49s , 864ms]

5.5.5.Interpretations

For the truck assembly training which was realimeghually, the estimated time of the operating made
manual assembly, is 1 minute, 48 seconds, and 46Seconds (section 5.5.1).

Using the modeling language that we built with skendardized assembly motions and the time stamdard
using the time codes, the estimation of the assesdruence time in automatic, robotic and hybristesy
was possible.

The fastest solution is the robotic one, but itsdonet mean that it is the optimal solution or tiptiroal
level of automation. In fact, that is because ifme tis not the only factor to judge and evaluaselation. One
of the other important factors to consider is tlwstc and unfortunately, robots are generally thestmo
expensive assembly systems, especially if theyised to be autonomous and to do self identificatgks in
order to recognize objects or parts because itinegjmision cameras and advanced sensors and seftarad
that’s what exists in the beginning of the sequemlcere the robot have to recognize if the chasstissta left
or a right steering wheel, and to identify accogdin it a dump truck is left or right in order ttag the
assembly.

If we suppose that these identification systemsvany expensive and cannot be purchasable by the
manufacturer and at the same time that the qualithe volume requires a robot assembly, given dhfail
robotic assembly is the fastest solution with 4@ amd 190 ms (section 5.5.3), one solution is ®aus/orker
for the identification and a robot for only the esdbly. The worker will identify the chassis andtiis a right
steering wheel and will for example place it imoadtion x, and if it is a left, he will place it anlocation vy,,
and the robot is programmed with two plans, assgmlain X if he detects a part in location x, andegssbly
plan Y if he detects an assembly plan y. For theetausing (end of the assembly sequence), another
hypothesis is that the robot used is so small ablte cannot move to place the final product tistadce of 2
meters, so an automatic conveyor is used to sbleeptoblem. These hypothesis led to the hybridegyst
described in figure 3(b) section 5.5.4.2 and to an estimated assemblydinfiémin , 49s , 864ms] which is
faster than the full automated and all other sohgiexcept the full robotic, but supposed to behraleaper
because the identification is not ensured by thetrdut manually by a worker, and the robot is $enado
cheaper than the robot used in the full roboticolwhis much bigger or using a self robotic convealtowing
him to warehouse the final product located to 2emsefarer from the assembly station.

5.6.Conclusion

During this chapter, rules for determining assembéguence time were defined for the assembly
sequences modeling language (ASML) built before.

The standardized verbs defined and relative toABML were also estimated in this chapter from time
point of view, and time standards were built fag tlerbs considering the factors that may impadt eaation.

These motions were evaluated independently for medarautomatic, and robotic execution and time
savings for manual-automatic and manual-roboticewsiculated. These time savings may be used iafter
selecting tasks to automate presenting the mogiriapt time saving. Heuristics based on this ppilecmay
be defined as a perspective of the work in this.axi

At the end of the chapter, the assembly truck djperanode studied in the previous chapter was resum
and estimated from time point of view for full mahassembly, full automatic, full robotic, hybridanual-
automatic, and hybrid manual-automatic-robotic. Thportance of the time issue using ASML was vaéda
and the importance of the tool was argued in tleergste interpretation section.
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CHAPTER 6. Conclusion and Outlooks

The research axis of this work is around the qaestiow to determine the optimal Level of
Automation for Assembly Manufacturing Systems aearly stage of the manufacturing process
before the system design?” The purpose was to@@fimethodology for supporting assembly
systems conceivers and deciders within manufastame helping them in the decision about the
most suitable and optimized process with an adequavel of Automation considering
manufacturer intrinsic factors, parameters, progueracteristics, and planned production.

In order to achieve this goal, the work startedaleep literature review in the topic. In fact,
the literature directly related to the topic froractsion making algorithms and methodologies
point of view was not abundant. Consequently, aerestve literature related to the topic was
established by crossing related subjects as asgeautimation in the literature, automation and
Level of Automation concept, the decision makingowtb automation, and the different
methodologies about automation available in therdiure. The gathered information from the
literature was organized and classified in this kvand may represent a structured literature
review reference in the research topic.

After the extensive review, a decision methodolaygtline about automation was built
exploiting and combining the results found in tiiterature and extending these results to a
decision methodology which seems to be suitableotmbine the technical requirements, the
product characteristics, the manufacturer contegtcapabilities, and the economic aspect. The
methodology aims to structure the decision withpeesing all the specific manufacturer
requirements and offering the most profitable sotuas possible.

To achieve this goal and make the methodology eplplie, a graphical representation of
assembly method is needed. After a review on tleteax graphical methods used in assembly,
and others that we described as usable for assesynlgsentation, a need to build a new method
dedicated to assembly sequences representatiomaigasl. This led to the creation of a new
Assembly Sequences Modeling Language lab&&ML with a standardized vocabulary of
assembly motions and verbs. The modeling languaage tested on an assembly example and
proved as adequate and satisfactory for the decaout automation purpose.

In relation with the decision and optimization dfet Level of automation, estimating
assembly times is imperative. This is what led teeation about time rules building for the
ASML allowing times estimation basing on an assembpyresentation using the modeling
languageASML In the same section, time standards were builtHe assembly standardized
motions for manual, automatic, and robotic assenibiys make possible to estimate assembly
time for the assembly sequence, sub-sequencesloma defined technology leading to a final
assembly estimation in full manual, full automafgl| robotic, or hybrid systems by making
combinations of these previous. The obtained requkpared an adequate environment for the
decision making by offering a complete and int@tassembly standard modeling method.
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The continuity of this work would be around builgimn accurate economic model for
product assembly manufacturing cost calculatiomamual, automatic, and robotic execution.
This model cost is suggested to be the sum of el&ane cost per assembly motion in the
assembly representation model usAk§ML basing on the time required and the resource cost,
and involving theASML representation of the structure and the requireststment. The
economic model should consider also, as definedhen decision outline (figure 6), the
industrialization requirements that may be knowramtearly stage of manufacturing such as
volume, product market life, cycle times, down timstimated rate, and workers hourly rate
according to the planned location.

Other axis may consider the pattern and algoritomtlie detection of motions and tasks
suggested to be worthwhile to be executed in mamuautomatic, or in robotic. In this work,
we suggested the time savings, but other factorg bea studied such as tasks execution
complexity, tasks decreasing quality, tasks natable for a technology. This may be aided by
feedbacks from experts and benchmarking. Algoritfonsleducing the optima\SML structure
by serial or parallel execution of tasks that intpadirectly the cost because it impacts the
required resources for assembly. Rules have tcelived concerning technology dependencies
for the standardized motions and precedence betwedions imposing executing a task in the
same technology as its precedent for some motibms.tool may be a learning computerized
tool or an expert system with artificial intelliggmusing a base of rules and a base of facts in
order to deduce the decision from the decisioresyshputs and rules.

For the work refinement, improving the built tirseandards is worthwhile. This may be
performed by industrial measurements, timekeepng, investigations in order to improve the
time values accuracy, and by suggesting other peteam impacting the motions times with
more precise ranges. The suggested accuracy maguenthe decision methodology precision.

To conclude, the finality of the work would be tiiecision computerization and the creation
of a decision support tool where the user draw AL assembly sequence in a software
graphical interface and enter his inputs. The teill according to the entered data calculate,
optimize, and select each task in a defined tedgyofollowing the decision methodology and
calculate the assembly cost in each iteration. fEselt would be the assembly structure and
technology of all the assembly tasks of the seqa@tich may be at the end manual, automatic,
robotic, or hybrid fulfilling all the requiremengnd criteria entered as inputs, and optimizing the
manufacturing cost in order to lead to the mosfifatale solution.
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Align

Apply

Attach

Clean

Connect

Disengage

Engage

Table t
Assembly standardized motions time estimation
for Manual, Automatic, and Robotic assembly

Time estimation [Seconds]

