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Luca Fumagalli is Associate Professor at Politecnico di Milano. He is Mechanical
Engineer, graduated at Politecnico di Milano in 2006, and obtained PhD in
Industrial Engineering at Politecnico di Milano in 2010.

He works on different research topics about production management, industrial
services and in particular maintenance management related topics, with a specific
concern on new technological solutions. His research activity has been related also
with European research funded projects.

During his career, Luca Fumagalli has been visiting researcher or visiting professor
at: Lorraine University (France), Universidad de Sevilla (Spain), VTT Research
Center (Finland), University of Cincinnati (USA), Universidad Catolica de Valparaiso
(Chile), Universidad de Los Andes (Colombia), Warsaw University of Technology
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Luca Fumagalli is coordinator of the Network of International Collaboration of
Industry 4.0 Lab (www.industry40lab.org) at Department of Management,
Economics and Industrial Engineering
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Warsaw University of Technology is joining the International Collaboration Network of the Industry 4.0 Lab
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QS EUROPE UNIVERSITY RANKINGS

THE POLITECNICO DI MILANO RANKS 47TH IN EUROPE AND 1ST IN ITALY

In the new QS University Ranking dedicated to Europe, the Politecnico di Milano achieves the 47th position, entering the Top 7%
of the best universities (which are 690 in the ranking).

Moreover, the Politecnico is confirmed as the first university in Italy. This result was made possible by important factors that
contributed to achieving this position. The University ranks among the best universities in Europe and first in Italy in terms of
Employer Reputation, an indicator that assesses employers’ opinions on how universities train their graduates for the world of
work.

The Politecnico is also awarded in Academic reputation, an indicator based on the responses to a survey distributed to
thousands of academics who drew up the list of the most authoritative universities in their scientific discipline.

These data confirm Politecnico di Milano's outstanding results, ranking among the world's top 20 universities in Design,
Architecture and Engineering, according to the QS World University Rankings by Subject 2023 published last March. In Design
and Architecture, it ranks 8™ and 10™". In Engineering, it ranks in the top 20 worldwide, coming in at 18" position.
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Simulation and Digital Twin... experience

- Years 2000: course of Modelling of production and logistic systems for Industrial/Management Engineering

- 2016: first course at Industrial/Management Engineering with the use of Matlab (Matlab/Simulink)

Outline

- 2017: “4 | Procedia Manufacturing
Abstract e Volume 11, 2017, Pages 939-948
Keywords a
References . o e . .
A Review of the Roles of Digital Twin in CPS-
Cited by (986) based Production Systems ¢

Elisa Negri 2 X, Luca Fumagalli, Marco Macchi

- 2020: Digital Twin Course for «Summer School» at Universidad de Los Andes (Colombia)

- 2022: Digital Twin Game at POLIMI Graduate School of Management for MBA courses
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What is Maintenance?

Maintenance is the dirty job!

Maintenance is the uncorfortable
job!

Maintenance is something related to
bad products / equipment only!

Maintenance means disasters!

Maintenance is only a cost!

Maintenance is something to be left
to technicians!

Maintenance is not important from a
management point of view!
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What is Maintenance?

BUT:

Perfection does not exist!
Nothing is forever!

Everything must be maintained!

Good maintenance means safety, quality, cost
reduction, competitiveness, enviromental care, ..

Maintenance can be a strategic asset!

Maintenance helps sustainability!




EVIDENCES OBSERVED IN
PAST AND RECENT YEARS

Strategic importance of maintenance in manufacturing

Maintenance has slowly progressed towards higher recognition as a source of value for
production systems, and a contributor to company’s productivity and profitability. Changes
in perception of maintenance are evident in the most recent years:

SCHOOL OF MANAGEMENT
Manufacturing Group

« Moving away from cost-centric models for maintenance planning that can lead to sub-
optimal maintenance strategies;

 Need to quantify maintenance contribution to the organization’s profitability and
overall performance;

- Evidence of impacts on quality, efficiency and effectiveness of operations, thus leading
to contribution to profitability of a manufacturing company.

