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Abstract

In the reality of the mass dasnization paradigm, increased manufacturing competition and technology
breakthrough, all manufacturing organizations are willing to preserve theitdomgsustainability and to increase

their operational efficiency. As product success is increasinglyeda d i n g
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The discrepancy between the operating manufacturing systems and the adopted magustretiagy, may, under
certain circumstances, affect negatively quality, cost, and delivery measures. On the basis of the need for continuous
and rapid adaptation to the existing manufacturing systems, a sustainable manufacturing organization should be
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maintenance organization, in orde support manufacturing sustainability on a technological basis.
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1. Introduction

In market area, competition has escalated to a very
high level and the manufacturing companies need to
develop and establish unique competitive advantages
in order to avoid transferring their productive units to
locations with lower manufacturing cogt$. Redwcing
the manufacturing cost is not a solution that ensures
long-term sustainability to a company. The degree to
which cost reduction is more important than improving
speedto-market and quality strongly depends on the
bal ance bet ween c oerigrralny 6
environment. The competitive advantages are
potentially possessed through strategic ideas that result
in reconfiguring business and manufacturing strategies.
However, it becomes evident that companies may
occasionally follow strategies or paradig
characterized as oel i
dissonanc@?]. This strategic mismatch may occur not
only between the company and its chosen market, but
also within the company itself on the basis of migsi
alignment between the strategic intent and the
operational capabilities.

Costeffective and rapid reconfiguration of an
industrial unit requires the development of

organizational strategies in response to changing
business and value driver requiremdatgombining

the secal | ed OFi t Manufacturin
Enterpriség¢3p plahreadiggesentd Fi t 6 r
an approach that integrates the notions of lean, agility

and sustainability into one concept fachieving a

level of fitness that is unique to each compijyAn

investment in technology is possibly imperative in

order to make a breakthrough in improving the
productive capabilities, product customizatiland
@anu{a?]tl.irir%;rCﬁSEl rleducgolq,d In most cases the
technological enhancement Is introduced, managed

and implemented by technical functional units of the

company. However, irrespectively of how superb may

be a technology, its success is always a stlgkc

companyos maturity of abso

t e gntroguged gapapilities and the culture of the reﬂage? egic

individual stakeholdersof making proper use

Examining a general business modg&] (see
figure 1), two considerations should be made. First, it
must be remarked that companies are forced to
perform the cycle in shorter periods of time, without
always possessing the capability of managerial change
and operational adaptaiyi The second



consideration is about the accountability of executing
the declared strategic ideas. For this tastechnical
function must be identified, capable of preserving the
total efficiency of the production line while at the same
time introducilg innovation realizing the strategic
ideas. In the context of the operational organization
many different functionssuch as maintenance,
production support, engineering, ef@] must be
present,. Moreover, athe manufacturing cost is
reduced with a subsequent headcount reduction, the
aforementioned functions are integrated in a single
department, even in large manufacturing companies,
either acting as part of the production organization or
operating supportive to the production needs.
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Fig. 1. The generic business model.

2. Sustainable manufactur

maintenance engineering

Every manufacturing organization integrates some
kind of maintenance activities in order to ensure the
reliability availability of its productive units. During
the last five decadesiaintenancéheory has radically
changedaccoding to the new market and technology
requirements. In general, the aiior an effective
maintenance system is to maximize production
equipmen effectiveness in terms of economic
efficiency and profitabilityf1]. A maintenance system
is effective if every effort is appliedither for the
eliminaion of lost productioncaused byequipment
failure or for the maximizaton of equipment
effectiveness. In every case the maintenance system
must: a Ensure smooth and reliable operation of the
production line, bintegrate the human and technical
resources, technical knowledge management and
capitalization, and .c Be able to econfigure
manufacturing systemsfor the produdion of
innovative products.