Time estimation for Time estimation for Time estimation for
Manual Assembly (M) Automatic Assembly (A) Robotic Assembly (R)
a sym 1.717 a sym 0.858 a sym 0.687
Easy to handl b % @ E handl b % (34) b % (39)
asy to handle 4 sym 1.978 asy to handle 4 sym 0.989 Easy to handle 4 sym 0.791
c Non sym 1.911 @ c Non sym 0.955 (€2 © Non sym 0.764 (35)
d sym 324 @ d sym 1.62 ©Y d sym 1.206 &
Difficult to handle B 1 . B 34
(thickness, weight, temperature, no e % sym 4.932 @ Difficult to handle e % sym 2.466 (34) Difficult to handle , (35)
features provided for the purpose) (thick S5, weight, no features (thickness, weight, no features € % sym 1.973
; Non sym 5.868 @ provided for the purpose) f Non sym 2.934 (34) provided for the purpose) 5)
f Non sym 2.347
a $<5 [cm’] 30 © a S <5 [cm’] 15 @Y a $<5 [cm’] 12 G
surt b 555 <50 [cm’] 70 O surf b 5<5 <50 [cm’] 3.5 &Y Surf b 5<$ <50 [cm’] 2.8 &
uriace c 50< S <100 [em’] 120 @ uriace c 50<5 <100 [cm] 5.5 9 urace e 50<5 <100 [cm] aq
d 1005 S <500 [cm’] 16.675 d 100< S <500 [cm’] 8.337 % d 100< S <500 [cm’] 6.67 O
3022 @ 1511 G4 1208 &)
35)
a a 5<0.5 [m’] 08 ¢
$<0.5 [m7] 20 © a $<0.5 [m] 1.0 G4
n b 0.55 S <1[m?] 1.2 ©9
0.55 S <1[m?] 15 G4
Surface b 0.55 S <1 [m’] 3.0 © Surface Surface c 1<S <3 [m’] 2.0 (39
c 1¢S5 <3 [m)] 2.5 G4
c 155 <3 [m’] 50 @ d 355<10 [m] e d 325<10 [m’] a0 ®
d 35<10[m’] 100 © B )
18132 9.066 7 7.2528
a Easy to handle 0.412 ®) a Easy to handle 0.206 (84) a Easy to handle 0.165 @5)
Difficult to handle ®) Difficult to handle (34) Difficult to handle @35)
b (thickness, weight, temperature, no 0.626 b (thickness, weight, temperature, no features 0.313 b (thickness, weight, temperature, no features 0.250
features provided for the purpose) provided for the purpose) provided for the purpose)
(34]
a Easy to handle 0.412 ®) a Easy to handle 0.206 a Easy to handle 0.165 @5)
- 34) .
Difficult to handle Difficult to handle 0.313 ( Difficult to handle
b (thickness, weight, temperature, no 0.626 ®) b (thickness, weight, temperature, no features b (thickness, weight, temperature, no features 0.250 ©5)
features provided for the purpose) provided for the purpose) provided for the purpose)
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35
(34) a W <10 [Kg] 3.0 &
g Wt ik @) a W <10 [Kg] 3.75
Exchange a <10 [Kg] 7.5 .
b 10< W<50 [Kg] 6.0 ®®
34)
: ; b 10< W<50 [Kg] 7.5 ¢ i
Full cor'1ta|ner b 10< W<50 [Kg] 15 7) Full cor'1ta|ner Full c0|'1ta|ner
Weight Weight Weight 35
C 50< W <70 [Kg] 12.0 (39)
¢ 50 W <70 [Kg] 30 M c 50< W <70 [Kg] 15.0 ¥
35)
d|  70sW <100 [Ke] 16.0
d 70< W <100 [Kg] a0 ) d 70< W <100 [Kg] 20.0 ©¥
Small, medium, or large 34)
a | Small, medium, or large object easily 0.2368 @) a object easily grapsed 0.143 a S'::j':c't“::s'i‘:;“g'r‘;'p':e'ge 0.1147 33)
f . thickness >2mm .
Get grapsed (thickness >2mm) (thi ) (thickness > 2mm)
- Very small object or tool 0.269 (34) Part can be gripped
(without (thickness <2mm) : and inserted using )
moving : standard gripper or Verl'y :m:ll object or 0.2155 (33)
. - tool(thi <2 .
distance b Very small object or tool 05388 ©) Object jumbled with other 0214 @4 gripper used for ool(thickness<2mm)
<1 meter) (thickness <2mm) : objects so that select occur : previous part
Object jumbled with other 23
objects so that search and 0.171 @3)
select occur
c Object jumbled with other objects so 0.428 @)
that select occur : Small, medium, or large 23
object easily grapsed 2.2147 (33)
(thickness > 2mm)
Part requires change to Very small object or tool 2.3155 (33)
special gripper (thickness < 2mm) *
Object jumbled with other 33
objects so that search and 2.271 (33)
select occur
40
(C) (40) a sym 123728 0
10 sym 35.937 a sym 17.9685
Handstart . Easy to handle | p % sym 104702 40
P 40
Easy to handle % sym 18.099 (40) @0)
© c Non sy 14.4524
% sym 36.198 (“40)
Easy to handle (40) d sym 14.984
c Non sy 18.065
(40)
e % sym 15.6608
© d sym 18.73 (40) Difficult to
Non sy 36.131 handle
Difficult to handl (thickness, weight,
ifficult to handle 5 (40) temperature, no
(thickness, weight, @ % sym 19.576 features provided for (40)
9 t ture, t
Difficult to handle sym 3706 temperature, fofeatures the purpose) | f Non sy 16.0352
(thickness, weight, temperature,
i 40
no featur;su;:;z:l;ed for the % sym 30.152 [©)] f Non sy 20.044 (40)
Non sy 40.088 ©
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Can

After Easy to easily Easy to No holding
: reach (10) After : down i i
assembly align and " 1.5 assembly align and Part can Using motion 32
no holding position d e d position No Straight line (31) be along or about 1.0
Insert d duri esire: no . insertion 1.1 ibped one axis
own uring location holding resistance grippe
required to assembly down to and Self
maintain No . insertion inserted aligning
i i resistance required i
orientation to Cannot to using Involving
am.i inseri <asily maintain Insertion not @1) sta.ndard motion along or 18 (32)
location insertion . . straight line 2.0 gripper about more
reach (10) orientati ti . than one axis
the 4.75 on and motion .or
desired location gripper 3
location used for Using motion 1.07 (32)
Straight line (31) previous along or a.bout
insertion 1.55 part Not one axis
Can Resistance easy to
easily to align
reach 25 (20) insertion Involving
tl]e . Insertion not 3.0 (31) motion along or 19 (32)
i desired straight line . about more .
Resistance location motion than one axis
. to. Cannot
insertion easily
re:ch 5.75 (20) Part
the . k . .
. - Using motion
desired Not Easy St.ralght. line 155 (31) te::(;:lrr:ry along or about 1.0 (32)
location to align insertion ’ holding or one axis ’
Can t?r' clamping Self
Not Easy easily po(smon No aligning
to align r:::h (10) fea:t:)res resistance Involving
or N . 25 to motion along or (32)
- o desired provided . . 1.8
position 5 locati insertion . about more :
resistance location ©
. for the Insertion not than one axis
during to Cannot straight line (&)
. ) " purpose) 8! 3.0
assembly insertion easily motion Using motion
reach 32)
the (10) along or about 1.07
5.75 one axis
desired
location
Can
easily
reach Straight line (31)
the (10) insertion 24 Not
Resistance Idesltr.ed 8.5 Resistance ealsy to t'[“’°"’li"g 32)
ocation align motion along or
to to 1.9
Cannot about more .
insertion easily insertion than one axis
reach Insertion not (31)
(10) straight line 4.6
the 6.75 i :
" . motion
desired
location
Holding Easy to Holding Easy to Straight line
down align and down align and insertion 145 (31) Part Using motion (32)
required position No Caf" required position No : requires No holding along or about 3.1
during during resistance easul’\: 10 during resistance change down self one axis
subsequent assembly to r::: 5.5 (10) subseque to to aligning
processes insertion desired nt insertion Insertion not (31) special mo:?:: Iavllc?: or (32)
to maintain location processe straight line 2.7 gripper about morge 3.9
orientation sto motion than one axis
at location maintain 35
Not Using motion 3.17 (32
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orientati easy to along or about
Cannot onat align one axis
easily location
" reach k Straight line (31) Involving
J the (10) insertion 2.05 I motion along or a0 (32)
desired 8.75 about more g
location than one axis
Using motion
Ca: Part m| along or about 31 (32)
easily require one axis
Kk reach Resistance temporaril Self
the (10) to y holding Involvin,
. B ioni g
) Idesltr.ed 6.5 insertion or clamping | 2ligning motion along or (32)
Resistance ocation Inserti " [ about more 3.9
to :;Zigf:"’:: than one axis
i i 31
insertion Cannot (10) | motion 4.0 1)
easily 9.75
| reach
the
desired
location
Using motion
Ca!'| o along or about 3.135 (32)
Not Easy eas"’\: (10) one axis
R reac
to align m the 6.5 Not Easy Straight line (31)
c.yr. No desired to align .No ] insertion 2.05
position resistance location or resistance
during to Cannot position . t:. Insertion not 31
assembly | jycertion easily (no Insertion 1n | straight line 4.0 @) Not
i f:::h 0.75 (10) features motion easy to
desired provided o Straight line (31) align
location for the insertion 3.15
Can purpose)
f::lcl": Involving
o (20) . motion along or 32)
. tr}e ‘ 75 Resistance ] about more 4.0
Resistance Ioizltl}zn . to Insertion not 31 than one axis
to Cannot insertion p straight line 6.1 (1)
insertion anto motion
easily
p reach (
the 10
desired 10.75
location
Inspect 276 @) 0.800 . 0.800 .
Lay 0.0612 (% 0.0612 “2 0.0612 “2
o @ im 0.23621 ©7)
Move 1 oam 0590544 (2) tm 0.29527
Distance Distance Distance b 2m 0.47243 GO
2m 0590 ©7) ¢
a2) 3m 0.70865 ©7
b 2m 1.181088
3m
0.8858 €7
c 3m 1.771632 @2 d 4m 0.94484 ©7)
e 4m 118105 ©7)
d 4m 2.3621 '
Open 450 @ 25 © 180 &