Alsyouf, I. 2007. “The role of maintenance in improving companies’ productivity and profitability.” International Journal of Production Economics 105 (1):70-78.

Marais, K.B. and J.H. Saleh. 2009. “Beyond its cost, the value of maintenance: an analytical framework for capturing its net present value.” Reliability Engineering & System
Safety 94 (2): 644-657.

Maleti¢, D., M. Maleti¢, B. Al-Najjar and B. GomisSCek. 2014. “The role of maintenance in improving company's competitiveness and profitability: a case study in a textile
company.” Journal of Manufacturing Technology Management 25 (4): 441-456.
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Looking at the past achievements ...
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e 1900 Handicraft production > Corrective maintenance
e 1920 Mass production > Preventive mair;tenance Second world war/logistics support
e 1960 Industrial development > Diagnostics techniques Apollo program / FMECA
e 1970 JIT-TQM > Productive maintenance/TPM
_ _ < RCM program development
e 1980 Lean production > Productive maintenance/TPM
e 1980-90 Information systems in enterprises > CMMS
e 1990 Virtual enterprise > [Focus on core competences & ICT =] tele-maintenance
e 2000 Globalization > Outsourcing & maintenance engineering

'+ Maintenance initially conceived as a technical function; Maintenance lately transformed into:
an engineering and management function;
'+ ICT initially introduced for management support in general (CMMS), and lately enhanced for
~ service-support (remote/tele-maintenance).



EVIDENCES OBSERVED IN
PAST AND RECENT YEARS

Looking at the past achievements ...
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e 1900 Handicraft production > Corrective maintenance

e 1920 Mass production > Preventive maintenance Second world war/logistics support
e 1960 Industrial development > Diagnostics tec;niques Apollo program / FMECA

e 1970 JIT-TQM > Productive maintenance/TPM

e 1980 Lean production > Productive mamtenance/TPI\ﬁClv| program development

e 1980-90 Information systems in enterprises > CMMS

e 1990 Virtual enterprise > [Focus on core competences & ICT =] tele-maintenance

e 2000 Globalization > Outsourcing & maintenance engineering

e 2010+ Digitalization > PHM (Prognostics & Health Management)

*» Digitalization is associated with transformative concepts and methods that are widely Ieadlng
to impacts in business and society. :
° In the manufacturing context, maintenance is on top of the agenda for future developments i |n
-~ digital applications (digital maintenance, digital service). |



Digitalization for modern maintenance:
maintenance related concepts and their
evolutionary path
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Computers in Industry

ournal homepage: www.elsevier.com/locate/compind
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* |Investigation of the relationship among the different
Advanced Mainenan maintenance related concepts and their
Department of Management, Economics and Induserial Engineering, Poltacnico & Milana, Milano, kaly evo I utio n a ry pat h .

Maintenance concepts evolution: a comparative review towards )
Advanced Maintenance conceptualization s |

ARTICLE INFO ABSTRACT
Artice hstory: The impk-meman n of Industry 4.0-like solut ions for the rr..ur:z—hnrc of p'\:dl.cn n assets is 3 rek-
Received 31 May 2021 o e

Received In revisad form 24 August 2021 tech bas ! 1 H
Ko e e e s et * We aim to define the concept of advanced

gies has been studied in the literature since early 2000, and concepts like e-maintenance and intelligent

pre— nance have been largely addressed. Nowadays, smart maintenance and maintenance 4.0 concepts

V_h . pr " 2 - e P - ~ o
e e e e w e maintenance, based on the state of the art of
Intelligent maintenance ary :-rrspenlw there has been little consideration on whether the definition, connotation, and technical
s T - - L] 4
research and empirical evidence of practices.