In the context of the current work, sev@reek
industrial enterpriseseresurveyedThis sirveyhas
been initiated towards the direction of identifying
common characteristics, quedural activities and
problematic areas, with the perspective of developing
a common i mpl ementati on
maintenance engineering concept with potential in the
identified challenging areas of improvemg2it

2.1 RCM and TPM: Tools for reliability and
knowledge capitalization

The first initiative that a maintenance/engineering
department should follow is to provide the support
and reliability to production line in order to fulfil the
manufacturing objective$8]. For every machine
consisting by a definite humber of parts and-sub
assemblies, it is proved that not all parts contribute to
breakdowns or failures. Depending on the type of
machine and its architecture, a percentage of parts
ranging from six to twenty percent can be considered
as critical in the context of provoking the failure of
the machine [9]. The extensive preventive
maintenance programs, apart from introducing high
execution cost related to ngéiged marhrs and spare
parts consumption, they also include intervention to
parts other than the critical ones.ighmesultsto
introduction of redundant annotations and false
machineconditions, since it is statistically impossible

toguaranteethemache 6 s restoring t
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presence of failuresther than these reported prior to
maintenance starting. An alternaiapproach is the
ReliableCentreMaintenance (RCM), which is widely
supported and utilized in industry. The critical parts
may be progressively identified by implementing tools
such as FMEA (Failure Mode Effect Analysis) and
RCFA (Root Cause Failure Analig)[9], [10]. All
reactively identified failures, breakdowns or extensive
adjustments causimgachineunavailability, should be
recorded and classifiedfter proper analysisn four
discrete ctegories: a) timeelated (TR), b) condition
related (CR), b) failuréinding (FF), d) rurto-failure
(RTF). The timerelated failure modes should be
integrated in the preventive maintenance cycle on the
basis of a time plan. The recorded condiielated
failures should be
activities andpossibly during condition monitoring
either by operators and technicians or by an
automated system(vibration analyzes, thermal
cameras etg. In the failurefinding category of
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recaded incidents, it is possible for the maintenance
technicians to understand what symptoms become
apparent before a breakdown or a failure ocdthien

it is possible to identify a similar symptom and make
corrective actions in order to prevent a machuaiare

in the future. Finally, ruito-failure incidents concern
breakdowns that may occur, but it is better to let them
occur since their occurrenég very rare while their
preventive maintenanesually impliesigh downtime
due to complicated disassemlbhsks, high spare part
cost, etc. Therefore, these working parts are left to
operate until their ultimate breakdown.

Given the above classification, an analysis must
take place before deciding any proactive action.
Although the analysis of the recordedidents, may
be performed in an officeé far from the production
line - by engineers and technicians, it is very important
to ensure that the extracted conclusions and all the
underlying information will be available at the level of
the operator at theanc hi ne 6 s
way the condition monitoring process is enhanced.
Moreover, although some manufacturing machines are

of the same type, use the same parts and mechanisms

and have identical operational life predictions,
different failures ad malfunctions are frequently
reported for each one of them. Based this
consideration, it becomes obvious how important it is
for the operator or the technician to have all failures or
symptoms available at his working sitereferably
through @ easily comprehensibleinterface. The
knowledge availability may contribute not onlgrf
reactive actions but alséor adjustments or for
diagnosing symptomthat may lead to failuse As
soon as a sufficient number of failure records are
developed, it is possibl to further elaborate this
knowledge and build an even more efficient knowledge
base that could incorporate uncertain pieces of
information and extract conclusions about reliability
statug11] through a fuzzy inference mechsm[12],
through caséased fault diagnosj$3] or through any
available knowledgbased technique that could handle
diagnostic knowledgd-or the analysis of the available
knowledge, other toolscan be utilized such as
dependency matrices (or design structure matrices
DSM) [14] in order to build hierarchical relations of
parts, symptoms and failure modes. The dependency
matrices could also be used for clustering groofps
parts of the machine in order to perform optimally
assemblingdisassembling activities during
maintenance or breakdown restoration.