(preparatory)
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Operate

Place

Press
(Switch/
Button)

Push

Read

Remove
(Preparatory)

Remove

Restock

Restrict
Scan

Screw in

Secure
Snap
Tighten

Unscrew

Walk

Identify
Wait

Lo Y 0.0 oo
i Hove ‘I):j:tcitotno et 0.324 (15) a Move object to exact location 0.162 (34) a Move object to exact location 0.130 %)
. Mog; c:::‘chtl :Ic; ::);;ot)i((i’nr:ate 0.3096 @a5) b Move c;:i;::fti ,::: ::):cr:i((i)n;ate OR 0155 34) b Move object to a:);)c:)t)i((i)nr:ate OR indefinite 0.124 (35)
' i / I 0077777 /
1.4184 ’ 0.709 ’ . ’
a NW<5 [Words] 0.5 18
Number of | B 55 NW<10 [Words] 1.0 (183
verds 1 10< NW<25 [Words] 1.5 (8 00 ©% 0.0 ©
d 255 NW<50 [Words] 2.5 (18)
25.0 19 125 G 100 ©)
24176 9 12.088 ©* 9.6704 &’
8.0 ®) 4.0 (347 3.2 (35)
50 *Y 25 O 20 &
20 & 20 & 20 @
30.22 15.11 ’ 12.088 ’
50 & 25 G4 20 ©
a0 “® 20 ©Y 16 @
e
a 5m 2.95272 (12 a 5m 147636 C" a 5m 1.181088 7
' 6m 1771632 @7 -
b 6m 3543264 (12) b 6m 1.417304 ©7
c 7m 2.067 ©7
Distance c 7m 4.133808 12) Distance q am 2362176 @ Distance c 7m 1.65352 @7
d| 8m 4.724352 12 = d 8m 1.889 @D
e 9m 2.657448
el 9m 5.314896 %) e 9m 2.1259 @7
37
f| 10m 5.90544 (12) f 10m 295272 7 £ 10m 236217 @0
10 ©® oo © 00 @
0o © 0o © 00 @
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e Sources and justifications about the motions time estimation:

@ MTM figure 21 Appendix, “Position” motion averagalues of classes 1 and 3, multiplied by 0.036t§uronversion from TMU to seconds)
@ |ndustrial mechanical assembly manufacturer timpkegaverage values: technical files of timekeeping

® |nspirations and adaptations frorf?

@ standard verb ‘Attach’ timing (table 1 Appendix)ltiplied by 0.6 as adaptation factor

® MTM figure 21 Appendix “disengage” motion averaggue, multiplied by 0.036 (units conversion froMU to seconds)

® Almost same duration as standard verb ‘Engage’ fraxquired timing point of view (table 1 Appendix)

(M 'Exchange’ concerns only the change of empty (dnetaby full (container) and don’t concern the rea walk, these motions if exists are treated sply by the assembly representation using the 133
‘exchange’ motion is estimated by personal estiomati

® ‘Get' does not consider the move or walk but cossisty on the action of getting a part, tool,. islestimated to “Reach” + “Grasp” of the MTM (psonal estimation):

- “Reach”: MTM figure 20 Appendix “Reach” motidior 4 Inches configuratiors(1 meter) average value for all classes, multipligd.036 (units conversion from TMU to secondsjileg to 0.2256 seconds
" "Grasp”; MTM figure 21 Appendix “Grasp” motion vads of classes 1a, 1b, and 4, multiplied by 0.08&gconversion from TMU to seconds) leading t®R&seconds

© sum of motions timings ‘Align’(table 1 Appendi®)tach’(table 1 Appendix), and ‘Tighten'(table 1p&mdix) for each configuration of part characteidst(personal estimation)

19 Boothroyd “Manual Insertion Times” (figure 12 App#K).
For “part and associated tool cannot easily readsited location”, average values are calculatednirthe two varieties "due to obscured access orriast vision” and “due to obscured access and riestd
vision” because sense and values are almost thedar these varieties.

D Equivalent to’ easy Grasp’ in the MTM (personalmsttion) : class ‘1a’ in the MTM figure 21 Apperdiultiplied by 0.036 (units conversion from TMUseconds)

12 Calculated basing on the MTM curve presented énfijure 22 Appendix “Walking” motion calculatedtivihe following parameters: weight 175 pounds, 25¢o 34, distance 4 meters. Remembering that 11
3.2808 feet, and 1 hour = 3600 seconds, we dedatédt00005 hours/foot = 0.00005x(3600x3.2808) sdsimeters = 0.590544 seconds/meters. For n meteisbtain Move = n x 0.590544 seconds

(3 ‘Open preparatory’ is estimated to 45 seconds (pekestimation) consisting of handling packagireparating layers, and opening to get content.
14 ‘Operate’ is estimated to 1 second (personal estiom consisting on activating an operation.

(19 ‘Place’ is estimated (personal estimation) to MTMd#é” motion for 4 Inches calculating the averaggufe 20 Appendix) with converting TMU to secondd fnches to meters + estimated “Lay” of table 1
Appendix

(18) press’ is estimated to MTM “Reach” motion (figu2@ Appendix) with for 10 Inches and the A clasgaéh to object in fixed locationt Reaching (and pressing) the button

@D MTM figure 21 Appendix “Position” motion ‘class BExact Heavy pressure required) and ‘symmetripalt because no rotation required for push, muiiglby 0.036 (units conversion from TMU to seconds
(® ‘Read’ consists on reading notices or indicatidhs, required time for reading depends on the nunobevords (personal estimation)

(19 ‘Remove preparatory’ is same as Open preparatony fimsk duration point of view (personal estimation)

29 ‘Remove’ is estimated to 80% of “Attach” motionable 1 Appendix (personal estimation)

(2D ‘Restrict’ is estimated to 5 seconds (personal estim) consisting on Measure and Cut of cablesamyeparts

22 ‘'Scan’ is estimated to 2 seconds (personal estimggionsisting on only the scan operation : getting scan machine and the object to scan is notideres! because treated apart in the assembly seguen
representation using the ASML

69



23 ‘'Screw in’ is estimated to 3x Tighten where tigtttefined in table 1 Appendix (personal estimatié®yrew in’ is completely manualtighten is aided with a tool
2% ‘'secure’ is same as ‘Attach’ defined in table 1 Aptbefrom task duration point of view (personaimsition) consisting on fixing cables

@9 ‘Snap’ is estimated to 5 seconds (personal estimpgtionsisting on clipping in parts

29 Same as ‘Tighten’ from task duration point of vipersonal estimation) because executed with thefidtool (generally a torque tool)

2" Same as ‘Screw in’ from task duration point of vipersonal estimation) because executed completahually

8 ‘| dentify’ is estimated to 1.0 seconds (personairegton) consisting on identification of adequateded tool, or part, or screws, etc...

@9 peduction from™®” (personal estimation)

@9 Fictive action described in section 4.4.2 and eatéd in 4.4.3. Its purpose is generally the respéthe ASML structure.

@D Boothroyd “Automatic Insertion Times” (figure 16 pgndix).
-For “Straight line insertion”, average values amalculated from the two varieties "from verticalypove” and “not from vertically above” because serand values are almost the same for these vasietie

%2 Boothroyd “Robot assembly data for a single statiore arm system” (figure 17 Appendix).
-For “Using motion along or about one axis”, averagalues are calculated from the two varieties 'tgsmotion along or about the vertical axis” and “idg motion along or about a non vertical axis” besa
no need to separate between them and values amsathe same for these varieties.
-The time value results from the sum of “relativieetive basic operation time” and “Relative timergalty for gripper or tool change”. The “Relativierte penalty for gripper or tool change” is diffettefirom zero
only for “Part requires change to special grippeiit,is equal to zero for the remaining variety: ‘pa&an be gripped and inserted using standard geipgr gripper used for previous part”

©3) Inspired from ‘Get’ motion in manual (table 1 Appy for the values /coming from MTM/ (table 1 Apgie) by multiplication by 40% and from ‘Inspectbtion in robotic /coming from Boothroyd tables the
organization and principle of dependence on chaggjrippers adding 2.1 seconds when need to chanigpegs (figure 18 Appendix).