E-maintenance development of the concepts are u- the | iterature. ID.ddX’?H
Mainterance 4.0 qualitative and quantitative inves:
Review different maintenance concepts.

bers, keywords frequency, and top re;

4.rc'1.n:l dzvclounrr sl u!: sl'e the scope and trends
ofthe currently presented research. Critical topics discussed include the evolutionary path of the different
concepts. Moreover, the evidence collected h a case study involving eight production companies
are discussed to report the perspective of industry about advanced maintenance, may it be defined 40,
smart, intelligent or e-maintenance. Finally, a definition of the advanced maintenance concept is given,
crn;\ sed as an —uz-,,ral .x:prmck |rhrm|—|z the Lrow|r:, e from past devel opmrr :r maintenance

e * Research methods are systematic literature review,
bibliometric analysis and multiple case study
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41. Concepts rvc\.monl-\dnTc'r—rtzm:noral phase:
42. Atnbutes ..'\dc::r.fqurncr f the focal co ts: findings from lil 1T

 Advanced Maintenance is recognized as an approach
inheriting the knowledge from past developments

ZCScan

52. Attributes and consequences of the focal concepts based on ll-e —nulup]r cas crudr 'ardx—u:

B of maintenance related concepts.
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EVIDENCES OBSERVED IN
PAST AND RECENT YEARS

Looking at the past achievements ...

i

30
M

SM
40 eM

— M4.0 | . Intelligent Maintenance (IM)
| | . E-maintenance (eM)
. Smart Maintenance (SM)
. Maintenance 4.0 (M4.0)

30 A

20

10 4

Q 0 Q
\9%6 \990 \996 100 Q2 '10\' 10‘\") 107‘

Trend of different concepts: Annual publication volume (Scopus data base, period 1970-2020)

Roda, |., Macchi, M. Maintenance concepts evolution: a comparative review towards Advanced Maintenance
conceptualization. Computers in Industry, Vol. 133, December 2021.
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Looking at the past achievements ...
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Phase | Phase II Phase I11 Phase IV
Total 1985-2000 2001-2010 2011-2015 2016-2020
Analytic Hierarchy Process, Condition Monitoring, Fault Diagnosis, Industry 4.0,
Fuzzy Logic, Diagnostics, Condition Monitoring, Internet of Things,
Keywords . . . . : -
Information Systems, Web Services, Knowledge Management, Fault Diagnosis,
Decision Support Systems Prognostics Fault Detection Machine Learning
76 % IM 37 % 1IM 45 % IM 51 % 1IM
Concepts Percentage 19 ¥ SM 4 % SM 13 % SM 23 % SM
5% 41 % eM 21 %eM
eM 9% eM 1%M4.0 5 % M4.0
Paper number in Scopus 21 papers 236 papers 216 papers 290 papers
(Labib et al., 1998) (Lee et al., 2006) (Lee et al, 2015) (Selcuk, 2017)
High Citation Papers (Deb et al.,, 1997) (Muller et al., 2008) (Kumar et al., 2013) (Berredjem and Benidir, 2018)
(Kobbacy et al., 1995) (Tsang, 2002) (Chenetal, 2011) (Guillén et al., 2016a)

Different phases in the evolution of advanced maintenance concepts

.................................................................................................................................................................................................................................................................................................................
:

- The evolution shows, since its early stage, that decisional support and information systems
are emergent needs for advances in maintenance management. :
- In the evolution, it is evident that the maintenance practice come along with the development
~ of ICT as enabler of advanced maintenance concepts. :

Roda, |., Macchi, M. Maintenance concepts evolution: a comparative review towards Advanced Maintenance
conceptualization. Computers in Industry, Vol. 133, December 2021.
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Towards a modern maintenance

Maintenance is evolving due to the double-sided
influence of digitalisation and Asset Management (AM).

« digitalisation is pushing maintenance to adopt Industry 4.0-like solutions
towards diagnostic and predictive solutions for data-driven design
Improvements and services.

 the Asset Management paradigm requires maintenance to broaden its
scope including strategy, risk management, safety and environment, and
human factors towards value generation from assets.

