DIMECC

FINAL REPORT 2/2016

DIMECC PUBLICATIONS

SERIESNO.10

MANU - Future Digital Manufacturing
Technologies and Systems




DJIMECC

FINAL REPORT 2/2016

DIMECC MANU —Future Digital
Manufacturing
Technologies
and Systems

DIMECC
PUBLICATIONS

SERIESNO.10

2012-2017



All rights reserved. No part of this publication may be
reproduced, stored in a retrieval system, or transmitted,
in any form or by any means, electronic, mechanical,
photocopying, recording, or otherwise, without the prior
permission of DIMECC Oy.
Publisher  DIMECC Oy

Korkeakoulunkatu 7

33720 Tampere

Finland

www.dimecc.com

ISBN 978-952-238-176-7
ISBN 978-952-238-177-4 (pdf)

DIMECC Publication series

ISSN 2342-2696 (online)

© DIMECC Oy

Graphic design and layout: Public Design Oy
Cover image: Jaakko Karjalainen, VTT
English language editor: Semantix Oy

Printed in Finland: Grano Oy, Tampere, 2016



DIMECC CONTENTS

FINAL REPORT 2/2016

PREFACE
Kalle Kantola: Nexus of Capabilities 6
Kai Syrjala: Integration of Research and Industry Challenges 8

INDUSTRY REPRESENTATIVE'S REVIEW
Juho Nummela: Ponsse PLC 11

RESEARCH INSTITUTES’ REVIEW
Pentti Eklund: VTT Technical Research Centre of Finland Ltd 13

DIMECC MANU IN A NUTSHELL 15

1 DIGITAL MANUFACTURE AND FATIGUE OPTIMIZATION

FOR SUPERIOR RELIABILITY (DIGFOSURE) 16
Summary of the project’s motivation and achievements 16
Key results and impacts 21
Case Meyer Turku 21
Case Mapvision 25
Case Sandvik Mining and Construction 26
Case Sandvik 29
Case LUT 30
Further information 32
Results 32

2 FUTURE DIGITALIZATION SOLUTIONS FOR EFFECTIVE

INDUSTRIAL VALUE CHAIN (DIGIMAP) 34
Summary of the project’s motivation and achievements 34
Key results and impacts 35
Further information 39

3 PERSISTENT BUSINESS TRANSFORMATION WITH PRODUCT

KNOWLEDGE AND LIFECYCLE MANAGEMENT (PROMAGNET) ..o 42
Summary of the project’s motivation and achievements 42
The context of the ProMaGNet project 44
The goal of ProMaGNet 45

Implementing PLM for low volume manufacturing 47



Capturing and reusing knowledge on high variety products

Updating and maintaining product knowledge throughout product lifecycle ...
Utilizing state-of-the-art digital methods for product representation and documentation ...

Sharing and using product knowledge in manufacturing networks

Further information

4 ACCELERATING TIME TO PROFIT (ACCELERATE)

Project’s motivation

Summary of main achievements

Continuous learning and capability development

Integrated development process

Fitted products and items

Efficient systems

Collaboration

Further information

5 DIGITALIZING OF YOUR FACTORY FLOOR (LEANMES)

Summary of the project’s motivation and achievements

Key results and impacts

At the root: digitalizing manufacturing operation management with the LeanMES concept ........

Strong branches - standardizing the communication interfaces

New leaves - from Excels and post-it notes to fully digitalized manufacturing

Fastems’ main results

Konecranes Agilon’s main results

Finn-Power’s main results

Delfoi's main results

Logistic’s main results

Ponsse’s main results

HT-Laser’s main results

Further information

50
53
55
61
b4

68
68
69
71
73
76
80
86
86

100
101
102
102
103
104
105



6 EMERGING TECHNOLOGIES TOWARDS ADDITIVE MANUFACTURING,
SUSTAINABILITY AND SMART FACTORY

TASK 1 ADDITIVE MANUFACTURING

Summary of the project’s motivation and achievements

Key results and impacts

1. Industrial cases

2. Practical guidebook

3. Studies of large component manufacturing

Further information

TASK 2 VISUALIZATION OF SUSTAINABILITY KEY PERFORMANCE INDICATORS 2013-2015 ..

Summary of the project’s motivation and achievements

Key results and impacts

Further information

TASK 3 SMART FACTORY 2015-2016

Summary of the project’s motivation and achievements

State of the art

Smart Factory concept — Generation of new ideas

Smart Factory pilots

Further information

107
107
108
108
110
m
112

115
115
16
17

119
119
120
121
124
127



PREFACE

Nexus of Capabilities

IMECC's MANU program preparation work was initialized in 2011

with the aim of boosting digitalization in the Finnish manufactur-

ingindustry. The preparation work was carried out through inten-
sive co-operation with the leading manufacturing companies and vision-
ary researchers. The program plan, with prioritized activities, was intro-
ducedin 2012.

In 2011, our counterpartsin Germany had the same kind of initiative
ontheirhands, and the term Industry 4.0 was first used at the Hannover
Fairin 2011.1n 2012, the working group on Industry 4.0 presented a set
of In-dustry 4.0 implementation recommendations to the German fed-
eral government.

Today, both of these initiatives are acknowledged as the leading pro-
gramsinthe European Commission's “Digitizing European Industry” ini-
tiative. More importantly, however, the importance of digitalization is
widely acknowledged within the manufacturing industry, and we can
widely see the concrete business benefits behind digitalization-related
buzzwords.

These journeys have not been easy ones, but required a nexus of right
capabilities, meaning interdisciplinary co-operation among the right ex-
perts fromindustry and research.Inboth cases, this co-creation has had
a strong industry commitment, which has ensured the impact of the re-
sults. In addition, the public authorities have supported the work by en-
suring an environment for risk-taking and the wide promotion of the im-
portance of digitalization.

Iwanttowarmly thank the whole DIMECC MANU team for their great
work in the program. | would especially like to acknowledge the efforts
of the program preparation team for their visionary work, the program
manager Dr. Kai Syrjala for his effort in enabling effective co-operation,
and Tekes for the funding of this work.



DIMECC MANU's recipe for success, meaning the nexus of necessary ca-
pabilities, has shown its effectiveness, and it can also be used in the fu-
ture. In Finland, we have leading ICT and industry capabilities, and thus
anexceptional possibility to lead industrial digitalization on many fronts.
If Finland uses the power of co-operation effectively, the Finnish initia-
tives will also be noted among the world-leading ones in the future.
Please keep this in mind while reading this final report and the great re-
sults achieved.

Dr. Kalle Kantola

CTO
DIMECC Ltd.




Integration of Research and Industry
Challenges

IMECC's MANU program started in 2012, and there our joint digi-

talization journey also started, with the challenge of tying togeth-

er the different parts of digital manufacturing value chains. In
DIMECC MANU, this meant the coordination of versatile research topics,
from welding-related simulations to supply-line development, which
haddifferentstarting points butcommontargets. Toreach the common
targets, various competencies were required, which needed to be man-
aged together effectively.

“Digitalization” as term is a very wide one. In DIMECC MANU, digitalization
is understood as updating the top art practices to digital SW tools for fast
use and repeatability. Digitalization provides tools for virtual design and pro-
duction environments (simulations, FEM, 3D-printing), and in the end, con-
figurable products and in production.
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From a business point of view, the final goal was to streamline processes
for improved productivity. A lot of non-value-adding work like manual
“spread-sheet operations” can be discarded, while fewer errors in oper-
ations and online visibility inside projects across company borders have
been achieved.

In DIMECC MANU, set interfaces (see figure) and ambitious stream-
lined goals with industry partners were turned into research objectives
and new practices.New research results and practices were then trans-
formed into digital form.

The Industry 4.0 initiative has been strongly developed in Germany.
However,itcannot be directly applied to Finnish industry. Digital models
for optimization of production lines target the fastest break-through
timesfor production.Thisis a bigdriver for the carindustry as, forexam-
ple, a 1% cost reduction is meaningful if 60 million brake disks are ma-
chined. Finnish industry, however, consists of companies producing
highly customized products and project-based machinery deliveries
without the benefits of mass production. DIMECC MANU is hitting this is-
sue. We have developed fast supply lines with customized digital soft-
ware, updated product data management for product ramp-up, effec-
tive material flow for components, metal 3D-printing applications for
plastic molds, and even copper-based machine components with heat
treatments. All of these actions have had one ultimate goal: a novel
Smart Factory, which means smart design, effective manufacturing,
and agile operations.

Smart Factory thinking and the combination of research results, to-
gether with teamwork, have been a success. Workshops in DIMECC
MANU companies have created development plans and focused invest-
ment plans. A remarkable increase in business has been achieved. The
lesson learned is that access to new technology, like robotics, is easily
available for Finnish SMEs, but they need to take brave, risky decisions
to invest in digitalization. Time is money, also in investment planning!

World-class production technology (welding, CNC milling, assembly,
3D-printing) and full digital product and production definitions for ma-
chiningin factories are the key drivers for the success of manufacturing
businesses.We have examples of the successful progress of companies
in DIMECC MANU like Ponsse, Metso Minerals, and Raute, just to mention
afew.

However, the digitalization journey is not over, and research in this
areaneedsto be pushed! Short-term implementationin SMEsisimpor-
tant. Several companies have low volumes and low profitability that can
be radically improved by digital solutions. Collaboration between re-
search units and SMEs in Finland has turned out to be a success story
in DIMECC MANU. SMEs have limited resources for research and digital
development.
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It has been a pleasure to be in the DIMECC MANU team! DIMECC MANU
can share a lot of brand-new research results, more than 100 publica-
tions,and a lot of digital applications implemented in DIMECC MANU pro-
grams.We have created a foundation for digitalization in Finnishindustry.
Therefore, | give my warm thanks to all those who have been involved to
make DIMECC MANU happen, sincerely.

Dr. Kai Syrjala

DIMECC MANU Program Manager
Senior Consultant
Kaidoc Ltd




STAKEHOLDERS PERSPECTIVES
Industry representative’s review

Ponsse PLC

t has been a great privilege to participate in the DIMECC MANU pro-

gram as a representative of one of several Finnish industrial forerun-

nercompanies. The program has been agood example of our national
capabilities in bringing challenging visions to life as concrete support
fordailyworkintoday’'s globalcompetition.In DIMECC MANU, the vitally
important rapid introduction of new ideas and ways of working has
been enabled by seamless collaboration between companies, universi-
ties, and research institutes. For the participating companies, collabo-
ration has madeit possible totackle more complicated and riskier prob-
lems than the companies could have dealt with by themselves. For the
participating universities and research institutes, on the other hand,
DIMECCMANU has provided a world-class industrial platform on which
totestand implement next-generationideas and solutions in a real-life
environment. The quality of the achieved results has further been en-
hanced through effective cross-learning among the participating com-
panies, as well as among all the implemented projects. DIMECC
MANU's concept of accumulating knowledge and know-how has
proven to be highly successful.