@4 This automatic task time éeduced from the same motion time in Manual exats 50% of s SUPPOSed an average conversion from manual tonzatied assembly manufacturing (calculated as
mean value for conversion of insertion time of Bomgd timings for manual to automatic for equivalaerotions and delicateness)

% This robotic task time ideduced from the same motion time in Manual exatuts 40% Of\l.n.a SUPPOSed an average conversion from manual totimlaesembly manufacturing (calculated as mean
value for conversion of insertion time of Boothrdiydings for manual to robotic for equivalent maetsand delicateness)

% Cognitive task, program execution, or signal pssirg: duration is negligible because is on a scdlmicroseconds to some milliseconds: roundeeto geconds
@M Use of a translating or conveying system, or judtsplacement or a move for proportionally hugeatsband systems. Time is estimated u$ifidor automatic assembly ar® for robotic assembly
@8 Using®¥ for automatic assembly arft for robotic assembly applied on the correspondiriom (unscrew) for the variety “Aided with a torjtool”

(39 Action of scan consists on only the fact of scapdimesn’t involve getting and aligning the scan hiiae. This action of scan is consists on a saméarésm or apparatus used in manual, automatic, tebdhe
difference between manual, automatic, and robaiioes from the motions just before in the ASML mmr&tion as getting and aligning the apparatushte product to scan in order to execute the saak. The
action of only scanning is estimated to 2.0 secdodthe three technologies.

@Y Handstart is used as the first positioning of satekicate assembly tasks. Consequently it may kfoseutomatic and robotic. The times were estedatsing®® and ¢ .

“Dnspection becomes possible for automatic and iolwdth the technology progress in the last fewrgassing cameras, vision systems, pictures ancsidealysis connected to a supervising computer via
communication network and using data bases. Thestiofi video or picture capture, signal processiauggalysis, data base access, calculations and coismas is estimated to 800 milliseconds (personal
estimation).

“2'Lay’ don't depend on technology. Laying using achémanual) or a gripper or arm (automatic and roiediis the same from duration point of view Sotigsi are the same for automatic and robotic as for
manual /coming from MTM/ for this motion (S¥&: personal estimation).

“3) Tightening’ consists on screwing in using a torgo@ or machine also for manual manipulating by tiahe torque tool, a torque machine tool for auttimand an arm equipped by a torque apparatus
for robotic# screw in which is fully manual. The time is estdausing®.
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Table 2
Time savings for the standardized motion considgirimpacting factors

Time savin gs AtManuaI—Automatic/ At yvanual-Robotic [Seconds]

1. Align
a b C d e f
0.858 /1.03 0.989 /1.187 0.955 / 1.147 1.62/1.944 2.466 / 2.959 2.934 /3.521
a b c d
15/1.8 3.5/4.2 5.5/6.6 8.337 / 10.005

3. Attach

15.11/18.14

4. Clean

1.0/1.2 15/18 25/3.0 5.0/6.0
5. Connect

9.066 / 10.879

6. Disengage

a b
0.206 / 0.247 0.313/0.376
a b
0.206 / 0.247 0.313/0.376
8. Exchange
a b c d
3.75/4.5 7.5/9.0 15.0/18.0 20.0/24.0
a b c
0.143 / 0.1721(-1.9279 ©)) 0.269 / 0.3233(-1.7767 ©)) 0.214 / 0.257(-1.843 ©))
10. Handstart
a b c d e f
17.968 / 21.5622 18.099 / 21.7188 18.065 / 21.6786 18.73 / 22.476 19.576 / 23.4912 20.044 / 24.0528
a b c d e f g h
0.4/0.5% 2.75/2.95% 0.96 /1.43" | 2.75/3.85% 0.95/1.5% 2.75/3.95% | 1.1/2.43% 2.15/4.85%
i j k I m n [) p
4.05/2.4% | 6.05/4.85% 4.45/3.33% | 575/5.75% 4.45/3.4% 5.75/5.85" | 4.35/4.365® | 4.65/6.75%¥

12. Inspect

1.96/1.96

13. Lay
14. Move
a b c d
0.29527 / 0.35433 0.590 / 0.70865 0.8858 / 1.06298 1.18105/ 1.41726
15. Open (Preparatory)

22.5/27.0

16. Operate
17. Place
a b
0.162 /0.194 0.155 / 0.1856
18. Press (Switch/Button)

RS

19. Push

0.709 / 0.8514

20. Read

21. Remove (Preparatory)

12.5/15.0

22. Remove

12.088 / 14.5056

23. Restock
4.0/4.8
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24. Restrict

2.5/3.0

25. Scan
26. Screw in
27. Secure
28. Snap
2.5/3.0
29. Tighten
20/24
30. Unscrew
a b
20/2.4 10.0/10.4
a b c d e f
1.476 / 1.7716 1.772 / 2.12596 2.067 / 2.48029 2.362 / 2.83535 2.657/3.189 2.953 / 3.54327

32. Identify

1.0/1.0

33. Wait
0.0/0.0

e Notes: The exceptions in time savings:

@ Action supposed to be only manual and cannot bengated or robotized: no time saving for the motion
@ Calculated by subtraction with the verb “tighten"risidered as the equivalent of “screw in” for autofnatnd robotic.

® calculated when change to special gripper is reegiifor the execution of the concerned task in licktsembly (see table 1
Appendix): value may be negative meaning the tirsie(hot a time saved) comparing to manual exenuifdhe same task.

@ For the ‘Insert’ assembly motion time saving @inmal via robotic, the factor consisting on partjtéring change to special gripper
(robotic) was instantiated to the factor holding dorequired to maintain orientation and location afeesssembly (manual) (see table 1
Appendix), because the time penalty impact of tfeders is supposed to be the same
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Figure 1: Flexible manufacturing system [65]

Tasks of dispatching, Information on product
progress mon'noﬁng, design, process planning,
short term scheduling Production quality assurance
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holon " holon
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execution Resource knowledge
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part, physical part

Figure 2: Architecture of Holonic Manufacturing systems [69]
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Figure 4: Decentralised, self-organizing, and “Plug and Praéli— able material flow system [27][28]
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Identification

Figure 7: Conceptual “Cobot” construction for flexible autotiae assembly [85]
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Figure 8: Product Life Cycle Management (PLM) [99]
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Competntiveness

Under automation
Competitive

Not competitive

| Level of automation

v

10

Examples of effects

Ergonomics -- ++ -
Efficiency - ++ -
Productivity -- +4+ 44
Quality 5 + +4
Lead time - + i
Delivery precision E + i
Upime ++ + -
Competence - + L
Investment cost ++ + -
Capacily - + + 4
Maintenance +4+ + -
Sum 7+/9- 14470 - 7710 -

Figure 9: Appropriate Level of Automation [23]

Cost per unit

—

Automation 008t

0 % Level of automation 100 %

Optimum

Figure 10: Graph of cost versus level of automation [9]
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Appendix 3 Tables

Table 3 Levels of automation as defined by Frohm [12]

LoA Mechanical Information
1 Totally manual Totally manual
2 Static hand tool Decision giving
3 Flexible hand tool Teaching
4 Automated hand tool Questioning
5 Static machine/workstation Supervision
6 Flexible machine/workstation Intervene
7 Totally automatic Totally automatic
Table 4 LoA taxonomy according to Sheridan and Verplank81[32]
LOA Explanation
1 Human does the whole job up to the point of turning it over to the computer to implement
2 computer helps by determining the options
3 computer helps to determine options and suggests one, which human need not follow
4 computer selects action and human may or may not do it;
5 computer selects action and implements it if human approves
6 computer selects action, informs human in plenty of time to stop it
7 computer does whole job and necessarily tells human what it did
8 computer does whole job and tells human what it did only if human explicitly asks
9 computer does whole job and decides what the human should be told
10 computer does the whole job if it decides it should be done, and if so, tells human, if it decides that the human should be told

Table 5 Hierarchy of levels of automation applicable to dgmic-cognitive and psychomotor control task perfamae [33]

Roles
Level of automation Moniloring Generaling Selecting Implementing
{1y Manua! control (MC) Human Human Human Human
(2} Action supporl (AS) Human/Computer Human Human Human/Computer
{3y Batch processing (BF) Human/Computer Human Human Computer
{4y Shared control (SHC) Human/Computer Human/Computer Human Human/Computer
{5) Decision support (DS) Human/Computer Human/Computer Human Computer
(6) Blended decision making (BDM) Human/Computer Human/Computer Human/Computer Computer
{7y Rigid system (RS) Human/Computer Computer Human Computer
(8) Automated decision making (ADM) Human/Computer Human/Computer Computer Computer
(9} Supervisory control (SC) Human/Computer Computer Computer Computer
(10) Full automation (FA}) Computer Computer Computer Computer

Table 6 Scale of different levels of automation [24,25]

Level

Explanation

-

L= ¥ G ]

10

The computer offers no assistance; humans must do it
all.