Polenghi, A., Roda, I., Macchi, M., & Pozzetti, A. (2021). A methodology to boost data-driven decision-
making process for a modern maintenance practice. Production Planning & Control, 1-17.
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INTERNATIONAL

i January 2014: Release of the ISO 5500x body of standards

princi|

......

o, e e |SO 55000: Overview on AM and terms and definitions

w2 |* 1SO 55001: Requirements for an AM system

. ISO 55002: Guidelines for implementing ISO 55001

ASSET MANAGEMENT: “The coordinated activities of an organization
to realize value from assets” (1SO 55000, 2014)

19



OPPORTUNITIES AND CHALLENGES
IN THE RESEARCH AGENDA

A lot of challenges are open for lifecycle management of industrial assets, such as ...

&
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 Cyber-physical assets & Digital Twins of physical assets are still in a (very) early
stage development; more experiences and use cases will be required, aimed to
support the whole spectrum of relevant decisions in the asset-control activities.

* Reliability & condition-based maintenance modelling methodologies / methods
should take advantage of the new capabilities made available by the Cyber-
physical assets and Digital Twins, to extend their potential for decision support.
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(the material of this section was kindly provided by prof. Giacomo Barbieri, Universidad de Los Andes, Bogota, Colombia)
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Another commercial invention?

The "concept" of modeling a physical object Incubation Engonvs:‘l?al Maturation
through software is present in various period period period
application domains. Various modeling tools
and best practices have supported this '”f'e‘?“ton
approach long before the term “digital twin” 3 i
became popular. —
Rules
— 1S5023247-1 (2022). Automation systems
and integration — digital twin framework I
for manufacturing — part 1: Overview Time
and general principles. Standard,
International Organization for Schmitt, L., & Copps, D. (2023). The Business of Digital Twins. In The Digital Twin

) ) (pp. 21-63). Cham: Springer International Publishing.
Standardization, Geneva, CH.

— DNV-RP-A204 (2020). Qualification and
assurance of digital twins.
Recommended practice, DNV.

22
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Digital Maturity Index () Fomean"“C | Mmoo g Grovp

39%

Digital maturity average

v Research study conducted by
Accenture that includes 600

i
100% ; : :
. manufacturing companies from
: Capabilities are fully deployed
| in all sites/plants and provide around the world
[ measurable benefits
80% |
1
i
:
60% !
' Pilot capabilities are scaled-up
' and deployed in many sites.
)
| Enablers are initiated
s ' Audit on 40 key digital
Numerous PoC (Proof Pilot digital capabilities implemented . .
of Concept) tried/ in one site/plant, and used in an capabilities for operations
Capability not implemented v industrial context
20% 1
relevant or not I
started i
|
0% :
1
] 1 L A I | 1
Not started PoC Pilot Scale-up phase Capability fully
deployed
Blanchet M. (2023). The Dimension of Markets for the Digital Twin. In The Digital Twin 23

(pp. 65-96). Cham: Springer International Publishing.



SCHOOL OF MANAGEMENT
Manufacturing Group

Models vs experimentation:
approximations

All physical principles and their mathematical expressions applied to real-world
situations are approximations of real behavior.

These approximations can, in individual cases, be good, fair or poor, but there
IS always some discrepancy between the modeled and real behavior.

Experiments are run on the real system and,
when properly designed and executed, reveal
the true behaVior o ' Essentially, all models are wrong, but some are

useful.

(George E. P. Box)

izquotes.com
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Models vs experimentation: times and
costs

Experimentation, by definition, requires an investment in equipment suitable for
the proposed study, plus laboratory space to host the experiment

However, modern simulation has an ever-higher cost.

25
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Examples of digital twins

Physical twin to
implement “ what-if ”
scenarios through
experimentation

"Housten, we've had a probliem:
.. main B bus junderveoli"

26



Examples of digital twins

Sat01 340km \ -

GPS
Heart rate

Blood oxygen saturation
Accelerometer
Thermometer
Gyroscope

Compass

barometric altimeter

s ” POLITECNICO | sCHOOLOF MANAGEMENT
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physical object digital object
Sensors

v

<
<

recommendations -

TODAY'S Y

sussestion \\) Recommendations

1. e , based on historical
| 7 +71 24 data and intelligent
el algorithms

27
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An Early Digital Twin Concept by Grieves and Vickers

Characterized by the synchronization
between the physical and digital object

Information

Y TELEPTELEE

Physical Physical Physical|| [ = » manual exchange
CbiEet ok Digita S Digita —>» automatic exchange
Physical space Virtual space Obje Obje
Digital Model Digital Shadow Digital Twin

Digital model of an object in the

physical WOrld developed for the Kritzinger, W., Karner, M.,. TraaTr , G., Henjejs ,J., & Sihn ,W (2‘018). Digital twin in .