In DIMECC MANU, digitalization has shown its true value in speeding
up processes, as well as in cutting waste and costs through improved
excellence in all operations. With modern digital tools, a larger number
of realization alternatives can be analyzed before even the smallest part
of the product or service has been concretely realized. Among other tools,
modeling and simulation, optimization, virtual and augmented reality,
and testing have improved the competitive edge of DIMECC MANU par-
ticipants.

Similarly, modern digital systems bring more knowledge to deci-
sion-making. The lessons learned from earlier designs and production
can be stored and reused when building solutions according to new cus-
tomer needs.More silent knowledge can be formulated as guidelines, to
be usedindesign for manufacturing and assembly. This evolution makes

11
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the companies less vulnerable to knowledge loss, such as in cases of
company acquisitions or personnel arrangements.

This concerns notonly the capabilities of the OEM company, but also
the capabilities of the whole supply and delivery network. When digital-
izationisusedinanintelligentway, the requirement to make things “first
time right” in the whole network can be repeatedly fulfilled. In practice,
this is the only possible way to operate profitably.

To keep the competitive edge acquired in DIMECC MANU, the next
steps need to be taken promptly. Tomorrow already begins today. Enjoy
the journey!

Juho Nummela

President and CEQ, DSc (Tech)
Ponsse PLC




RESEARCH INSTITUTE'S REVIEW

VTT Technical Research Centre of Finland Ltd

had the honor of preparing the DIMECC MANU program together

with a working group chaired by director Juhani Rantalainen from

Fastems Oy Ab.The task given was to bring together at least 15 com-
panies and several research institutes with the common goal of in-
creasing the competitiveness of the Finnish manufacturing industry by
means of digitalization. However, the interest within the industry was
even bigger than expected, and the final number of companies partici-
patingin DIMECC MANU was more than 30.Several good proposals had
to be rejected or cut in volume in order to keep the size of the program
withinreasonable limits. For research institutes, this high level of inter-
estfrom industry made working in DIMECC MANU, of course, very moti-
vating. This is certainly one explanation for the high-level results
achieved in DIMECC MANU, both from industrial and scientific points of
view. DIMECC MANU was an excellent example of a working public—pri-
vate partnershipin research.

The topics of DIMECC MANU covered different aspects of digitaliza-
tion of manufacturing, including digital tools to manage and optimize
manufacturing processes, as well as information flow in manufacturing
networks and in manufacturing execution systems. For a researcher, it
hasbeenveryrewarding to see the research results being demonstrated
by orevenimplemented inindustry. Among other achievements, the DIG-
FOSURE project demonstrated a cell with camera-based automated in-
spection technology for low-volume, complex geometry welding produc-
tion. The DigiMAP project developed an optimization tool for the design
and manufacture of high-strength steel structures.In ProMaGNet, a good
example is a customized product data management (PDM) system that
has been broughtintoindustrialuse.Inthe ACCELERATE project, adigital
system for the managementof the supply line and supplier network has
been developed and implemented with good results. The Lean MES proj-
ect demonstrated LeanMESsenger, a tool for the dynamic allocation of
tasks to available and capable workers.

13
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The DIMECC MANU program has had close links to other relevant re-
search initiatives, which has further increased its impact. A good exam-
pleisthe DIGFOSURE project, where a broad researcher exchange with
South Korea, in the field of the simulation of welding, has taken place in
close co-operation with VTT's FiDiPro project.

An interesting feature in DIMECC MANU has been the Next Genera-
tion Manufacturing project, where only research institutes were funded
and wheretheresearch topics were decided separately for each funding
period. This gave, onthe one hand, a certain freedomto researchers, and
on the other hand the flexibility to react to the fast-changing technology
and needs of industry. For the first funding period, the topics chosen were
additive manufacturing (AM) or 3D printing, and sustainability perform-
anceindicators.AM, in particular, turned out to be an excellent choice, as
during DIMECC MANU the printing of metal components developed from
alaboratory method toanindustrial process. AMremained as aresearch
topic for the whole duration of DIMECC MANU, while sustainability was,
inthe last funding period, replaced by Smart Factory, which summarized
the results of DIMECC MANU in four workshops and in a handbook cov-
ering different aspects of the research carried out during the program.

The good co-operation between industry and research institutes that
took place in DIMECC MANU will continue within DIMECC and also in oth-
er contexts. Several proposals based on DIMECC MANU projects have
been submitted or are under planning both at national and at European
level. Some may even say that the rise of DIMECC is a continuum of
DIMECC MANU, since digitalization has proven to be the primary technol-
ogy change driver in manufacturing industries.

Pentti Eklund

Principal Scientist,
VTT Technical Research Centre
of Finland Ltd



DIMECC MANU IN A NUTSHELL

Company Partners (PCS.): ... 35
Research institution partners (Pcs.): ... 6
Volumes

DUration: ..o 01.10.2012-31.12.2016
BUAGEL: s 22,2 M€
Company bBUAGeL: ... 12,2 M€
Research institution budget:...........ccccooivvviinnnic s 10,0 M€
People INVOLVE ..o 145
Results:

Number of publications: ... 122

Number of doctoral theses: 7 finished and 6 under work, unfinished
by end 2016

Patents and invention disclosures: wide portfolio inside companies,
not shared to consortium

New software ProdUCES: ... s 5
Research exchange months: ... 88
New commercial software products...........ccccocovnnnncs 5
Volume of spin-0ff Projects ... 50 M€
Enabled business potential (estimate):.........ccccocooerrvieecrioerrcenriceenne, 1 Billion €
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Digital Manufacture and Fatigue Optimization
for Superior Reliability

Summary of
the project’s
motivation and
achievements
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Background and motivation

spans of new productsin the Finnish machinery industry. One way

to shorten the time to market or profitis to introduce modern inte-
grated digital design tools to support the machinery industry’s product
design and development. One area in particular in which this need
emerges is the fatigue design of welded machinery structures with a
long service life and high structural and operational reliability require-
ments. The importance of fatigue behavior optimization is further em-
phasized by recent structural material developments, such as the intro-
duction of novel steel grades, and the related attempts at lightweight ma-
chinery solutions. The resulting smaller sheet thickness enables the use
of laser-based welding processes for a further productivity increase, but
alsointroduces distinct features in structural behavior.

The manufacturing parameters in the welding process can be opti-
mized accordingto productivity and quality. The conditions forenhanced
productivity can be created with the aid of design, for example by means
of optimizing the weld geometry, welding process, position,and accessi-
bility. Quality is proportional to the weld performance in conditions of
use. In manufacturing, productivity and quality are not mutually contra-
dictory, and with successful optimization, good quality can be achieved
efficiently and profitably. To optimize both productivity and quality simul-
taneously, the product and production requirements must be properly
controlled in such a way that the quality is allocated appropriately to
whereitis needed, and the features it entails in each particular case are
defined.

An answer to the above demands is an integrated simulation and
analysis approach covering the entire design chain, from the welding

There is a clear need to shorten the design and development time

P1



process, resulting in metallurgical properties, weld geometry, residual
stresses anddistortions, tofatigue strength and eventually the life-cycle
characteristics of the welded structure. However, the vast amount of da-
ta involved in the above also requires modern data-processing tools to
transfer the relevant key data from the design office along the value
chain to the (often remote and/or subcontracted) production. In the oth-
er direction, reporting the quality control and assurance data, possibly
topped with production technology information from the subcontractor
shop floor back to the relevant OEM parties (assembly, delivery), and fur-
thertoservice and/or after-sales, is also vital for fluent and efficient pro-
duction and use.

Modern welding simulation software tools provide the means for
calculating accurately the welding deformations and residual stress
state resulting from a particular welding procedure. The results can be
used further, either as source data for fatigue analysis and design,
and/or for optimization of welding procedures and sequences for pro-
ductive welding fabrication. Coverage and digital processing of the inter-
dependencies between the welding process and parameters and the re-
sulting weld fatigue properties in simulationsis a major challengein the
fatigue design and simulation of a welded structure. This requires the
discovery and use of the interactions between the welding process and
the resulting weld geometry, and further between weld geometrical fea-
tures and fatigue strength, and eventually use and service-life charac-
teristics.

Themainproject breakthrough forthe marine and shipbuilding industry,
including companies such as Meyer Turku, was the development at
Aalto University of the basis for a new fatigue characterization method
that is suitable for high-quality weld profile measurements and digital
manufacturing. The method is applied to the fatigue strength analysis of
laser-hybrid welded joints used in, for example, ship deck structures.
This work has novelty, sinceitis the first time that the real weld geome-
try on a microscale has been successfully considered directly in the fa-
tigue strength assessment of welded joints.

Using robots in automotive industry production lines is a key con-
tributor to keeping European car manufacturers competitive against
the threat caused by cost pressure from Far East manufacturers. Au-
tomationis notlimited to manufacturing and welding, but quality control
is also more and more done automatically using special measurement
units. However, the products are complex, and multiple different car
types are builtonthe same production line. There is no additionaltime to
recalibrate the measurement systems or do manual work on moving
parts in the quality-checking units. VIT and Mapvision together devel-

17
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oped a robotic control unit, machine vision system, and algorithms to
check if the holds, welds, and bolts are exactly in the right place com-
pared to the CAD drawing of the part. The robotic unit was optimized to
follow the welding path in the component design and to make the neces-
sary corrections online.

Numerical and analytical methods can be used to predict the quali-
ty of welded structures. The aim of the simulation studies at VTT was to
evaluate the possibilities to use mathematical methods for welding
process optimization. The study alsoincludes evaluation tests related to
transferring Sysweld simulation results into other commercial FEA pro-
grams,inordertoevaluate the effect of residual stresses on fatigue. The
tests show that the two programs can be used together to aid optimiza-
tion of the welding process. The use of numerical methods requires an
extensive amount of work and also includes time-consuming heat-
source calibration. Although there are programs available on the mar-
ketthatcalculatethe heatinput modelautomatically, they are usually re-
stricted to specific processes. Even if the use of numerical methods re-
quires extra resources, the work is justified, at least in complicated cas-
es and when quality is the primary concern.

The results show that analytical methods can be used for first esti-
mation of, for example, cooling rates and microstructures in welding.
These methods are easy to use and help in the work of specification of
optimal welding parameters. They can be used to define first estimates
of process parameters for simple welding cases (Figure 1).

Figure 1. Martensite phase fraction in the arc welded T-joint, calculated using
SYSWELD (steel S355J2G3)

Oneofthe maintargets setforthe program by Kesla wasto study and de-
termine welding parameters for high-strength steels in forest machin-
ery manufacturing, in collaboration with LUT, and to encourage product
design and manufacturing co-operation in the case of high-strength
steel product manufacturing. The parameter studies were found to be
quite successful: critical factors for fatigue durability could be improved



by managing and avoiding fatigue cracks, as well as finishing welds, un-
dercuts, and geometries. However, the design aspects were more chal-
lenging. It was difficult to manage thin walls without deformations in
manufacture. This requires more work on optimizing construction such
as wall thickness and welds, design for manufacturing, (robot) welding,
machining, assembly, and digitalized document management such as
welding specifications, instructions, and feedback.