The computer offers a complete set of action
alternatives, and

Narrows the selection down to a few. or

Suggests one, and

Executes that suggestions of humans approve, or
Allows humans a restricted time to veto before
automatic execution, or

Executes automatically, then necessarily informs
humans, or

Informs them after the execution only if they ask, or
Informs them after execution if it, the computer,
decides to.

The computer decides everything and acts
autonomously, ignoring humans.
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Appendix 4 Figures
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Figure 11: Effects of automation and design for assembly [95]
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Figure 12: The basic technological alternatives in assembly
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Manual Cooperation Automatic
Work Sation Work Station Work Sation

Figure 13: Combination of manual and automatic work station] [43

What Should be Automated?
’ Identify Types of Automation -
Acquisition Analysis Decision Action

— L

Identify Levels of Automation

t /\, I
Low (Manual) Wigh (Full Automation)

Apply Primary Evaluative Criteria
Human Performance Consequences:
Mernial Workioad
Situation Awareness »

Complacency
Skill Degradation

r
Initial Types and
Levels of Automation

I

Apply Secondary Evaluative Criteria:
Autoration Reliability

Casts of Action Outcomes

I

Final Types and
Levels of Automation

Figure 14: The methodology developed by Parasuraman [25]

Information Information Decision Action
Acquisition Analysis Selection Implementation
Automation Automation Automation Automation
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_— —_ —_ —_—
SyS tem B / \\\
System A P~
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Figure 15: Levels of automation for the independent functj@t$
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Figure 16: The methodology developed by Ross [93]
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Figure 17: The methodology developed by Ross [93]
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Figure 18: The power plug to assemble studied by Boothroyddoision about automation issue [95]

QFD
7 . —»> Automation option
QFD answers the P FMEA answers the
question Why are we Associated risk ®— question “What needs
automating, and what is e o
careful attention?

the best alternative?”

FMEA
Figure 19: The manufacturing automation decision tool conciseloped by Almannai [59]
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Evaluation Criteria l
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| Alternative Selection |
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Figure 20: The decision making framework built by Almannai [59

Plan ahead before the measurement

On site, start with a pre-study to identify the process
Visualize and document the production flow

Identify the main task for each section/cell

Identify sub-tasks for each section/cell

Measure LoA

Asses LoA, set relevant max. and min. levels

M N o O R G b=k

Analysis of results

Figure 21: The Dynamo methodology in eight steps [12,13]

83



| Loh E T T I T e e T T e T T

1] 1

1 [

] Yo [] 7

4 4

1 3 |

2 T ]

! Mal | -

Figure 22: Workshop to decide min and max LoA values in a sagly [10]

Square of Possible Improvements (SaPT)

Lmirun /

Messirad vakia (1 &)

mem ]
[ T T 111

Figure 23: The LoA matrix : application of a case study [10]
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Figure 25: Annual vehicle quantity per employee in the 3 sidites [38]
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Table 7 The MABA-MABA list [53]

Men are better at

Machines are better at

Detecting small amounts of
visual, auditory, or chemical
energy

Perceiving patterns of light or
sound

Improvising and using flexible
procedures

Storing information for long
periods of time and recalling
appropriate parts

Reasoning inductively
Exercising judgment

Responding quickly to

control signals

Applyving great force
smoothly and precisely
Storing information briefly,
erasing it completely
Reasoning deductively

Table 8 The studied companies case studies in automatoe R3]

Appendix 4 Tables

Case Industry Size of company fsite (no Product: size, volume, complexity Year of study
ol employees)
Case A Telecom 1500 Small, very high volume, complex 2000
Case B Automotive 630 Large, medium volume, complex 1998
Case C Wood 400 Medium, medium, medium 2004
Case D Mechanical 400 Small, high volume, simple 2004
Case E Furniture <100 Medium, medium, medium 2006
Table 9 Processes comparison summury table [55]
Technology | Technology 2 Technology 3 Technology 4 Technolegy 5
Name of type of  Semi-automared Automated system dedicted Industrial automaton Fully automated centralised Anatydics: LC-MS with
automation toa single assay with HTS technologies robotic platform automated data handiing
approach
Name of specific Tecan, Padkard, Hamilton Sirius, Tecan, Hamilton, Zymark  Pharma companies, Pharma companies, Cyprotex,  Applied BiosystemsMDS
technologies {htzpe/fwewew, hamileoncompany com!) {httpfwww zymark com/) Cypromx, TAP, BvoecOAl The Automation Parmership, - Sciex, Micro-mass,
with associated Beckman Coulter & Velocity | 1 Hamiltan & Zymark custom solutions from Pharma

companies {hitps fwww. velocity | |_com/)
Pros # Redundancy and flexibility # Individual workstations # Use of leading-2dge # Flexibility to perform # Specifidty
dedicated to an assay robetic instrumentation multiple tasks
* Adapble approach to avaiable budget  » Gold standard measurements  » Maximum dam in early discovery  » Unattended operation * Mult-analyte detection
» Parallel operaton * Saving on staff resources » Robust to ADME samples
* Flexibility # Muld-plexing and sample pooling
Cons # Limited throughput » Less flexdbility to perform ® Less flexible to change * Detled programming * Single approach
other assays on the and scheduling
dedicated insruments
# Intersive use of manua resources o Poorer data quality » Lony development times ® Slow cf. plate-readers
® |nsruments quickly curdatad
Capacity o Lower capadty o Capacity limited for screening  » HTS-like capacity and speed * High capacity ® High capacity
and Costs

» Cost-effecive, manually intensive

* Mid- @ lowecost

* High @pital investment required

« High initial capital and
infrastructure investment

® Insruments expensive to
purchase and operat
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Table 10 The experience of some manufactories with automébiagitt from [23])

The Strategy and Context of the manufacturer

Results of the experience

Manufacturer A

Decisions were made on automation of the finalmg$gline for
cellular phones.

The order from top management was to automate ab ami
possible.

The company lacked competence and experiences from
automated assembly systems

Failure
The problems associated with the new automatedridgdine
were neglected by the management,
which contributed to the poor outcome and the feitg drastic
cost reductions.

Manufacturer B

The automation strategy was not linked to the comijza
manufacturing capabilities,

the company in one of its plants introduced indaktobots and
new sophisticated equipment in order to improvrilfidity,
increase productivity, and reduce manufacturingd.cos

Failure
The equipment was, too complicated and problemsroed
After a few years, the company removed the robodsveent
back to more manual tasks, which led to an incraase
productivity by 50%

Manufacturer C

The company C made a comparatively large investmemnew
production line.

The production line is designed in two sections,fitst half is
fully automated and the second is entirely manual.

the company’s policy is to be very flexible, andanthe
customers’ demands on more or less customized pt®du

Failure
Enormous problems occur in balancing the manualqiahe
line since the work content varies
Huge buffers, which increase the cost for workriocgss, are
built up and have to be taken care of, thus causig cost.
the investment was not correlated to the long-teusiness and
manufacturing strategies
The lack of competence in handling automated eqeiyins
also a problem.

Manufacturer D

Automation decisions are made in congruence wittother
decisions in a manufacturing strategy

The present plant (built automated) is fairly nemcs the old one
was destroyed by fire in year 1996.

The main key to success, in the company’s opirtias,been a
combination of good industrial engineering and bess
development

Important success factors are considered to beuséproduct
development and good control of the manufacturing@ss
Their competitive priorities are short developmigmie,
flexibility, and reliable deliveries.

The start of the new factory was in fact an oppatjuto create
something really well planned.

Success
The result was that the plant was organized in @ferent
production flows, which are well suited for eacheggry of
products.
The delivery precision and reliability have imprdve
considerably compared with the old plant.
Reduced lead-time, from 4 to 5 weeks to 10 days
The productivity has more than tripled
The capacity doubled
The production area has been reduced to half.

Manufacturer E

The company experienced a crisis since their largemetitors
showed much higher productivity than this small é22ployees)
independent manufacturer

The manufacturing showed a very low level of auttomaand
about 90% of the manufacturing cost emanated frash af
labour and only 10% from depreciation of investrsent

Most equipment was general purpose, which demaadegh
manning level.

The premium segment of office furniture (domairito
company E) demands high quality and a high degiree o
customized design. The manufacturing equipmentquéts old
and could not cope with the output demands an@# not
possible to meet the customization requirements.

The company decided to invest in state-of-the-quiment.