operat|

Maintenance activities involve the manufacturing
units and the production floor can be considered as an
internal customefor the maintenance departmeso
it seemgeasonable to support the idea of integrating
production representatives (operators and technicians)
in the loop of keeping the equipmemediable. This
approach, called Total Productive Maintenance
(TPM) [8], [9], [15] is originated from Kaizen
(meaning continuous improvement in Japanese)
Many Japanese automobile manufactutieas used
TPM beame extremely competitive in thglobal
market. TPMassumeshat everyone involved in the
equipment lifecycle has a role in achieving the
defined objectives, while afloor shopemployees
participae. The implementation of TPM requires the
formation of small autonomous teams, with specif
roles and measures (such as overall equipment
effectiveness) and with the initiative of turning
maintenance from reactive to proactitg Although

e cog‘npqﬂgs may, pﬁrforEn W‘?”#f‘ implementing

and/o M, the exteerterna environment
may raise some problems: The machines become
increasingly customized andid difficult to follow
preventive, predictive and conditienonitoring
programsjp. Specific problemselated toefficiency
and quality cannot be identfil or resolved by
autonomous teams, but require a synergy of roles and
functions;c. The reductions in operation headcount
make necessary the presence of rrole and multi
functional employees, making difficult the
implementation of autonomous functiors Given
that the technical knowledge is owned by specific
individuals, both maintenanceand new technical
projects and studies can only be performed by these
individuals; e. The three shifts othe work-floor
personnel, the interchangeable crews of ajoes
among machineryand the high diversity and
customization of equipment operate as obstacles to
the deployment of TPM.

The abovementioned issues should not be
considered, in any case, as reasons for not
implementing either RCM or TPM. They are likely
facts that may drive to an adaptive implementation of
these techniques. Then, instead of creating
autonomous teams of action, ownership of specific
roles within multidisciplinary teams could be
assigned. In a generic case, the autonomous teams
could be forned as presented in figure 2, providing a
6l eand and |l ighter team
proposed frameworkq15]. Finally, it must be
remarked that the RCM and TPM should be



facilitated by new technologigsuch as information yet dynamic knowledge presentation. Also, the
technologies, MES, EMS, ERP, etc.), and the efficient management of the manufacturing
underlying generated knowledge should be extracted, knowledge is considered as fundamensahce it
structured, analyzed and properly utilized for various facilitates capturing of the human knowledge and the
purposes (e.g. training). conversion of informatio to knowledge through Al
based knowledge extraction methods, supported by
ortline, intelligent decision/performance support

(] [ commomy simamemmeepionsovmgms ] [+] systems. The mearfer knowledge capitalization
T T~ e should consist of extensivéraining sessions on a
VRN basis of deliverable accountabiesults on subjects
( ( Areaor ) that are weldefined. For example, the FMEA and
\\ YAN ‘\\ / / RCFA can provide a very good basis for identifying
R S critical equipment failures. Moreover, a classification
[ opes e —— may be performed in order to
Q- etttz A\ tasks in the produ_ct|on sit in three categories: a)
A\ remsteston e ) non-repeatable which are extremely difficult tasks
) that require deep knowledge and its reuse cannot be

guaranteed not even for the same person, b)
Fig. 2. Proposed lean TPM implementation. repeatable tasksyhich can be performed by the same
person that possesses spedihowledge, techniques
2.2 Technial knowledge management: Continuous  and/or tools, and e¢eproducible taskswhich can be

training executed by any person using the required specific
Itis clearly statedd]t hat 6fi t man ul§CBAYEPNPIH g5 | s
not only implemented in order to provide to the Classification of tasks {actual)

company the potential of meeting new customer needs,
but mainly h order to promote the culture of seeking
new market areas under the condition that human and rordcie
financial assets of the company are robust enough to

achieve market breakthrough. Therefore, it becomes
evident t hat the success of a
alignment of knowledge and skills at all levels of

operational functions. As reconfigurability plays the

non-repeatable
20%

ystem requires

main role for the O6Fito par ad[aggifptionoftasksitaged shoul d be

non-repeatable

shifted to adaptable machines with continually trained
technical personnel (operators, technicians, engihee
and on flexible organization structures gmmbcess
flows. The requirement of taking advantage of o
technologicabdvancen order to improve quality, to
broaden the range of products and to obtain optimal
performance measures, makes the acquisitiorenf
technical skills and technologies necesd&ly The
reluctance of many companies to invest towards this

initiative is partially attributed to the lack of a coherent Although in the context ahe present paper the
technical and manufacturing infrastructure. scope is related to maintenance engineers and
technicians, the aforementioned classification of tasks
can be established to facilitate any working
environment. The survey in the Greehterprises
resulted to the percentages shown ifigure 3.
Moreover, it is estimated that 20% of the non
repeatable tasks cause more than 75% of the total
equipment availability losses. By classifying the

Fig. 3. Ratios of undertaken tasks in Greek industry:
actual and target.