During this project, Kesla Qyj created design and manufacturing in-
structions for HSS welding. The stress level of the weld-structured main
booms of a crane were measured during field tests. Weld tests were ex-
ecuted in co-operation with material manufacturers. Alternative manu-
facturing methods for profiles have been taken into account when se-
lecting steel profiles for forest machinery manufacturing. The Master's
thesis “Development of the manufacture of a telescopic boom” was
made together with LUT.

Figure 2. Novel Kesla UHSS truck crane boom (left) and the final product in
operation (right)

For SSAB, the purpose of this project was to define relations between al-
loying of steels, microstructure, and the mechanical properties of the
heat-affected zone (HAZ), as well as the used weld metal, and to apply
that information in a simulation tool that would estimate the weld me-
chanical properties based on base material, welding parameters, and
thefiller material. The steelsinvestigated together with the University of
Oulu were ultra-high strength steels (UHSS) in strength classes 960
MPa and above. Furthermore, the target was to find out the best alloying
combination allowing good toughness properties of HAZ/weld metal
and matching weld. The Digfosure project has enabled the design of ultra-
high strength steels that have enhanced weldability, and the new data pro-
duced within the project has been added to the simulation tool, thus im-
proving its performance.
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Data analyses and thermomechanical Gleeble welding simula-
tions have been carried out for the MAG welded project steels (Strenx
1100 MC and S1300) to model different heat-affected zones with differ-
entcooling rates. The results show that Strenx 1100 MC and S1300 have
excellenttoughnessin HAZ, and they both fulfilled the 14 Jimpact value
requirement for a specimen of 5 mm with 5 sand 10 s t8/5 times at-40
°C. Gleeble results confirmed this excellent toughness of the project
steels. Contrary to toughness in HAZ, both of these welded steels had a
significantdropin strength from base metalto HAZ. Thereasons are low
filler metal strength and softening of HAZ, which is normal at these
strength levels.

Additionally, some welding experiments were performed using
modern welding methods like laser and laser-MAG hybrid welding, to
get information about static and dynamic properties of welds and com-
pare the achieved results to the joints welded with a conventional MAG
welding process. In this case, both the matching and under-matching
filler materials were used. The results showed that, in this case, fatigue
is notdependent on the welding method, but the geometry of weld is the
dominant factor.

The Wartsila Energy Solutions target was to develop scientifically
based state-of-the-art engine-generator set steel structure fatigue-
dimensioning criteria. Engine sizes and outputs are rising and fatigue
design is becoming highly critical in engine-generator set applications.
During the project, fatigue tests were carried out at Tampere University
of Technology (TUT) for the base frame sub-model, and fatigue dimen-
sioning instructions and a fatigue test device were developed.

The first main results were experimental fatigue tests for a base
frame sub-modelin the TUT laboratory for S235 and S355 steel grades.
Comparison of the experimental and FE analysis results showed that
the FE analysis predicts fatigue-critical locations correctly, and fatigue
durability can be estimated based on analysis.

The second main achievement was a fatigue dimensioning guide-
line that enables engine-generator welds to be dimensioned using FE
analysis and virtual 3D models. Even measured 3D geometry can be
used. Fatigue dimensioning instructions were utilized for the Wartsila
18V50SG B-stage engine base frame: the frame design was upgraded
and new manufacturingdrawings were prepared based on the analysis.
Instructions were also utilized successfully, as field repairs were made
to the 20V46F at Maracanau power plant in Brazil, which was suffering
from fatigue issues.

The third major achievement was an in-house ultra-high cycle test
facility developed at the Wartsila laboratory. The first preliminary tests
have been completed to verify that the test system functions. These
tests have already indicated important factors contributing to fatigue



Key results
and impacts

durability in the high-cycle fatigue region. Not all the planned tests can
be completed during this project. However, the developed fatigue test
arrangement gives great possibilities to improve fatigue dimensioning
inthe future.

Developments in the project have increased fatigue dimensioning
know-how greatly and have provided tools for designing new products
at a detailed level. This know-how also serves as a great tool for field re-
pairs. The future plan is to develop a new engine-generator set base
frame concept based on the improved know-how. Another future stepis
to utilize the in-house ultra-high cycle test facility for testing, to improve
fatigue dimensioning criteria based on test results, and finally to update
this expertise in the fatigue dimensioning instructions.

Three different loader boom concept designs were created and
evaluated by Sandvik Mining and Construction. Lay-out and final design,
as well as FEA, were done for these concepts, and three prototype
booms were manufactured using different welding methods. A bench
testby LUT and field tests were completed, and the results from the FEA,
bench test, and field tests were compared. The key results are a 700 kg
weight saving (-25%, target —30%) and the targeted life-time achieved
for prototypes, butitis notyet possible to show product cost savings (tar-
get-20%). However, the new boom concept has reduced the number of
parts and the amount of welding measured in kilos.

The Digfosure project work has been carried out in close co-opera-
tion with different companies and research institutes: one of the great
achievements has been contacts between technical expertsin different
companies and research institutes through this project. Project man-
agement pushed communication toward open sharing, and meetings
were even arranged between technical experts, to share their expertise
on specific topics.

CASE MEYER TURKU: Thin deck structure provides better energy
efficiency and increased payload

Ingrit Lillemé&e, Sami Liinalampi, Heikki Remes (Aalto),
Antti ltavuo, Ari Niemela (Meyer Turku)

Tobuild more energy-efficient large steel structures such as cruise ships,
new lightweight solutions are needed. Smaller plate thicknesses than
the currently considered limit of 5 mm could be utilized in some parts of
the structure, if modern production technologies, such as laser-hybrid
welding, are utilized. However, the lack of knowledge about fatigue re-
sistance, in addition to buckling, vibration, and manufacturing consider-
ations, is preventing the rules and recommendations from allowing the
use of thin plates in large steel structures. The main challenges related
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to large thin-plate structures are caused by their welding-induced dis-
tortions. Due to the low bending stiffness of the plate itself, the distortion
shapes and resulting structural behavior are different from thick plates.
Therefore, traditional fatigue assessment approaches do not describe
the fatigue strength of thin structures accurately. In addition, thin plates
are more sensitive to the geometrical properties of the weld and require
a more advanced fatigue characterization method. When laser-hybrid
welding with properly optimized welding parameters is utilized, reduced
initial distortions and smooth weld geometry are possible, resulting in
high fatigue strength. However, in order to transfer the fatigue test re-
sults to fatigue design, the behavior of a larger thin structure also needs
to be understood. In a stiffened panel, considerable distortion occurs in
both directions on the plate surface, and in the surrounding plates, stiff-
eners and girders redistribute the loads.

In this case Meyer Turku, a fundamental understanding of the fa-
tigue behavior of thin deck structures and a technologically feasible so-
lution for thin deck manufacturing was developed. For the first time, the
response and fatigue strength of a thin full-scale laser-hybrid welded
deck structure under realistic loading, similar to hull girder bending, was
studied experimentally and numerically. Both small- and full-scale spec-
imens were cut from the same thin deck panels. The dimensions of the
stiffened panelrepresent a typical ship deck structure, and the weld qual-
ity reflects a typical shipyard manufacturing process (see Figure 3). Thin
deck panels were produced by Meyer Turku shipyard and Winnova Oy.

Figure 3. Full-scale thin deck structure, full- and small-scale specimen, and
macrograph of a laser-hybrid welded butt joint with smooth weld geometry

Experimental and numerical investigations were carried out by Aalto
University, while the University of Oulu supported the weld geometry
measurements on a micro-scale. The experiments with thin deck struc-
tures included accurate optical geometry measurements and fatigue
testing under axial tension loading. The amount of initial distortion near
the fatigue-critical butt joint was up to 4 times smaller than previously
reported for thin arc-welded navy vessel panels. However, even if the
distortionis small, the shape stillhas a significantinfluence on the struc-



tural stress. The measured distortion shapes were applied to finite ele-
ment (FE) models, and a geometrically nonlinear analysis was per-
formed to calculate the stresses and strains. The results revealed that
wheninitial distortion and geometrical nonlinearity are properly consid-
ered, the FE results agree very well with the experiments (see Figure 4),
whichisrareforfull-scale tests.Inaddition, the fatigue strengthinterms
of structural hot-spot stressis on the same level for both full-and small-
scale specimens, the scatteris low, and the SN curve slopeis close tom
=5 (see Figure b). The measured fatigue strengthis considerably higher
than the IIW structural stress design curve, indicating that high fatigue
strengthis achievable in full-scale structures when manufacturing and
weld quality is high.

Full-scale panel test
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Figure 4. Normal strain from FE analysis and experiments on the fatigue-critical
side of the weld

The successful panel test and numerical analysis, completed in the
DIMECC MANU project, is a crucial step in long-term development work
for thin ship structures (see Figure 6). The previous EU-funded BESST
project provided an understanding of the fatigue strength of welded
joints, to define requirements for good-quality welding. This knowledge
isutilizedinthis projectand thereby will provide an understanding of the
fatigue behavior of a full-scale structure, whichis a starting point for the
next step, to build a prototype block structure in a new TEKES project.
This is necessary before the final application becomes feasible for an
actual cruise ship. The goal for the implementation of the final applica-
tioninacruise shipis about 2025.
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Small-scale
join test

Figure 5. Fatigue test results in terms of structural hot-spot stress range
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Figure 6. Progress of research and development work for thin deck ship struc-
tures, from welded joints to final product
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CASE MAPVISION: Robot welding unit with full digital measurement data
Antti Knuuttila, Matti Kutila

Tolerancein automotive parts varies in different parts of the components.
The bolt holes need to be in the right place with a better than 1 mm ac-
curacy. However, the component dimensions may allow more than 5 mm
variations without causing rejection. This directly influences the welding
accuracy of the components, to ensure that welding follows the designed
track within sub-pixelaccuracy (see Figure 7). Aninnovative robot weld-
ing unit with full digital measurement data was developed under the
DIMECC MANU program. The developed solution brings the quality check-
ing of weld profilesin automated production systems into the digital era,
creating prerequisites for high productivity and quality welded structure
manufacturing.

Almost all fabrication of metal structures today involves welding.
Fatigue is a major cause of failure, especially in welded structures, re-
flecting the fatigue performance of welded joints. Whether welding to-
gether a few relatively simple parts or fabricating large, complex struc-
tures, weld fatigue is one of the most common failure modes if the part
or structure is subjected to fluctuating stresses. Therefore, the quality
of weldsis atop priority for manufacturers, especially in the automotive
industry.

Figure 7. Mapvision quality gate
and the robot cell workinginaVTT
laboratory

A robot welding unit tackling the challenges of weld quality was devel-
oped in the DIMECC MANU program. In the solution, the robotic control
unit, harnessed with a machine vision system and algorithms, checks if
the welds, holds, bolts, and other structural details are exactly in the
rightplace comparedtothe CADdrawingofthe part. Thereis anadaptive
feedback loop from the control unit to the robot welding unit, and neces-
sary corrections can be made online.