Success
They have seen to training the operators in the meshines,
even if the operators sometimes were quite oldhaaba rather
short time to retirement.
Today the level of education is comparatively hégild all
employees have at least 2-3 years of professiciaiation and
some have university degrees.
The operators do their own CAM (Computer aided
manfacturing) conversion of the drawing data atafiee and
data is transferred on-line to the machines.
Their main competitive priorities are:
Design adaptation.
Flexibility and customization.
Cost.
Efficiency and productivity.
Lead times and delivery precision.
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Table 11 Different parameters shown as a function of the kafA[28]
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Table 12 Part cost and production capacity as function bé tevel of automation factor xaf for each of thedoction systems A-F [28]
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each of the production systems A-F

Table 13 Actual and recommended (optimal) levels of aut@ndB88]

Lo Towran af AnfoS000 Cranf" A
Ialfsbnrg Wolfsburg Uitenhage
L ___Optimal Level of Anfomation of Assembly Parts
APL | AP2 | AP | APL | AP | AP | APL1 | AP2 | AP3
L onst ] L] 4 3 4 4 5 < =
_Gruality _3 4 ) 4 3 L3 1 13 1 4 L
Productivity Flexibility 1 2 d 2 E] 1 4 A 6
| Presemt AutomanonLevel | 1 L ! 4 a &+ 5 ] L
Recoumended Autoanation Level 1| 4 4 3 4 3 £ % L

APX : Assembly Part X

Table 14 Comparison of results of product cost for the défdgrassembly systems [95]

Multistation Special-Purpose Robol Systems
Manual Assembly  Indexing  Free-Transfer  1-Arm 2-Arm  Multistation
Number of syslcns ] 1 i k] 2
Number of sintions: Mamnual 1 2 2 ] 1]
Ao & & 1] 0
Robat - ] ]
Tiowal Assembly L 2 2 i 1]
system workers Tech 1 | 1 ]
Tistal exquipment costs? | kT 1 462 REL]
Assemibly rubefmin 34 5.7 0.7 7.3 9.5
Agsembly costs, cents 4500 456 493 434 418



Table 15 Unit cost of the assembly of vehicles in the 3istuslites [38]

Level of | Assembly | Ascemsbly | Assembly Levelof | Assembly | Assembly | Assembly Level of | Assembly | Assembly | Assembly
Amonation | Paml € | Pan2 € | Pam} & Automation | Part1.€ | Part2 € | Part3 € Automation | Part1.€ | Part2. € | Part3. €
) L4 120 | 1M 1 1.30 1.20 1.30 1 140 1.40 1,60
2 110 1.30 1.1 2 1.20 1.30 1.20 2 1.30 1.30 1.50
3 1.20 1.10 1.10 3 1,00 1,10 1.10 3 1.20 1.20 1.30
4 1,30 1,04 1,00 4 110 100 1,00 4 110 1.10 1.20
5 140 140 | 130 5 1.40 1.40 1.40 5 1.00 1,00 1,10
& | 140 6 1.50 6 1.40
7 | 150 7 1.60 7 L00
Unit cost of the assembly of the Golf A5 model  Unit cost of the assembly of the Touran Unit cost of the assembly of the Golf A5
produced in Wolfsburg (Germany) model produced in Auto5000 site (Germany) model produced in Ultenhage (South Africa

Table 16 Quality indices [38]

Field Audit VPC DER Process
Trouble cases per unit Data Points Data CP7/CP8, | Audit,
Plant (Trouble = (Target) | (Trouble % %
Assembly | Assembly | Assembly | cases per Cases per
Part 1 Part 2 Part 3 unit) unit)
Main Plantn | 001345 0.02796 0.00465 0.05432 | 80(90) 244 58/62 94
Wolfsburg
Auto5000 1 0,03872 0,01235 0.01987 001076 | 82(90) 0.87 69/95 91
Wolfsburg
Plant in South | 0.10984 0.03561 0.96543 0.02345 | 92(90) 223 81/89 92
Africa

*VPC : Vehicle Preparation Center,
*DRR : Direct Runner Rate
Table 17 Optimal Levels of automation with regard to flahiip [38]

Golf AS Wolfsburg
Number of workers
Assemblv Part 1 Assembly Part 2 Assembly Part 3
Jevel | 1 [ 2 [3 [ 4[5 2[3[a[s[2]2]3[a4]s5][6] 7
Units ™.
-20% 8 [10[14[19|19]7 1010 9 [34]6|6] 8 [s8]13[15]18
Actual o 11|14 1o 228101112426 |88 8131720
+20% 10|13 18|25 |28|9 12|14 |1a|as|6 |8 108141823
Auto S000 Wolfsburg
~Jevel[ T [ 2 [3[a]s]1]2]3|a|s]2|2]3]4]5]6]Z
Units ™
-20% 8 |10 [13[18|18|7[10[10]| 9 [32|6|6[ 8 [8]|12[15] 18
Actual [ 9 [11 1419|2180 |10[39[6[8| 8 [8[13][17]20
+20% |10|12|15[23[|25|9 (11|11 ]|11[45[6|8[ 8 [8[14]18]23
Golf A5 SA
evel[ 1 ]2 ]3| a]s5]1]2|3|a|[5]2|2]3|4|5|6]2Z
Unats ™
-20% 4|6 |8l s|4|6 |8 |7 |11]la|s5]7 (7|00 ]9
Acual | 5 [ 6 [ 8 [0 o246 [ 8| 7 |12[4]5][7[7]09 ]9 ]9
+20% 5|6 [ s|1w]|s[a[e 8|7 |1ala|ls][ 7|79 [o]10
Table 18 Optimal levels of automation [38]
Golf A5 Touran at Auto5000 Golf A5
Wolfsburg Wolfsburg Uitenhage
Index Optimal Level of Automation of Assembly Parts
AP1 | AP2 | AP3 | AP1 | AP2 | AP3 | AP1 | AP2 | AP3
Cost 1 4 4 3 4 4 5 5 7
Quality 3 4 4 3 4 1 3 4 1
Productivity/Flexibility 1 2 4 2 3 4 4 4 6
Present Automation Level 1 1 1 4 4 4 5 5 7
Recommended Automation Level 1 4 4 3 4 3 5 5 7
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App en d I1X 5 « Literature Graphical Representation Methods usable for assembly
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Figure 26: scencegraph structure for an example in assemii§][1

Asm

pa sub 1 pb sub 2 pc
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pl P2 p3 p4

Figure 27: Hierarchical structure model for an example in asbéy [108]

Rart 3
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Sibassembly 3
Qub: nbly 1 Sibassembly 4
R oduct i— Qubassembly 2 s
- Goup 3
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Goup 1 Part 5
L_| aouwp 2 Part 6

Figure 28: Hierarchical structure of a product example in astdy [109]

First layer

Second layer

Third layer

Figure 29: Hierarchical Relation Graph of a product exampleassembly [109]
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Figure 30: A product example to assemble [112]
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Figure 31: Relational model for the product assembly example shown in figure 30 Appendix [113]
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Figure 32: Graph of connections for product assembly example shown in figure 30 Appendix [113]

(a) (o) Screw2
((instance connector)
screwl (feature list)
- - 1 (contactsurfaces)

GHEW-D Gﬁe@ - (connectortype:SCREW)

- (tools:Screwdriver)
N (weight:0.2))
/R4

((instance liaison)
— | (connection type:SCREW)

(mating type:Screw-Fit)
{male-femalepairs:screw?2 box)
(contactsurfaces)

(mating direction: (0,0.-1))
(mating matrix: 0000,0000.1011)) /

screwl

block
((instance part)

~Jd (feature list:F1.F2.F3 F4.F5.F6)
(contactsurfaces’F1.F2F3.F4.F5)
(tools:Griper)

\_ (weight:10)) J

Figure 33: CSBARM model for a product assembly example [108]
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1. Load base onto work carrier 4. Live pin
1a. Cord grip 5. Fuse clip
1b. Cord grip screw 5a. Fuse clip screw
le. Cord grip screw 6. Fuse

2, Ground pin 7. Cover
2a. Ground pin screw 8. Cover screw

3. Neutral pin 9, Remave complete
3a. Neutral pin screw assembly

Figure 34: Example of precedence graph of the product asseshiolyn in figure 18 [95]
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Figure 35: Precedence graph for an example and the use ofgroes [109]

Figure 37: AND/OR graph of feasible assembly sequences fgrtthict assembly example shown in figure 30 AppdidP]
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(a)

6 &OR 4

(b)

Figure 38: Parts tree representation corresponding to a gili@ison diagram for a product assembly example [111

(@) (b)

Screw (screw 1screw 2)

/ \ block1  Screw (screw 1 screw 2)

Screw (screw 3)  Bolt-Nut (bolt 1.nut 1) __,,/"A\-\

/\ /\ Bolt-Nut (bolt 1.nut 1) cap 1

blockl «capl  block 2{ block 3

Screw (screw 3)

block?2  block 3

Figure 39: CSBAT models for a product assembly example [108]