. . manufacturing : A categorical literature review and classification . IFAC- Papers Online, 51,
purpose of studying, analyzing and 1016-1022

predicting its behavior

28



Digital twin

Production
planning

Engineering

Integration '
Planning Twin Production

|| Reconfiguration Twin

Planning Twin \/

Digital Model

Engineering Twin

Wity
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SPRINGER LINK

Find ajournal  Publish with us Q Search

The Digital
WAl The Digital Twin pp 11131134 | Cite as

Home > The Digital Twin > Chapter

Digital Twin and Education in Manufacturing

Giacomo Barbieri &, David Sanchez-Londofio, David Andres Gutierrez, Rafael Vigon, Elisa Negri & Luca Fumagalli

Chapter | First Online: 03 June 2023

29
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Digital Twin for Maintenance Management / Asset Management
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Decision making in asset -\ POLITECNICO

G MILANO 1863
management =
Determine which assets to Ensure the required Manage
: performance over the useful life ~ decommissioning and
create or acquire, and when :
of the assets disposal
< Pre-Operational >< Operational >< Post -Operational >

Construction, Withdrawal
acquisition or Operation and maintenance

commissioning

Planning

from service

and design and disposal

Decisions are not isolated : impact on other
stages of the life cycle and on other assets

GFMAM. The Maintenance Framework, Global Forum on Maintenance & 31
Asset Management , 2021



Approach based on
Digital Twins

Integrate the models and the various
facets of the different hierarchical
levels of assets and asset systems

NICO | SCHOOLOF MANAGEMENT
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&t\ @W é\t-'
RN Ng

Component 1

Z component

@s\ . Q)S%
¢

Crespi N., Drobot A., Minerva R. (2023). The Digital Twin: What and Why?. In The
Digital Twin (pp. 1-20). Cham: Springer International Publishing.

, &
N\
A’\Q’ R\ 3O
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Digitization

Reduce development and testing
costs , while expanding the number
of "situations" that can be
considered, assessed and
evaluated

Data-driven
models

v

Physics-based
models

v

Crespi N., Drobot A., Minerva R. (2023). The Digital Twin: What and Why?. In The
Digital Twin (pp. 1-20). Cham: Springer International Publishing.
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.......................................................................................................................................................................................................

BOL - Design, Build &

éDigitaI twins for lifecycle support of future intelligent§ Commissioning
gmanufacturing assets in complex systems MOL - Operations &
: | Maintenance

- Lifecycle planning & monitoring of manufacturing assets;
E EOL - Decommissioning

- Advanced condition monitoring, diagnostics & prognostics;

° Joint production & maintenance planning and control;

Supporting the

° Monitoring of manufacturing assets for their integrityé deC|Slon'm_akmg In
. _management / life extension. the asset lifecycle

sttt —— 34
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BOL - Design, Build &

éDigitaI twins for lifecycle support of future intelligenté Commissioning
gmanufacturing assets in complex systems MOL - Operations &
: | Maintenance

- Lifecycle planning & monitoring of manufacturing assets;
i EOL - Decommissioning

Advanced condition monitoring, diagnostics & prognostics;

Joint production & maintenance planning and control;

Supporting the

° Monitoring of manufacturing assets for their integrityé deC|Slon'm_akmg In
. _management / life extension. the asset lifecycle

sttt —— 35
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14.0Lab Wi-fi: 10.48.134.x & 10.48.135.x
o=
-
PC, Tablet, Smartphone Press Back Cover MAG Camera
PLC:10.48.134.80 PLC:10.48.134.70 PLC:10.48.134.60
Energy: Energy: Energy: eSS
10.48.134.108 10.48.134.107 10.48.134.106 o