The developed solution brings the quality control of weld profilesin
automated production systemsinto the digital era. The solution enables
adaptive correction of the welding parameters (e.g. corrections in weld-
ing path or parameters) to realize a weld with the desired geometry to
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fulfil the high quality and fatigue strength requirements. Current solu-
tions justcheck the component, andifthereis a welding failure, the com-
ponent is rejected. This causes a huge number of material and produc-
tion losses.

An automated operator-free robot welding solution also improves
significantly the efficiency of production lines, offering a competitive ad-
vantage to the Finnish manufacturing industry. For example, in the auto-
motive industry, which is one of the target segments of the developed
solution, robotization is a key contributor in keeping European car man-
ufacturers competitive against the threat caused by cost pressure com-
ing from the Far East. In addition to manufacturing, quality control also
has to be done automatically by a special measurement unit. The prod-
ucts are complex and multiple different car types are built on the same
production line. There is no additional time to recalibrate the measure-
ment systems or to do manual work to move parts to the quality-check-
ing units. Therefore, automated quality control and inspection systems
are needed.

The solution creates prerequisites for high productivity and quality
welded structure manufacturing. The benefits of the developed solution
can be counted in savings in material and production losses, and im-
proved productivity. Automated quality assurance in the automotive in-
dustry has a significant impact by reducing the risk of calling back cars
duetofailuresin suspension systems. Inthe case of call-back cases, the
losses are counted in tens of millions euros.

Quality is proportional to the weld performance in the conditions of
use. With the developed solution, the resulting product service proper-
ties can be ensured reliably and accurately. As a result, costs arising
from poor quality, such as reclaim, scrap, and downtime costs, can be
minimized. For Mapvision, the manufacturer of the online visual inspec-
tion solution, this means an additional competition factor in automotive
production line bidding.

CASE SANDVIK MINING AND CONSTRUCTION: Speeding up the new
product development process with digital fatigue strength simulation

tools
ArtoVento, Jarkko Laine

There is a need to shorten the design and development time-spans of
new productsinthe Finnish machinery industry. One way to shorten the
time to market is to introduce modern integrated digital design tools to
supportthe machineryindustry’s productdesign and development.As a
result of the development work done under the DIMECC MANU program,
new digital fatigue strength verification methods and concepts were de-
veloped.



Figure 8. Fatigue test of the boom structure in laboratory of Steel Structures
at LUT and simulation model for the same structure

Figure 9. Simulation and FE-model for the tested boom structure

An area where the need for integrated digital design tools emerges par-
ticularly is the fatigue design of welded machinery structures with a
long service life and high structural and operational reliability require-
ments. An understanding of the fatigue of welded structuresis especial-
lyimportantinthe case of novel high-strength steelgrades, as advanced
high-strength steels would bring significant benefits for machinery in
terms of lighter and harder structures. But at the same time they pres-
ent challenges for welding processes. As a result of the development
work done in the DIMECC MANU program, new digital fatigue strength
verification tools for welds were developed.

Inthe DIMECC MANU program, a new boom structure utilizing high-
strength steel and new welding methods was designed. The successful
introduction of a high-strength steel material into a boom structure
enabled lighter, stronger, and more efficient equipment with higher pay-
loads and lower fuel consumption. Lightweight boom construction, using
high-strength steel material, enormously reduced the structural dead
weight and increased the lift capacities. The total weight saving was 700
kg, which is 25% of the boom structure mass. The new boom structure
has also reduced the number of parts, resulting in fewer welding kilos
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and improved robot weldability, which decreases the overall production
costs.

As partofthe new boom structure development, new digital fatigue
strength verification tools for fatigue-critical welded structures, based
on the identification of true weld quality, were developed. FE modeling
and crack analyses for welds, as part of the component’s physically ac-
celerated fatigue testing, was done in order to model the mechanical
properties of the welded joints of the high-strength steels. Acomparison
of FEM predicted fracture initiation locations (see Figures 8 and 9) and
true fatigue failure locations based on fracture surface analysis, verify-
ingthatthe new fatigue stress simulationtools work and the results con-
verge with the outcome from a very heavy testing program.

Modern integrated digital design tools, such as developed fatigue
stress simulation methods, shorten the design and development time-
spansof new products, and offer new tools for designers, increasing the
competitiveness of the Finnish machinery industry. The role of modern
integrated digital design tools is especially important in the fatigue de-
sign of welded machinery structures with a long service life and high
structural and operational reliability requirements.

The importance of fatigue behavior optimization is further empha-
sized by recent structural material developments, such as the introduc-
tion of novel high-strength steel grades, and the related attempts at
lightweight machinery solutions. Rising fuel prices and environmental
issues combined to push machine manufacturers to develop light-
weight machines. Novel high-strength steel grades allow these goals to
be met in an economically feasible manner. However, high-strength
steel presents challenges to welding processes. In order to deploy the
benefits of the recent structural material developments, digital fatigue
stress simulation tools for fatigue-critical welded structures are need-
ed. Digital fatigue strength simulation methods reduce the time-con-
suming and expensive fatigue stress test programs, supporting new
product development and enabling the testing of new product features.

The development work done in the DIMECC MANU program en-
abled thedevelopment of new fatigue stress simulation tools for fatigue-
critical welded structures. Furthermore, the methods developed were
verified and, according to the results, the model converges with the out-
come from a very heavy testing program.

Full digital fatigue strength simulation tools provide one potential
way to speed up R&D cycles and shorten the time-to-market. Moreover,
solidmodeling provides anovel waytoanalyze productversions for final
selection and aids in the development of new products with greater op-
erational flexibility and lower production costs. The new methods may
be further utilized, for example, in Sandvik's new product development
process.



CASE SANDVIK: Comparison the notch stresses between idealized and

true weld shapes
Antti Raskinen, Timo Bjork

The comparison betweenidealized and true weld geometry was carried
outinterms of ENS (effective notch stress) method. The analyzed cover
plateis a partof the boom structure presented in previous case Sandvik.
The results from analyses carried out by Antti Raskinen at LUT are
shown in Figure 10.

(a)
(b)

(c)

Figure 10.

(a) Idealized (left) and true (right) FE-model of the detail

(b) ENS stresses

(c) ENS stress distribution at weld toe and the 3D model from the measured joint
detail
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As illustrated in Figure 10 c), the differences between ENS-values are
rather small when comparing the idealized and true geometries of the
weld toe. The reason for this result is that the radius included in ENS
method dominates the notch stresses and the surrounding geometry
has just minor effect. This is important result involving in the future ef-
forts to take the local geometry into consideration more precisely in or-
dertoimprove the accuracy of analysis.

Overall,considerable benefits will be gained through the shortened
time-to-marketand the more precise design, leading to savings in mate-
rial resource usage and production efforts during manufacture, as well
as more economical operating costs throughout the product service life.
In addition, failure avoidance through improved fatigue design, and the
resulting safe and uninterrupted operation, decreases the product life-
cycle costs even further.

CASE LUT: Post-weld improvement of S960 fillet weld joints
by TIG-dressing . .
Tuomas Skriko, Timo Bjork
Increased fatigue strength can be achieved when post-weld treatments
are applied to welded structures. Generally, post-weld treatments can
be divided into two main groups: methods for modification of the weld
profile (machining or grinding and TIG, plasma or laser dressing) and
methods for modification of the residual stress state (hammer peening,
overstressing and stress relieving). The local geometry of the weld toe
can be modified by TIG-dressing (Figure 11), i.e. by improving the weld
toe shape and removing slag inclusions and undercuts that can act as
initial cracks. The foregoing factors will essentially increase fatigue
strength and thus improve the quality of the welded structure.

(a) (b)

Figure 11.5960 fillet weld (a) before and (b) after TIG-dressing

In this study, the fatigue strength of TIG-dressed S960 fillet weld joints at
different stress ratios was determined by experimental testing, and
statistical analysis was applied to local geometric factors and variables
of manually TIG-dressed fillet welds. In addition, finite element analysis



with anidealized weld profile shape was used to model and analyze the
effect of different joint geometries on the stress concentration factor. A
non-load-carrying cruciform jointwasusedinorder toavoid root side fa-
tigue, and a robotized gas metal arc welding (GMAW) process was used
to weld the fatigue test specimens and the TIG-dressing was done man-
ually for all the post-weld treated joints. The fatigue tests were carried
out under constant amplitude cyclic loading but the stress ratio, R,
stress range, A0, and maximum stress level, Oy, varied between dif-
ferent test specimens. In every fatigue test, the load and displacement
values were monitored from the test rig and strain gauges were used to
define the structural stresses and structural stress concentration fac-
tors of each cruciform joint.

Figure 12. Experimental (a) fatigue test results of all TIG-dressed specimens and
(b) FAT values as a function of stress ratio

The experimental fatigue tests clearly showed the effect of stress ratio
on the fatigue strength of TIG-dressed ultra-high-strength steel fillet
weldjoints (Figure 12). The fatigue resistance was seentodecrease with
increasing stress ratio. The characteristic FAT value was reduced by 30
% when the applied stress ratio was increased from R =0.1 to R > 0.5.
However, the International Institute of Welding (IIW) recommendations,
which apply upto 900 MPayield strength, for TIG-dressing improvement
effects on FAT classes were found to be too conservative for 5960 grade
steel fillet weld joints. Statistical analysis of the geometric variations in
the TIG-dressed fillet weld joints showed that compared to the as-weld-
ed condition the great change was in the weld toe radius. After TIG-
dressing, a major part of the weld toe radii were between 3.0 - 5.0 mm,
whereas the radii were below 2.0 mm the in the as-welded condition. In
addition, a majority of the joints were without any undercut or the under-
cutwasvery small. When considering these geometric factors, the finite
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elementanalyses showed that the toe radius and undercut have a signif-
icant effect on the stress concentration factor of the TIG-dressed fillet
weld joints (Figure 13). A smaller toe radius with deeper undercut will
produce higher stress concentration than a large toe radius without any
undercut, which is consistent with general theories from the literature.

Further
information

Results

(a) (b)

Figure 13. Effect of (a) toe radius and (b) undercut on stress concentration factor
(SCF)
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the project’s centyears/decades. However, the usability of this information has
motivation and notreachedthe samelevel.Especially,intheindustry, the use of all
achievements 5, facturing and management information and digital data is impor-
tantfor optimizing and increasing (development of) the production effi-
ciency tothe next/higher level. A lot of systems exists like Product Life-
cycle Management concept (PLM), Product and portfolio management
(PPM), Manufacturing process management (MPM) and Product Data
Management (PDM) for digital information handling. However, there is
still a lot of manual work needed for updating all relevant inputs. The
aim of the Digimap has been to develop a concept that allows informa-
tion gathered fromvarious sources during the manufacturing process-
es to be represented in digital form and thus enables to use that infor-
mation for process design and manufacturing purposes. Research is
concentrated on Manufacturing Process Management (MPM) taken in-
toaccount severalindustrial environments.