Figure 40: Liaison diagram of a product example in assembiyi]1
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Figure 41: Elements of SFC [115]

g1
(1) (4) (5)
Figure 42: Reference types in SFC modeling language [115]
Jul 23,08 Jul 30,05 Aug 6, '06 Aug 13,08
simtw|TIFls|s(m[T|wlTIFlsls|m|[T|w|TIFls|(sm|T|w|T|Fls

Figure 43: The GANTT modeling language applied on an examlé][1
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MANUAL HANDLING-ESTIMATED TIMES (s}

Farts are easy to grasp and manipulate Parts present handling difficultles {1}
Thickness =2 mm Theckwse <2 mm Thickiwess =2 mm ] Thickness <2 mm
Key: Siee | ® o osee | osme | oswe | sie "‘E ol 7 Bige | Size
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secessitate: the use of two hands. Examples of such pacts are lagge paper or felt gaskets, rubber bands or belis, and 5o on,

Figure 44: Classification system for part features affectirgnomal handling time
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L Farts can present handiing difficulties if thew nest o tangle, sick togetter bocase of magnetic foree or grease coating, and 0 on, arne slippery, of
meguire careful handling. Pars thet nest or tangle are those that inferock wehen in bulk but con be separated by one simple manipulaton of a single
st for example, taper cups, closed-end helical springs, clrclips, and 0 on. Parts that are slippery are those thal easily slip from fingers or
=ndard grasping tool becauss of their shape and for surface condition,
Bawe sharp coeners o edges, or present other hazards to the opet
Faes that nest or tanghe severely an: those parts that mterlock when in bulk and both hands are needed 1o apply & separation force or achieve
specic orientation of inter-locking pamts ko achicve separation. Flexible parts are those that substantially deform during manipulation and

Papts that recire caretul handling are thuse thar are fragile or delicate,
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Alter asserrbly e holding dewn reqained Heddang denwn regined during subsequent
o malitain prientation and proceises 10 malntain eientathon
Tocation (3} at Ineatinm (3]
Fagy o align and Hat eaxy o align of Fasy br afign 2 Bat easy tir align o
praition durng psitlom during psition during possitinn diering
assembly [4) assembly assembly (4] ansemibdy
Mo . Bl i Hir i Ma
Kep T [Resintanice veslstance mﬂl".ﬂﬂance Foihabun oo Eluumnue PR :::htﬂla{‘t
o a b
?"“:L‘d'”d :"mumu inagrtion (5 | o | insoran 81| Lo irsertiom (5] .:wtim msertiom {5
1ok secared
i 1 1 3 i 7 E] q
Part apd amacated 2 o er 2 G -5
taul (inchiding % e 3 A i S i
leageds ) can rasily
reach the disired 1 % 4 5 [ I E] 9 (]
2 Jacation
3L [, [ owm r| 55 85 6.5 75 w5 1855 105 115
ER £ nlsziucted
B L ACCERS I
E—.‘g% El E E meslbacted
-, E % : q
& S od W) visionld) - "
83 E ¥ = yr“nj:::mﬁﬂm““ Flastic deformation immedimly ofter insertian
EE E'E E|l Dues e dn - —_— Serew tightoning
it IE Z| abstructed ; [Feastic bencling Riveting or similar immediabely
=2 EA d immediately afher ¥
gT SlzEg| Mo Isettian (smap) press A KT o] Dperation after nsertinn
gE5|I45 “.“."‘“;‘." o, c L i il , N 2
Eﬁ 2|Esgf ™Y s, ebc | Mot sasy v align or Nat easy to aligh or = o
T - pusition during position during = i
- E ; '-E— assembly assem g E =
= - A - =} [ = |
part socared 2 Bwif iz T ——ir E2d|E:s
Rnis Y Bfegiiebl 83s| B: | 5= |53s| 2; | ic |55E|cEE
4 r = .r - Ll -
TeizeiieSaa| 5% | 5f |F53| 4% | B8 |Ez@fEi
Pastand esoniced 1ol ;:SQEE:E_,_._H ::EH 03 ®E E'_E i 5.& 222 ;::E
: i, B E H = =
Sendnaias FEEdEis Aty 53 | BY | gEF| 3¢ ?|AEE |2
tacarion and the toed i 1 2 3 £ 5 6 ? L £l
g ol an b operade] sasily
pagl & |Daew k3 1 5 4 5 & 7 B b & b
£ i’E ! -1 4 whetructed
T E 7§ R [een s | 4s 75 65 75 45 w5 | 105 T 5 | 105
—_ég £ 3 B 5| rwrisnad
- T 2% B vision(2)
.o 3
rZyg(dEsd 5 & # 8 a 0 n 12 13 1 12
%5 1 %E s i W
ef = =z LA
EEH: ?.,g ﬁi ooesa and
i H g E —'i = resprcied Sechanical F“trmn,gwwsm Mon-mechanical r‘.‘|l.1.l!l1|!1|:', ProERies Man-fastening
DEE |F 2L §| ety (partis) already in place but not (par bish alresdy in place but mot precosses
secured immediately after naertion ) secared icmmsedinely after insertan)
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A parl is the solid of nanisolid elerment of an assembly during an assembly process, A subassembly is considered a part if it is added during
assombly. However, adhesives, luxes, fillers, and so on, wsed for joining parts are not considened to be parts.

Olbstrsched access means that the spave available for the assembly operation causes o stgnibcant inerease in the assembly time. Restricted vision
tieans that the operator has 1o rely mainly on tactile sensing during the assembly process,

Helding down requined means thal the part is onstable after placemnent or insettion or during subaequent operations and will require grping,
realignmemt, or holding down before it ks finally secured. Helding down refers bo an operation that, If necessary, maintiing the position and
prientation of a part already in place, prive bo, or dusing the nest assembly operation. A past is located if it will not requine hobding down or
realignment for subsequent operations and is only partially seruned.

A part is easy to align and posticn if the position of the part & established by locating features on the pare or on itz mating part and insertion is
facilitated by well designed chamfers or similar features.

. 'The resistance encountered during part insertion can be due tn small clearances, jamming or wedging, hang-up conditlons; or insertion againat a

large furce, For example, a press Bt 5 an imberference fit whers & large force 1 required for assombly. The resistance encountered with seli-tapping
serews is simdlerly am exacngele ul e o sesislance.

Figure 45: Classification system for part features affectirgnoml insertion tim

97



AUTOMATIC HANDLING-DATA FOR ROTATIONAL PARTS

KEY £ ¢ [fivst aligir {0, | or 23
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E E BETA asyirnerric leatures on %‘3'- Ble e~ JE N 1 1 0.1 lslﬂ.ﬁ: 1
| smde orend surtagels) 7 :EEE:# = i}.:l'.'l" H.L ! =51 I:LEE g Hox g 3 nﬂﬁ- I,E 00 1.5
- 2N G m2y 30w 2 Sl THVES PR
| Slightly asymmetric or small il
featues amount of asymmetry i
{ e featuse size bess than &
| Dliand LU0 i
Notes:

LA rotational part is alpha symmetric if it does not require orienting end-to-end. If a part can only be
inserted into the assembly in one direction then it is referred to as “not alpha symmetric.”

A beta-symmetric part has rotational symmetry and therefore does nol require orienting about its principal
axis.

2.

can be circular or any regular polygon. Less significant features should be ignored.

of cavities, counterbores, grooves, etc.) requires that the part be oriented end to end,

Figure 46: Geometrical classification for rotational parts
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- A beta-symmetric step, chamfer or groove is a concentric reduction or increase in diameter; ils cross section

- Parts in this category have an alpha-symmetric external shape, but the internal surface (composed perhaps



AUTOMATIC HANDLING-DATA FOR NON-ROTATIONAL PARTS

ifiest dight &, 7 or )
ASLIBorBE LIC
{Code the main featureor features which distinguish the adjacent surfaces having similar
dimerziions)
Saepa o chambers {2) parallel o Through grooves (2] parallel to-
Hules fox Crher including
A= 1IR recesses > 01R | slight ssymmetry
and Xoaxls ¥ axls £ axis X axig ¥ axis Zaxis | {cannot bessen | (3, featuees too
Be=LIC | and = 00C | ond = 0.1C | and =000 | and = 0LIC | and = 0C | and = 0.1E | issilhouette} amall et
LIS 1 2 e 4 [ & 7 B

Code the main fearure or i erientation is defined by mone than ine fature, then code the
Feature that gives the Bargest third digit