EI
MES
10.48.134.1
Bridge Machine Energy 3

INDUSTRYA4. Owo 0% ]

= ;&-- v
15 II e |
. IL ‘—i:__.____f

3—[ .u- . Bridge Robot Cell

PLC: PLC:10.48.134.50
v LA 10.48.134.40
Manual Front Cover MAG Drill 10;2?{51:105
L] o .o . L] .o [_\ ) . 3
Flexlble manufa cturlng Ilne & crltlcal machlnes D-_.__B PLC:10.48.134.10 PLC:10.48.134.20 PLC:10.48.134.30
PC, Tablet, Smartphone Energy: Energy: Energy:
10.48.134.101 10.48.134.102 10.48.134.103
- Operation of different stations and equipment in the line

Degradation of the drilling machine, in view of the evolution of its critical failure modes Architecture of Industry 4.0 lab base ICT system (focus on

Levels 0, 1, 2 of Enterprise-control system ref. (IEC) 62264:2003)

Machining & Assembling @

Extension of extant system with

Industry 4.0 Lab, Manufacturing Group @ School of Management, Politecnico di Milano a Digital Twin-based decision making support
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MANUFACTURING ASSETS

= O
3 ®©
£ a3 C fault
° RMS
- S - © Clgys
0 0 & .
0 0 ot L
g S EHH : .
: . DATA ANALYTICS AND 5| & :
o T . rH Remaining
BRI SASRBERRY SERVER MODEL CONSTRUCTION g|e AR ‘-"-.~' & Useful Life
A R=
3
T
OjC|eS ( N) Ceurren t Cfault

Cattaneo, L., Polenghi, A., Macchi, M.. A framework to integrate novelty
detection and remaining wuseful life prediction in Industry 4.0-based
manufacturing systems, International Journal of Computer Integrated
Manufacturing, 2021.

SCHOOL OF MANAGEMENT
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Opportunity
Advanced data analytics for CBM/PHM is
developed through an integration capability
built upon a reference framework providing
guidelines and supporting models both from
process & data viewpoints, while leveraging
upon a library of algorithms to be exploited
according to the boundaries and the case-

related characteristics

J
/ Benefits \

*  Productivity and robust performance of
the production line
* On-line control of the conditions of critical

equipment through integrated predictive

Industry 4.0 Lab, Manufacturing Group @ School of Management, Politecnico di Milano

maintenance capabilities in the
\ production line j
37
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IN THE RESEARCH AGENDA

MANUFACTURING ASSETS

Opportunity
Digital Twin to synchronize a Genetic
Algorithm (GA)-based optimization of jobs
scheduling, through a Discrete Event
Simulation (DES) embedded with an
equipment health monitoring built on data-
driven approach, with the purpose to
optimize  productivity measures with
uncertainty due to the operational risly

INPUT DATA MODULE

List of jobs to be Production . .
A Historical
scheduled and objectives, resources, X =
. . _ equipment data
their DpEIalIOI’lS constraints

=

Initialization of 'SIMULATION MODEL | EQUIPMENT PHM . .
apatin ] | /P related to machines downtime
| Exportation of Statistical model DATA ANALYTICS
I | each schedule building
2
. Individual . ! Evaluation of
Application of | Application of H | 3 @
genetic operators (ﬁ;s:::::;ec:i'onj o .|fimu\alm.n njlod.el ""_ “ | Eq:::l't':"t
NS DIGITAL TWIN MODULE J
L Optimal { OPERATOR INTERFACE) Real-time ) .
sn\ut\nny,ES equipment data Ben efl ts
Scheduling the ",,‘" . .
et ndidiol [ procucton * Productivity and robust performance of
\ OPTIMIZATION MODULE PHYSICAL SYSTEM

the production line
* On-line control of the conditions of critical
equipment in a joint preventive approach
\ for robust scheduling /
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