Summary of The amount of digital information has increased hugely during re-

Following companies; SSAB, Ruukki Construction, Kesla and Katsa has
been involved in project together with research groups from universi-
ties and institutes. Project was divided in three main tasks:

1. Optimization platform for manufacturing of high strength steel
structures

2. Development of a Web-based engineering manual of manufac-
turability (DFM digital data sheets) for high strength steels (HSS)
and

3. Development of digital manufacturing management.
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Key results
and impacts

The object of the first task was to find rules and instructions for utilizing
HS-steels in different structural components. Bending is the most used
workshop forming process for ultra-high strength steels (UHSS). The
risk for bending failures increases with the increasing strength of the
steels. Main achievement was to increase bendability by changesin the
steel manufacturing process. Higher work hardening capability on the
surface layers of the steel sheet improves bendability. The development
of MILP (mixed-integer linear program) formulation for the optimization
of HSS frames was another goal of this task. Now, the solution of the cost
optimization problem of HSS frames has been implemented to the in-
dustrial application (Ruukki/SSAB Design Tool) and real projects have
been completed using HSS in normal steel structures which imply the
economic benefits of these solutions. Partners in Task 1 were SSAB,
Ruukki Construction, University of Oulu (UO), Tampere University of
Technology (TUT) and Hameen ammattikorkeakoulu (HAMK).

The main object of the Task 2 “Development of a Web-based engi-
neering manual of manufacturability (DFM digital data sheets) for high
strength steels (HSS)" was toimprove machine tool energy efficiency. In
addition, the aim was also to give a tool for Finnish manufacturing com-
panies to benefit green manufacturing for increasing competitiveness.
Main achievement was a method which differentiates machine tooland
machining process efficiency. Utilizing this system SMEs can evaluate
their current machine tool energy efficiency properties and show their
stake holders their machine tool energy efficiency level. Research in
Task 2 was mainly done by TUT and utilized by Kesla Oyj. During this proj-
ect Kesla Oyj have executed a significant machine tool investment and
got it up and running in order to increase manufacturing productivity
and capacity for high strength steel booms of the cranes.

Oneofthe mainachievementin Task 3 “Development of digitalman-
ufacturing management” was attained in Katsa Oy. The production effi-
ciency was increased strongly by optimized factory layouts and new
milling technology. Research was done together with TUT.

Bendingisthe most used workshop process to form ultra-high strength
steels (UHSS). The target was to develop a material model for ultra-high
strength steel bend process. With validated simulation it's possible to
understand which factors are affecting the bendability from steel devel-
opment point of view and how to optimize bending process in the work-
shop. During bending the outer surface of the sheet is significantly
stretched and within this project it was discovered how much the bend-
ing tools are affecting to strains. The bigger the strain the bigger the risk
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for bending failures. It was found that bending radius has remarkable ef-
fect on strains and bending angle affect only if the used radius is too
small. With these results it's easy to explain to customers why certain
minimum guaranteed bending radius is given by the steel supplier. This
datawas also usedtovalidate the bending simulations. It was found that
the CDM- model proposed by Lemaitre describes the material behav-
iour in bending very well and the simulation results were in good agree-
ment with the experimental results. The localization and shear band de-
velopment was also modelled.

Figure 1. Optical strain measurement of bend surface (a), maximum strain with
different bending parameters (b) and simulated strains vs. measured strains
with different bending angles (c)

The surface properties of the steel sheet have big impact on the bend-
ability and therefore it's important optimize the mechanical properties
of the surface layers.In order to improve the bendability it's vital to have
good work hardening capability on the surface layers of the steel sheet.
This is very important information from the steel development point of
view as now it's possible to concentrate on correct factors and produce
UHS steels with better bendability.

Modelling and structuralanalysis of HSS frames andjoints focused
on the development of MILP (mixed-integer linear program) formula-
tions. The key result is the new formulation for the optimization of HSS
frames enabling to get the global optimal solution. The solution of the
cost optimization problem of HSS frames has been implemented to the
industrial application (Ruukki/SSAB Design Tool). First real projects
have been completed using HSS in normal steel structures which imply



the economic benefits of these solutions. The basic research which has
been completed for the formulation of the optimization problems and
for the surrogate models will enable the design of new HSS structures
based onthe firm basis dealing with methods and relevantdata whichis
needed in the optimization.

Figure 2. Surrogate model of initial rotational stiffness C of welded tubular joint

It has been proven in the project that our roadmap towards cost and en-
vironmental effective HSS structures means a large potential for the
Finnish fabricators of steel structures, not only for machines, but for the
construction sector, as well. Optimization in the design phase including
the most relevant data of costs and structural behaviour are the key
components of this foundation. Equally important foundation was the
importance of standardization of the work processes not only from the
point of view to manage the costs but the digitalization and continuous
improvement (Lean)of the processes as well. Ithas been proven too, that
digitalization and robotization of (low serial) truss manufacturing make
italmostinsensible to operator costs.
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Oneobject the research wasto develop a machine tool energy efficiency
measurement method, which is suitable for Finnish SME machining
companies. The method aim was to give tool for Finnish manufacturing
companies to benefit green manufacturing for increasing competitive-
ness.Besides of useable cutting parameters surface properties of work-
pieces play very importantrole in hard machining. One key mativationis
to simplify production processes and make them more flexible by sub-
stituting grinding with hard machining. In that sense especially surface
roughness,-hardness and residual stresses are in a key role when eval-
uating the applicability of hard machining.

A simple method for evaluating machine tool energy efficiency for
SME'swas developed andtested. Itis possible to use the method at shop
floor level. The Method differentiates machine tool and machining
process efficiency. SMEs can evaluate their current machine toolenergy
efficiency properties and show their stake holders their machine tool
energy efficiency level. This method also gives companies possibilities
to evaluate their current machine tools and energy consumption im-
pacts of upcoming investments and make possible to use current ma-
chine tools for more energy efficient way. Companies see that the manu-
facturing process energy efficiency is important aspect in the future.

Up to now useable cutting parameters and tools have been defined
by several cutting tests. These results can be utilized directly in shop
floor level to select parameters which are both usable and right to
achieve required surface properties and to avoid negative properties
which will be lead to early breakage of parts.

Kesla Oyjhave executed a significant machine toolinvestment and got it
up and running in order to increase manufacturing productivity and ca-
pacity for high strength steel booms of the cranes. Kesla Oyj have got op-
timized and standardized manufacturing parameters of milling, drilling
and boring with HSS material. The level of automation and productivity
was increased by developing clamping systems that enables external
setup while machineis running.

Katsa Oy has increased their production efficiency by utilizing different
digital manufacturing management processes. One main object was to
minimize slow grinding operations and even replaced it by machining.
Thus, delivery time and costs could be decreased considerably. Machine
investment and process parameters for hard machining were defined
by exploiting Six sigma (DMAIC-software) with DOE (design of experi-
ments). Experiments were analysed by Minitab optimising tool and the
result was a new efficient production method for desired component.



Figure 3a. Starting of the machining test Figure 3b. Four different areas after machining (test-
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D roductivity in the value chain depends on the efficiency of opera-
tions and the effectivity of the results of the operations as a whole.

Notonly the efficiency but especially the effectivity of a production
network calls for high quality, up-to-date product knowledge, information
and data. For example, the effectivity of engineering is affected by the
quality of product knowledge, information and data. The availability of
up-to-date information on product configuration is a necessity in down-
stream production activities, such as procurement, part manufacturing,
assembly, etc. Finally, the many services across lifecycle processes re-
quire correct product data, such as a correct identifier for a spare-part
number, and associated information, such as replacementinstructions.
Allthe lifecycle processes demand productinformation and also produce
lifecycle data and information that can serve as the basis for lifecycle
knowledge for product engineering. The management of this processis
called the closed loop PLM (Product Lifecycle Management) [Kiritsis et
al.2011].Inorder to better utilize and reuse information for the extended
product throughout the lifecycle, well-defined information packages/
modules and mechanisms are needed to support product development
andto coordinate sales—engineering—manufacturing—delivery process-
es, as well as for in-use and service processes.

The ProMaGNet project researched and developed common
processes and policies for networked product development and manu-
facturing in the context of operations characterizing the Finnish manu-
facturingindustry. The project created new agile concepts, methods and
software for sharing product knowledge between stakeholders within
the value chainin an appropriate form. All of these were developed in a
network of project partners —the tight collaboration of the parties would
not have been possible without ProMaGNet. The characteristics of the




Finnish manufacturing context will be presented later, but the results of
ProMaGNet are first highlighted (see Table 1) and the impact of the re-
sultsreviewed. The remaining sections of the project report describe the
means and methods of research and development.

Table 1. The highlights of ProMaGNet results

RESULT

Business
oriented PLM
implementation
models

IMPACT

Enables companies to plan, deploy and benefit from a PLM
roadmap for managing a business producing low volume
and high variety products more systematically.

Business impacts of project decrease lead-time even by
20% for every repeated process is enabled by shared data
modules on the repeatability of projects and earlier prod-
uct-related data.

REFERENCE CHAPTER

Implementing PLM
for Low Volume
Manufacturing

Broad re-use of
product knowl-

edge and design
automation

The systematic means of design automation become a com-
pany-wide means of saving thousands of engineering hours
over a period of 0-3 years

Capturing and
re-using Knowledge
on High Variety
Products

Enhanced
Change Manage-
ment (ECM+)

Change Manage-
ment as defined
in CMII standard
with released
products

Proactive change
management

in product
development

Systematic change processes, review practices and digital
product models (ref. 3D+ & IVP) enable substantial savings
in time and costs by preventing material shortages and er-
rors (15-25%) from progressing to production and procure-
ment. This will have a radical impact on engineering and
production over a period of 1-5 years.

Updating and main-
taining product

knowledge through-
out product lifecycle

Expanded 3D
(3D+) & Inter-
mediary Virtual
Prototyping (IVP)

Enable capturing and transforming product knowledge
from all stakeholders, thus design and validation of prod-
uct’'s downstream properties and processes already in vir-
tual stage. 3D+ and IVP models structure and conceptualize
value creation mechanisms and preconditions for PLM and
digitalization of manufacture. Radical impact in engineering
and production over a period of 1-5 years.

Utilizing state-of-
the-art digital
means for product
representation and
documentation

Concept of
Location Inde-
pendent Manu-
facturing and
Supply (LIMS)

LIMS, as a new business model will enable new ways of
managing factory plant & technology projects supported by
new PLM platform based solutions. Competitive advantage
for project and lifecycle business can generate substantial
growth and profit in the future, when implemented.

Sharing and Using
product knowledge
in manufacturing
Networks

New generation
software prod-
ucts for PLM
domain pub-
lished.