Ebeps ar chamives (2) paralle] ta- Threugh grosves [2) paratel ta-
Hales fur (hes indluding

rocosses = 0L1E | sHphe ssymimetry
X s ¥ axis T axis X axis ¥ axis Zoais | (connot be seen | 3], features boo

and > 0.1C | and =01 | and = 010 | and = 0.0C | and = 81C | and = 0.18 | in silhowerte) armuall ete

= About X axis
Iz
£z
_E § Aot Y axis
=z
=
£ 3 ,
= | Ahout T axis
E =
— F | Orienation defined
EE z by pne main festure
F % Oriéahation defised
= £ | hy twnmain features
] % £ | andoneisastep
3 i “;' chamfar or gronve
2 E | Other including slight
; = asyrmmetry (3} ate,

£ rotational symmetry of 180° about an axis means that the same orientation of the part will be repeated
only once by rotating the part through 180° about that axis.
I Steps, chamfers, or through grooves are features that can be seen in silhouette.
= Exposed features are prominent but the asymmetry caused by these features is less than 0.1 of the appropriate
envelope dimension. For a part that has 180° rotational symmetry about a certain axis, slight asymmetry
smplies that the part has almost 90 rotational symmetry about that axis.
A part having no rotational symmetry means that the same orientation of the part will not be repeated by
motating the part through any angle less than 360° about any one of the three axes X, Y, or Z.
A main feature is a feature that is chosen to define the orientation of the part. All the features that are chosen
o completely define the orientation of the part should be necessary and sufficient for the purpose.

(ten, features arise in pairs or groups and the pair or group of features is symmetric about one of the three
== %, Y, or Z. In this case, the pair or group of features should be regarded as one main feature. Using this
comvention, two main features at most are needed to completely define the orientation of a part.

Figure 47: Geometrical classification for non rotational part
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AUTOMATIC HANDLING-ADDITIONAL FEEDER COSTS

Parts will not tangie or nest Tangle or nest but not severely
Mot light i Mot light Lipht
Figures to be added to Mot MNat Nat Wot Severely | Severely
shicky Sticky | sticky | Sticky | sticky | Sticky | sticky | Sticky | tangle | tangle
[ 1 2 3 4 5 6 7 B 9
Man- 0
s m|flexible
_EE E§ Flexible |1
=
2B W=
E E E Mop- (2
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el g all
E E-*.; 3 |Flexible |3
- P
] oA
= MNon- 4
G = o | flexible
. ¥ |5 2 Fexible |5
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2
'E z Mon- [
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Parts are very small or
large but are R
notabrasive
Farts will not severely tangle or nest
Stall parts Large parts Wery small parts
o iz I
Orlentation defined by Crrientation defined by g = E = % g H
geometsic features non-geometric features & %3‘: -E £ E 3 & |
Non-flexible B ,E z :EE 8- 2
=4 a 5 = E 5
: H q E b 2 =
Tiis ot Flexible gt Cwverlap. gh g a il E, 'E‘ i
overlan | C¥EHIap overlap g E g £ |
p ' - £ ; :
o E] E ] & E w
o 1 2 3 a 5 3 7 8 9

Abrasive parts |EI
Notes:

Flexible: A part Is considered flexible if the part eannot maintain its shape under the action of automatic feeding so that orienting
devices cannot function satisfactorily.
Delicate: A part is considered delicate if damage may ociur during handling, either due to breakage caused by parts falling from orient-
ing sections or tracks onto the hopper base, or due to wear caused by recirculation of parts in the hopper. When wear is the
criterion, a part would be considered delicate if it couid not recirculste in the hepper for 30 min and maintain the required

tolerance.

Sticky: I a force, comparable to the weight of a nontangling or nonnesting part, is required to separcate it from bulk, the part is consid-

ered sticky.

Light: A part s considered too light to be handled by conventional hopper feeders If the ratio of its weight to the volume of its envelope

is less than 1.5 kN/m®

Figure 48: Additional relative feedecosts for a selection of feeding difficulties
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AUTOMATIC INSERTION - RELATIVE WORKHEAD COST, W,
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Figure 49: Relative workhead costs Wr for a selection of aataminsertion situatior
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ROBOT ASSEMBLY DATA FOR A SINGLE-STATION ONE-ARM SYSTEM
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Figure 50: Classification system and data base for a si-station one arm robot assembly syst
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ROBOT ASSEMELY DATA FOR A SINGLE-STATION TWO-ARM SYSTEM
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Figure 51: Classification system and data base for a si-station two arm robot assembly syst
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ROBOT ASSEMRLY DATA FOR A MULTI-STATION SYSTEM
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Figure 52: Classification system and data base for a mattition syste
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METHODS-TIME DATA

TABLE I-REACH

[Case

De scription

3

LEVELED TIME TMUS
INCHESHA ST, " WA BB HANSIC ORD| E

Fai T

A Reach fo object in fixed locatonor 7o abject ! 5
in otlter hand oronwhichother hand restst4—z1t= .,——-Tg
g [feech fosingle objectn Jocotion which TSl .
may vory slightly from cycle focycle —'é' %i. }53 B3 1ic 2
C |Reach fo object in group :ftg: : ; L 10 H‘E 7
D |Keach fovery smollobject or where {77 B e ﬁﬂ r&%-
accurate grosp is required %_ =
r ieaﬂg fo Jnabfn.':‘?u facafha;?d J;g get ; 712!
arRa in 3. frd r bﬂd}" noe or 1
rrext mf‘ﬂcjflﬁ:‘;‘pﬂuf‘ of way :% = 3 ﬁ _g-':' &
TABLE II - MOVE
- Description ST LEVELED TIME TMU's |MULTTELYING
iNcHEs] A [BorE| ©  PEEATIWEIGHTFACTOR
7 L7 7177
A | Move object against sfop £—+35 155 i
zm %7 10 |103
; ; : #— 15 | 105
B |Move object to opproximorte Jocotion
“ e #; ,g. rt%g il 20 | 108
C |Move object to exact location —8— rlll Ll
P 164 | 45 116 Tg — JO | 1i4
. L 35|16
?" 17 4
D | 7oss object aside 120 179
24| 224 255 [igd
E |Move object fo indefirte location |25 , £ s
30 1777 [ 243 350 | 1.25
T TABLE IIL ~ TURN
TEEI?EDTHEHTW%W; No loador partsup |Turnis a specialcase of Reachor Move
30° | 28 | i20°| 68 fo &/bs Use fable val /1t i's occomplished by o furning or
45° | 35 [135°| 74 |Med- Loads from 21teion|/omSioral motion during which
§0° | 41 |150°| BT lium (57xtable value |/¢ 2and and wrist furn Whenfu
750 4-_ 3 |765°| a7 {oacls From il fod5ibs 15 cormbined with a mormoal feach
90" [ 54 [180°] 94 | "% Intublevalue __|oronncsames g s, ar Trna
[ i
(105" | 61 Apply pressure 16 2TMUS |use Iaf‘ger vif;m s

Figure 53: Methods-time data
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METHODS—= TIME DATA
TABLE IV —GRASP

(ase Description Al

la_|Pick up Grasp-Small medivm,or lorge object by ifself -eqsily grosped L7
b Very smail obyject or tool handle lying chseagainst ot surfacd 35
le Interference with 6rasp on bottom and one side of object | 87
2 |Regrosp a6
3 |7ransfer Grasp Jb
4 |Object jurmbled with other objects so that Search and Select occur | 8.7
5 |Centact, Sliding or Hook Grosp 0

TABLE ¥ — POSITION
EASY TO HANDLE [ DIFFICULT TO HANDLE

CLASSOF FIT SYMM  [SEMI-SYMMNON SYMMI SYMM 51 Symu|NON SyMM

| Loose-Mo pressure required | 56 66 | 90 137 1163
2 Close-Light pressure required 4.7 19 |96 (255 |272
3 Exoct-Heavy pressure required | 394 | 439 | 531
SYMMETRICAL SEMI-SYMMETRICAL NON-SYMMETRICAL

0bject can be posttioned' in |Object can be positionedin |Pbect can be positionedin
Eﬂ infinite numberof ways\several ways about the |onlyone way oboufthe |

bout the axis which axis which coinciaes with|axis which coincides with
afﬂ;ﬁiﬂé with the direction|the direction of travel  |the direction of fravel

Wi

¥ Distance moved fo engoge-1"or less

TABLE ¥I~DISENGAGE

e e e
DIFFICULT
TQ Ha

Class of Fit GXnp
! loose-very slight effori-Blends with subsequent 40 A7
2 Close-Normaleffort-Slight recoil 5 178
3 Tight-Consideroble effor?-Hond recoils morkedly | 22.9 47

TABLE ¥MII— RELEASE

Case Description
| _|Nermal Release performed by apening fingers as independert motion

2 |Contact Release

Figure 54: Methods-time data (continued)
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Figure 55: Effect of age and weight upon walking time pet &@verage effort level
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