Integration & human and technical resources is
required to enable effective collaboration between man
and maching16]. This includes effective human
computer interaction by means of
multimodal/multimedia  knowledgbased  user
interfaces, \ith active knowledge access and adaptive,



identified failures into the above categories, the need
for specific training topics can be highlighl, with the

availability of human resources. Even in these cases,
an adaptive way of draft documentation could be

perspective of readjusting the percentages as suggested applied, such as video or pheghooting. By

in figure 3.1t can be easilyis concluded that a
reduction of norrepeatable tasks may lead to a
significant reduction of equipment availability and
efficiency losses.

2.3 Innovation:
sustainability

Based on the Darwinian paradigm of evolution, a
species is most likely to survive if it possesses high
adaptability to any external conditions instead of being
optimal in specific environmental conditions.
Transfering the above analogy to a manufacturing
business model, it may be stated that the reduction of
manufacturing cost and the optimization of operations
processes cannot ensure the koergn sustainability.
Manufacturing companiesurn now towards the
direcion of coming closer to their customers by
introducing  repetitively  innovative  products
accompanied bseconfiguation oftheir manufacturing
assets. However, the infrastructure of the operation
systems in many manufacturing companies cannot
always comply with this course due to the lack of
change management culture and to the commitment
exerted by rigid organization structures.

A competitive advantage for

In the context of the survey of the Greek
manufacturingnterprisesit be@me evident that some
of themsucceedd in adapting tkir manufacturing
systems to produce new or customized products, but
this change occasionally
production linerelated to issues suchamsst, materials,
reliability, planning and working conditions for the
employees.t is evidet that many companies fall
victims of their innovation as they do not develop their
infrastructure (reliability and knowledgeanagemat)
and this ascertainment is reported occasionally in the
last decade for many multinational companies that
either loose market shares or they reach the
bankruptcy

In case of adapting and reconfiguring machines, it
is necessary to capture the undertaken project by
following common project management steps
(initiation, conceptual design, validation, detailed
design, handeer, etc), always efficiently documenting
all stepsn details It is a fact that durintheexecution
phase, most of the technicians are not used to properly
documenting ofgoing modifications and adaptations.
This may be due to lack of required skills low

organizing, enriching and transferring the existing
technical knowledge, its capitalization is guaranteed
and a specific technical level is introduced in the
production site. Finally, it is provetd becrucialfor
innovative projects to have sessions of pilot
implementations, simulations and prototyping in order
to eliminate risks and find solutions that maily
become apparent after
during O6childhoodd

2.4 Combination of three initiatives for sustainability

The optimization and the effectiveness of the
maintenance in terms of overall efficiency measures
and resources allogah [17] are not the only
ingredients for a
sustainability. The development of manufacturing
assets may increase
providing opportunities for introducing new
technologies andonfiguring the machines to produce
customized production or highly innovative products.
However, the innovation cannot be introduced te non
reliable equipment and cannot be supported by an
infrastructure that does not possess the required skills,
knowledye and culture for sustaining rapid changes.

In the present paper
paradigm is presented as a mean to ensure
manufacturing companyo6s

mai ntepance engineerjngo
fuhdidh %o%&ﬂ]anéhﬁdusﬂpBolr’t lthg &dtemenflondd "
initiatives (figure 4). As it is shown in figure 5, the
abovementioned concept should be implemented step
wisely. In special cases and if the market is
demanding, the skills and knowledge gap may be
covered by taking advarga of purchased outsourced
technical services and/or an external supportive
network by partners and original manufacturers,
without waiting for the
matureThiscan be appliednly for short operational
periods as it does not icmide to longterm
sustainability. The aforementioned simplistic step
wise process is not proposed as a roadmap to
sustainability, butas a process that incorporates
crucial aspects of the contemporary daily business
that other more technical and perfomoa oriented
approaches (RCM, TPMJlo not The underlying
concept is to builéhitially a technological basis, then
reconfigure/rebuildhe physical assets and resources
before chasing innovation.
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