Companies can start productive PLM utilization in a shorter
time, and can have better user experience with complex
PLM information over the end-to-end PLM business pro-
cess. Collaboration between companies can be enabled in
all lifecycle phases of project, product or service. Strength-
ening the position in domestic and opening doors in inter-
national PLM software markets. The PLM market is forecast
to grow from US$ 40 billion in 2014 to US$ 75 billion in
2022.

Capturing and re-
using Knowledge
on High Variety
Products,

Sharing and Using
product knowledge
in manufacturing
Networks
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The context of the ProMaGNet project

The strategic choices of production approaches are highly determined
by the level of customization in the manufacturing company. The degree
of customer alignment is determined by the customer coupling point
and the amount of customer-oriented information (Forza et al., 2007),
see Figure 1. The more and the earlier the customer is involved in the
business process (design-manufacturing—assembly—distribution), the
more customer contact and information is needed. Also, the types and
forms of communication on product information is highly affected by
these strategic choices.

Animportant customer-centric strategy in manufacturingis the As-
semble-to-Order (ATO) or Configure-to-Order (CTO) strategy. In this case,
the customerrequirements influence the assembly/configure the activ-
ities directly, not the design and manufacturing process. Products are
made with a set of ready-designed components and modules, but the as-
sembly of this set is customized to satisfy the specific customer needs
(Forzaetal, 2007). Moreover,communication on product design should
be based on standardized processes, documents and identifiers (Pulkki-
nenetal.2012).

In the Manufacture-to-Order (MTO) strategy, the customer require-
ments influence directly the manufacturing activities, not the design
process. The company usually offers potential customers a base product
that is later modified according to the customer’s preferences without
modifying the basic design. So, the degrees of flexibility and the modifi-
cations that may change the base product are defined in advance and
the communication may be partially based on standard design documen-
tation and identifiers.

Figure 1. Customization of the product and production strategy
(adapted from Forza et al. 2007, p.10)



In pure customization, the most intensive customer orientation is
achieved by the Engineer-to-Order (ETO) strategy and products. ETO or
project-based manufacturing is suitable for unique products that have
similar features, and where the production is based on receiving a cus-
tomer order and developing a technical specification accordingly (Silven-
toinen et al., 2014).

Project-based manufacturing companies are striving forinnovation
acceleration, lean supply and product processes throughout the lifecycle.
Product requirements and available information are key factors for busi-
ness success and competitive advantage. However, requirements are
always on the move. Customers often change their mind; marketdrivers
change; authorities keep adding new constraints relating to environmen-
talor safety concerns; and sometimes the project encounters difficulties
thatrequire arevision of the initial targets. There are several challenges
inreusing requirementsinformation, e.g. tracking and tracing of require-
ments in product-related structures, processes and applications (Papin-
niemi et al. 2013).

The goal of ProMaGNet

The goal of the project can be summarized as ageneric ProMagNet mod-
el,which adapts PLM for the typical context of the Finnish Manufacturing
Industry. The ProMaGNet model manifested as Product Lifecycle Man-
agement (PLM) capabilities that support the transformation of compa-
nies. The transformation means the renewal of business operations from
the consecutive engineered-to-order (ETO) projects to configure-to-or-
der (CTO) manufacturing approach with a supporting set of well-defined,
captured and re-used product knowledge, information and data (Pulkki-
nen 2007). The case companies were either taking the first steps towards
systemic customization or were more advanced companies regarding
the matter. The first ones defined and implemented the most essential
capabilities and the latter ones enhanced the creation, capturing, man-
agement and use of product definition throughout the product lifecycle.
The project focused on the capabilities of capturing the product-related
knowledge, information and data in a single source, where these assets
can be re-used throughout the product lifecycle (see Figure 2).

It can be summarized that previously many companies have been
involved with development projects that aim for demonstrations and pro-
totypes of amodular product family definition. However, without strategic
investment in the organization capabilities as well as systematic
processes and tools, the demonstrations do not ensure the transforma-
tion. This was the situation in some of the case companies that rolled out
the first PLM system implementations during the project. Also, the
breadth of the market offering may be very limited with a demonstration

45



46

or proof-of-concept project. The ProMaGNet project consisted of indus-
trial cases on PLM implementation, product design systemization, inte-
grating 3D product models into review practices and product configura-
tion, the analysis and capturing of product portfolio as configuration
knowledge in sales and engineering configuration systems, etc. The ex-
periences and capabilities developed in jointindustrial case-projects and
research tasks are collected in the themes of PLM capabilities in later
sections.

Figure 2. Developing PLM capabilities for leveraging business needs: the trans-
formation of manufacturing and new businesses

The participating manufacturing companies were in different phases of
the PLM implementation process. Metso Minerals had a sound basis of
traditional product data management, and they were expanding the PLM
framework towards new processes and tools. MacGregor was boosting
their product delivery projects by moving from document-based product
data managementtowards one that was item-based, establishing prod-
uct platforms and building engineering design automation on many lev-
els. Raute was undergoing a transformation from one-off type projects
towards modular product platforms and product lifecycle management,
by defining a business oriented PLM model with the intention to support
business goals. The company Piikkio Works was building PLM founda-
tions for design automation and increasing integration between ERP-
PDM-CAD systems. The software providers and PLM facilitators, Euro-
step, ATR Soft and Wapice co-operated with the manufacturing compa-
nies and developed new generation solutions for Finnish industry and
global markets.



How do processes and organizations enable the achievement of
strategic goals besides PLM software and technology?

Business models, value chains and networks contain many processes
driven by people who belong to various organizational and networked
structures. Making these processes more efficient and effective, for in-
stance by removing waste like unnecessary re-working is one approach
to achieving strategic business goals. New business models may even
require totally new processes and organizational structures. These
transformations can be supported by improved utilization of knowledge
in peoples’ minds, and the development and implementation of PLM.
These kinds of transformations were presentin many of the ProMaGNet
companies and continued after the project.

Manufacturing and supply of complex and project-specific products
is typically conducted within a flexible network of various internal and
external stakeholders. These stakeholders need to access, create and
interact with up-to-date product knowledge. Concurrent and real-time
product knowledge is essential for efficient manufacturing processes.
However, the sharing of product knowledge has challenges and also
risks. Product knowledge is often available only in one form (e.g. CAD
models), which hinders its use among different internal and external
functions (manufacture, assembly, logistics, after sales, service). In ad-
dition, product knowledge may not be up to date and available as time
goes by.Onthe other hand, sharing of product knowledge carries the risk
of core competence leakage to competitors.

In the ProMaGNet project a common objective was to enhance the
holistic product-life approach over the traditional functional silos of com-
panies and departments. Besides development of the traditional on-
wards information flow from engineering design towards production
and later lifecycle phases, also the feedback flow backwards to engineer-
ing design and product management was a special focus. Companies
continue todevelop these capabilities beyond the project time limitations.

Implementing PLM for low volume manufacturing

Industrial companies in the ProMaGNet project are sharing the same
type of operation strategy, based on customer-orientation with a low-vol-
ume & high-variety product base. Companies have set out to improve
their competitiveness, each from their own baseline for defining the de-
gree of customization and modularization. In order to describe the rela-
tion of volume and variety, the High Mix/Variation, may cover for example
hundreds or thousands of active part numbers, a few with active fore-
casted volume. A Low Volume lot size is dependent on the customer (usu-
ally a small order size).
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As it is assumed that low-volume & high-variety products are not
easy to modularize, this means these kinds of products are seldom or
only partly configurable, as they lack modular structures in the sense of
Harlou's (2006) standard designs. In project-based manufacturing there
is, however, a need to build up the reusability of product design, compo-
nents, and modules utilizing a configure-to-order (CTO) -based modularity
(product modularity /platform base).

Modularisation option Completion
selacted

Modularisation study
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Figure 3. Modularity at the project level for gaining repeatability

However, at higher level, supply/delivery projects could be modularized
utilizing product platforms and process modularity (Abdelkafi, 2006).
The questionis: what are the factors differentiating ‘project-based prod-
ucts'such that the earlier made designs cannot be reused? Atypical an-
swer is that the designs are not standardized modules or they are not
easily available. In project-based (ETO) manufacturing repeatability at
project level can be achieved through guidelines for process modularity,
workflow commonality and shared data & information objects.

Repeatability in a company context means reuse of some specific
process part of an industrial plant and its machinery.

Project business concepts based on modularity could allow a time
decrease of even 20 percent for every repeated process. The modular
manufacturing/construction concept could thus bring significant value-
added to the normal stick built project concept.
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Company
impact

“Piikkio Works has gained results especially in the development of as-
sembly and logistical flow processes. Changes are seen in daily man-
agement and measuring targets in different levels of the organization.
One big strategic achievement has been the reduction of material and
finished product stock. Piikkio Works Oy has also improved design
process efficiency and design quality with own CAD environment devel-
opment as well as by increasing integration between ERP - PDM - CAD
systems.”

Kari Hentunen, R&D Manager, Piikkio Works Oy

Deriving the product lifecycle concept and roadmap for PLM

Developing modular product structures, product platforms and config-
urable product families is notenough for successful product customiza-
tion. According to Harlou (2006), the definition of standard design in-
cludes not only the intention of reuse and the definition of standard de-
signitself, but also the way and the means of documenting the standard
designs for re-use. This involves defining configuration processes and
setting up support for product configuration. PLM systems and process-
es are vital in enabling the documentation and the means of reuse. For
acompany thatistaking steps towards systemic customization and CTO,
the definition of the PLM strategy, processes and structures are neces-
sities.

“These discoveries we will use to take the next steps and transform our
organization toward creating value from product life cycle data, working
on topics such as defining tangible and intangible products, applying
new PLM functionality and moving gradually from the ETO to CTO busi-
ness model.”

Elli Leino, Engineering Systems Specialist, Raute Oyj

During the project Raute defined a PLM strategy based on the business-
oriented PLM concept for a Finnish project-oriented, low-volume and
high variety manufacturing company. The impact of this is a higher
awareness of PLM issues. Presumably, the awareness will enhance the
transition to systemic customization and implementation of PLM as well
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impact

as prevent the many errors related to the learning-by-doing approach
thatmay well be the dominant strategy in software implementation. Dur-
ing the project Raute recognized processes and structuresin the organ-
ization that are not supporting life cycle business optimally, and on the
other hand we developed new processes that cannot work without com-
plete and accurate product data. How Raute will succeed in implement-
ing PLM will be a critical strategic factor in sustaining the company's
competitive advantage.

Needless to say, PLM is much more than a software issue but also
amatter of processes and organizations (Ameri & Dutta 2005). However,
the limited time span of the project prevents an objective study on the
impact of PLMinthe case. Thus, the perception of the company is the val-
idation of the research:

"As a result of this project, Raute's Product Lifecycle concept has been

re-written toinclude new approaches for Service offerings, Product life-
cycle practices and Digital services. This all will have a major impact on
the future development of new products and offering portfolio."

Janne Kousa, Engineering Manager, Raute Oyj

During the ProMaGNet project MacGregor and Piikkio Works also de-
signed for the utilization of PLM systems to achieve improved product
data reuse and management. They also studied the relation of PLM at
the strategic, organization and process levels, when the purpose of the
PLM systems was tightly related to the modularization and parametriza-
tion strategies of the companies and also to the enhanced sharing of
product information between the engineering, manufacturing, procure-
ment, and logistic organizations.

Capturing and reusing knowledge on high variety products

One theme within the ProMagNet project related to the creation of prod-
uct data and the capturing of product-related knowledge. The main hy-
pothesisin the theme was thatthe adoption of the integrated product da-
ta model improves the quality of information and enhances the opera-
tions of a networked project delivery.
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“With the systematic development and implementation of PLM capabil-
ities MacGregor has significantly improved the management of para-
metric and configurable product architectures. This willimprove the ef-
ficiency and quality of product development by enabling concurrent en-
gineering practices, change management and knowledge sharing.”

Jouni Lehtinen, R&D Director, MacGregor Finland Oy

MacGregor escalated the use of the engineering configuration concept
developed in the previous FIMECC program Innovations and Networks
(2009-2014). The automatized 3D-model generation was being utilized
also for different types of products than in the original case. The use of
the parametric CAD model was based on the skeleton model, which was
further enriched by configuration software and optimization algorithms.
Forexample, the productivity of the tasks of other stages of engineering,
such as manufacturing documentation, were being automatically de-
tailed with the use of computer-aided engineering (CAE) software, such
as CUSTOMTOOLS by ATR Soft. For example, the material lists were
generated automatically from the 3D model and further used for down-
stream documentation, which will save tens of engineering hours in each
project and elevate the quality of the documentation. The company also
invested in others system, such as PDM/PLM and ERP and studied the
potential related to the sales configuration as well as to the configuration
of operation manuals. Depending on the future strategy of the company,
these pieces of software will be implemented after the ProMaGNet

project.
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Raute defined and classified their product base of hundreds of different
projecttypesintothree main product-service categories. Also,a compa-
rable setof intangible, but standardized service products were being de-
fined for future implementation. However, the work related to the docu-
mentation and utilization of the reusable asset is unfinished, although
the concepts are being laid out. The company started to understand PLM
as a means of collecting lifecycle knowledge. This may well lead to an
enhanced development of lifecycle business offerings, e.g. by utilizing
the Internetof Things, Big Data, Simulator Aided Development. Thus, the
realization of a closed-loop PLM is potentially beneficial to the business
in the near future.

Wapice developed further its Summium configurator and imple-
mented 3D functionality in the sales configurator. Itis now possible toin-
tegrate the configurator more closely to PLM systems and engineering
in general. Also, the 3D constraints and rules can be defined in order to
better meet the requirements of the CTO companies.

“Wapice has advanced the customer-oriented approach to product con-
figuration by developing 3D-based configuration where 3D-models al-
ready existing in PLM systems can be utilized. As a result, the informa-
tion sharing between non-technical and technical product requirements
in customer-sales-production spheres can be significantly streamlined
and enhanced.”

Markus Mékela, Business Development Director, Wapice Oy

In summary, the technology and its novel utilization related to product
configuration were being developed in and had begun to deliver during
the ProMaGNet project. Furthermore, the singular cases and software
systems were being integrated so as to create continued processes and
information sharing. Also, the concepts related to lifecycle information
practices for installed equipment base management as well as the cre-
ating of new (digital) service business were being outlined. The impact
related to these is comparable to the utilization. For example, the pay
back of an investmentin product configuration is achievable in months
through larger market potential. However, the strategic investments in
PLM as a whole might not have been taken (at least at such a pace) with-
out the ProMaGNet project. These investments have a larger impact as
they will integrate product configuration and product knowledge man-
agement with PLM.
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Updating and maintaining product knowledge
throughout product lifecycle

Onetheme focused on the knowledge engineering methods and product
structures, forexample,change management and modularity. Engineer-
ing Change Management (ECM) may consume 30-50%, and sometimes
upto 70% of production capacity. Typically, the complexity of change man-
agementis duetothe greatnumberof theinvolved internal/external ac-
tors (with their own ambitions), constantly changing requirements, tight
schedules, and technically challenging integral solutions. Geographically
separated production increases the challenges for the ECM even more,
since the location of manufacturing sites, transportation costs, and re-
lated services are an essential part and source of engineering knowl-
edge.

The maturity of ECM was characterized as evolving within three di-
mensions: the content of the ECM process and its implementation; the
communication and coordination of changes; and the content of the
change, i.e. how changes are “modularized” as change packages. The
maturity model was used to characterize the benchmarked companies.
The model can support the companies in developing their change man-
agement capabilities (Pulkkinen et al. 2015).

The ProMaGNet project produced an Enhanced Change Manage-
ment (ECM+) approach thatincludes a set of means and methods for the
product development project and a holistic approach to enterprise
change management for the changes within production. With its broader
stakeholderinvolvement and processes orientation the method stresses
the packaging of changes into releases or updates, as found in other
fields (such as in ICT & car manufacturing).

“Implementation of the CMII style of change management has enabled

a more systematic approach to engineering changes. The change re-
lease system makes production planning and purchasing more pre-
dictable and therefore more efficient. Benefits can be seen also at ven-
dors because the change packages are easier to handle than a pack of
separate changes.”

Kimmo Leikko, Development Manager,
Metso Mining and Construction
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A first part of ECM+ is the adoption of ECM as defined in configuration
management Il (CM 1) in low volume manufacturing, which took place in
Metso Minerals. This step is remarkable, since CMIl can be regarded as
acomparable product management method to Lean methodology in pro-
duction. Configuration management is a standardized methodology for
electronic (ANSI/EIA-649) and military (MIL-STD-31000A) industries, but
the utilization of CM in the context of project businesses has been a chal-
lenge. It has for some time been acknowledged as an important means
for improving engineering change management (Inkinen 2008), but the
utilization of CM Il principles requires not only PLM system capabilities
but also trained personnel and an awareness in the organizations. The
awareness and training proved to be crucial in the case of Metso Mining
and Construction (MAC), when the change management procedures
were beingimplemented.In fact, no essential changes were being made
onthe PLM system used, butratherinthe organization and mindset with-
inengineering. We believe that the new way of managing changes should
be disseminated and extended to supply networks, in order to achieve
additional impact and productivity leap throughout the suppliers.

Figure 5. The methods for enhancing engineering collaboration and change
management in product development

According to our estimations the second part of the ECM+ framework
represented in Figure 5 requires an investment in ECM thatis compara-
ble to one fifth of the product development project. The part of the ap-
proach includes processes, methods and digital tools, indicators and
metrics for the execution and management of the product development
project. As can be seen from Figure 6, the approach is highly connected
to the state of the art digital means and concepts for representing prod-
uct content (presented in the next section).
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We have estimated the significant benefit that can be attained with the
first few delivered products, i.e. already within the production of the 0-
series. The frontloading of product developmentis economical when an
executed change can be ten times cheaper to procurement before the
release than after the release. When the number of these kinds of
changes can be counted in hundreds, the savings are substantial. The
approach leads to improved engineering quality as well as a time and
cost reduction in production ramp-up.

“New product development indicators have made it possible to predict
the potential of early stage production development benefits. The ben-
efits can be up to 10-times bigger than the invested cost in the first 2
years of a new product life cycle.”

Kimmo Leikko, Development Manager,
Metso Mining and Construction

In the companies there has been a lot of hidden potential related to en-
gineering and enterprise change management that could be harnessed
with the aid of public funding. Without it, the development leap that has
been taken would probably have not been taken due to everyday duties
and a lack of short-term profit. The enhanced awareness, knowledge
and the utilization of state-of-the-art methods requires a strategic in-
vestment from the companies’ point of view.

Utilizing state-of-the-art digital methods for product
representation and documentation

One theme within the ProMagNet project was knowledge intensive
processes (such as the sharing, utilization and modification of product
knowledge) in global networks with external and internal actors. The
main hypothesis of this research theme is the acquisition of substantial
direct and indirect savings through the utilization of the integrated
processes and the establishment of new value-creating processes with-
in the product life. Forinstance, the assembly, maintenance service and
after-sales are processes that benefit to/from integrated and system-
ized product knowledge as well as engineering tools and methods that
utilize the knowledge.
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Boosting new product development projects /
Case Metso Mining and Construction

In the case study of Metso Mining and Construction (MAC), virtual proto-
typing in the integrated product development enabled knowledge shar-
ing and improved utilization of 3D-based visualizations between engi-
neering design and development, as well as with other product stake-
holders.

During the ProMaGNet project a comprehensive analysis of current
new product development practices was conducted. As a neutral party,
researchers interviewed some 20 people from several organizational
levels and from nine internal functions (product management, project
management, engineering design, product development/productization,
procurement, sourcing, production, quality management, and after-mar-
ket) and representatives of two mechanical supplier companies. The pur-
pose of the analysis was to assess the current strengths and best prac-
tices as well as the main development targets and areas where digitali-
zation could create mostvalue withinthe new product development and
the time-to-market and time-to-profit goals. Increased utilization of 3D
models and improved product design review procedures were recog-
nized as a potential means for reaching those business targets. These
have a positive impact on collaboration, communication, organisational
knowledge creation, decision-making and overall management. In-
creased utilization of digital product models and design reviews enable
afrontloading of the NPD process, thus decreasing the need for physical
prototypes and costly engineering changes.

Based on the NPD case study of Metso MAC, a 3D+ framework model
was created. As part of the 3D+ model, Intermediary Virtual Prototyping
(IVP) is a new concept (Leino, 2015) resulting from this research. It un-
derscores the many layers and dimensions involved, from the technical
advantages of 3D and virtual environments to the expanded mediating
object of a humanistic product development activity system. The 3D+
model includes new generation product processes, organizational de-
sign, methods and tools such as virtual prototyping and virtual environ-
ments, together with information flow and a richly expanded product da-
ta model for the IT system support. The 3D+ model defines how virtual
prototyping methods support and benefit various business processes,
such asrequirements and engineering change management, design for
lifecycle, assembly and service support, stakeholder (internal functions
anddisciplines, and external customers and suppliers) involvement and
communication withinintegrated product development and concurrent
engineering.

3D+ contributes to the product lifecycle management (PLM) para-
digm by enabling better design and validating the product’'s downstream



properties and processes — such as production and maintenance -
already inthevirtual product phase, and sometimes already in the prod-
uct concept phase, before the big decisions have been made. The scien-
tifically proven benefits and impacts (Leino, Koivisto, & Riitahuhta, 2013),
(Aromaa, Leino, & Viitaniemi, 2013), (Leino, 2015) of the applications of
the 3D+ reference model are related, in addition to the 3D technology, to
gaining added value for the product process, people and organization as
wellin business management and decision-making. From the organiza-
tional design and management perspective, IVP is a medium for better
context-based communication and collaboration between manufacture,
assembly, design and other functions, including the ability to reveal ab-
stractinformation and tacit knowledge. The improved user interface with
the product model enables various stakeholders, from assembly work-
ers to human factors experts, designers, and managers, to understand
the model in the same way. All product stakeholders benefit, because
designers learn about the required external properties and their rela-
tions to design properties. Virtual prototyping and virtual environments
were applied mainly in design review meetings where participants from
many functions and organization levels were involved. This participatory
design approach improved the systematic and holistic view from the per-
spectives of many stakeholders during a product life-cycle. 3D+ enables
thereceipt of feedback from production and other product downstream
life-cycle stages by the design team already before the physical proto-
types are produced. Therefore, it enables the generation of engineering
design changes in the early virtual product phase and a decrease in the
number of costly changesinthe detailed design phase and with physical
prototypes and production. Thus, it was concluded that engineering
change management (ECM) was one of the main drivers of developing
3D+inthe case company. 3D+ enables catching at least the most critical
design flaws before creating the manufacturing documents and physical
prototypes. 3D+ also provides for analyzing the engineering change re-
quests,changeimpacts, and validation of engineering change decisions.
3D+ can be utilized in manufacturer’s instructions and manuals, and in
the future also in Manufacturing Execution Systems (MES).
Configurable products and variant production require flexibility,
which leads to manual, work-intensive assembly tasks and production
styles. IVP is particularly beneficial in manual, work-intensive variant
production, where human skills and knowledge contribute to the flexi-
bility of the production system. This can be justified by improved com-
munication and understanding between people, and collaboration within
organizations, and thus earlier feedback from the downstream life-cycle.
3D+ enables the testing and investigating of several product configura-
tions and variants compared to just one physical prototype. The advan-
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tages of 3D+ contribute to the productivity and Lean paradigm of new
product development through saved time and resources, through a
decreased number of physical prototypes and non-value adding work
suchasunnecessary re-work and engineering changes. 3D+enablesin-
creased understanding of the product for all stakeholders. Itenables get-
ting attherealroot problems faster, thus giving earlier and holistic prob-
lem solving.

"The use of advanced 3D methods has led to better quality in manu-
facturing/planning and therefore shorter time to profit."

Lauri Jokinen, Development Engineer,
Metso Mining and Construction

ProMaGNet increased understanding of the intermediary virtual proto-
typing as a concept, its potential capabilities and benefits, as well as the
required pre-conditions for its implementation and utilization.

When the focus of virtual prototyping was expanded from the first
technology demonstrations to real, new product development projects,
it was understood that it will have a wide impact on processes, organi-
zations, and technology infrastructure, like product data management.
Small gains can be achieved locally through incremental steps, but the
major benefits can be achieved only when the product life and business
istaken asawhole.Thiscanbe considered as a systemic and revolution-
ary paradigm change. Intermediary Virtual prototyping (IVP) and 3D+
must not be considered only as a piece of technology, but as a combina-
tion of technology, methodology, processes, and infrastructure in relation
tothe technology, people and organizations,and management. The value
cannot be captured without a holistic view of 3D+. From the PLM perspec-
tive the 3D+ model includes three main dimensions (Figure 6): 1) Lifecy-
cles of product definitions and product individuals, 2) information flow
and knowledge creation between product stakeholders, 3) product def-
inition maturity, product structures and data management.
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Figure 6. The role of 3D+ in product definition, life and related organizations

These dimensions can be discussed as process, organizational,and tech-
nological implications for manufacturing companies:

® Process implications. Effective utilization and IVP value capture re-
quires a paradigm change in new product development. Virtual proto-
typing should be understood as a pivotal process within NPD and PLM.
This meansthatthe virtual product process phase should not focus on
producing 3D models and manufacturing documents for the physical
product process, butitshould include the whole product life-cycle. The
NPD project and process should be frontloaded so that, for instance,
assembly and maintainability analyses and improvements can be done
using the virtual prototypes. The frontloading may increase the work
and cost at the beginning of the project, but it may also decrease the
engineering changes and the cost of physical prototypesin the physical
product process phase. The paradigm change also affects how the de-
sign model maturity should evolve during the NPD project and process.
The way of producing CAD models should better serve IVP.

® Organizationalimplications. [t was concluded that one aspectin which
IVP creates value is through broad integration and involvement of
stakeholdersin NPD.Therefore, itisimportant to recognize and involve
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the stakeholders at the organizational group level, but also at the
individual person level.Hence, itis suggested that NPD with VP should
be organizedindynamic teams, where all the needed stakeholders are
involved. On the individual person level, there should be new roles for
implementing, developing, and operating virtual prototyping. From the
business management viewpoint, it should be understood that IVP
does not belong just to a single organizational function, business line,
or department, but that itis proposed to be a holistic system and part
of product life-cycle management.

Technological implications. The effective utilization of virtual prototyp-
ing requires bi-directional data and information flow between virtual
environments (VE) and product data management (EDM/PDM) sys-
tems. The interface between VE and EDM/PDM also requires a process
of data conversion and simplification, which should be at least partly
automated to be efficient. However, the product structure (hierarchy),
as well as metadata such as item codes and version and revision in-
formation, should be transferable bi-directionally.

In the case study, the possibility to make comments and give feed-
back directly on the virtual prototype model was one of the most de-
sirable capabilities of IVP. In EDM/PDM, which is the backbone of PLM,
the product structure is normally the main framework that constitutes
the product information model. Therefore, VP and related data, infor-
mation, and documents should be referenced with the product model
in order to contribute to knowledge management. A virtual prototype
as abaseline structureis proposed as the frame for explicit knowledge
management, linking the tacit knowledge from stakeholders to PLM.
Itis proposed to manage the documentation, feedback, requirements,
notes, and engineering change requests, for instance, from virtual de-
sign review meetings.

"The research on parallel structures and factory simulation (Tecno-

matix) has given us wider understanding on what implementing fully

3D-based production planning would mean for our company from the

perspective of work load, system infrastructure and visual communica-
tions."

Lauri Jokinen, Development Engineer,

Metso Mining and Construction



Another aspect of frontloading is the use of multiple product views for
different stakeholders. The utilization of multiple views is a concept that
was studied in the project by Kariniemi (2014). The concept has had sev-
eralpurposes, such as product variant management, systemization and
configuration (Erens & Verhulst 1996, Harlou 2006), butin the project the
intention was to study the benefits of utilizing multiple views and parallel
structures for integrated product and production engineering. The real-
ization of the concepts was ensured with three case studies with new
and operational software. Not only substantial benefits but also the re-
quired investment and the capabilities of state of the art software were
being recognized.

Sharing and using product knowledge in manufacturing
networks

Product-related datais usually created with various design systems and
within different stages of product lifecycles, which leads to fragmenta-
tion. This has negative effect on the sharing and exploitation of data as
well as on efficient change management. Besides data and knowledge
of the physical product, allthe knowledge about the manufacturing, main-
tenance, use, services and recycling should be ‘modularized’ if possible,
and linked to the PDM or PLM system. This project produced solutions
for the integration of fragmented product and lifecycle data.

Eurostep, Wapice and ATR Soft as PLM facilitators developed new
generation solutions for managing effective product data management
and sharing in a networked business environment.

Creating capability for Location Independent Manufacturing
and Supply (LIMS)

As a part of the ProMaGNet project, Raute has investigated the LIMS con-
cept (Location Independent Manufacturing and Supply). In the future, the
traditional ERP-based management system could be a part of the whole
business management system. The role of LIMS was considered espe-
cially in constantly changing markets and temporary manufacturing
sites or geographically separated production. The aim was to significantly
reduce the design time and bridge the gap between product development
and manufacturing. New knowledge and practices were produced con-
cerning how the possible modularization of a LIMS project relates to the
manufacturing and outsourcing strategies and customization possibili-
ties. The ProMaGNet project provides novel insights into the role of ‘pro-
jectmodularity’ when balancing between customer needs, delivery time
and expenses. In practice, this means versatile project variants for cus-
tomers and better productivity for manufacturing companies simultane-
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ously. These approaches serve for instance the business goals and
processes of Mobile Factory (Piikkio Works) and Location Independent
Manufacturing (Raute).

“As a part of this project, Raute has investigated the LIMS concept (Lo-
cation Independent Manufacturing and Supply). In the future, the tradi-
tional ERP-based management system is only a part of the whole busi-
ness management system. When we are working on a global business
environment where the focus for executing the projects and services is
not based on fixed manufacturing locations, but is based on customer's
locations and localinfrastructure, we need new know-how and tools (lo-
calrules, 4PL logistics, Cloud-ERP, etc.). A concrete base for thisis areal
time PLM-system as well as progressive usage of related IT-systems.
The added-value of what is achievable through this new concept needs
to be measured. Part of the projectis also to renew KPI-system for busi-
ness units."

Antti Aholainen, Purchase Manager, Raute Oyj

Creating solutions for the new generation networked PLM platform

Collaboration in manufacturing networks requires new kinds of ap-
proaches and solutions. One aspectis the sharing of product knowledge
between different manufacturing parties in a global supply chain (e.g.
standards, raw materials). Another aspectis the integration and sharing
of product knowledge between different engineering disciplines and
manufacturing (e.g. feedback).

"The ShareAspace Nova platform and InReach is the outcome of an in-
tense development project with reference guidance from some of our
key customers. The needs and requirements of Finnish industry are
used as valuable input in the development work. The result is a new
way for Eurostep and Partners to deliver Secure PLM Collaboration for
Joint Ventures, Partner Collaboration and more. To users, InReach
means solutions in a shorter time and with increased performance on
even larger data volumes. The key is application configuration based
on best practice templates.”

Leo Torvikoski, Managing Director, Eurostep Oy
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Often the integration of different pieces of PLM software has been the
strength of consulting companies, which have been able to make inte-
grations and support related migrations with the 1-of-a-kind, project-
based approach. Eachtime, this hasinvolved the time and effort of highly
qualified personnel. In ProMaGNet the paradigm was challenged by
developing a more industrialized manner for the software integration.
This approach may well enable the software companies to expand their
market presence to other countries, because the potential for re-use in-
creases.

“The ATR Soft strategy is to develop more of our own products and dur-
ing the DIMECC MANU project we have been able to significantly im-
prove and facilitate this goal. The company has gained a lot of new
information about the needs in different sized companies. This infor-
mation has given many new product or service ideas. The company
has been able to conduct numerous studies and demos to verify that
its current and planned solutions work correctly and efficiently. This
information and knowledge will help ATR Soft to grow not only our
product and service portfolio but also the whole company revenue and
the number of employees.”

Mika Reinila, CEO, ATR Soft Oy

Utilizing a shared platform and best practice templates aim to boost man-
ufacturing collaboration by consolidating product knowledge from all
lifecycle phases (development, design, manufacturing, in-use) providing
the manufacturing stakeholders with quality data (i.e.ensuring the data
are available, up-to-date, accessible, consistent, correct, etc.), and in-
creasing thereuse of product knowledge between stakeholders and life-
cycle phases.

Instead of exchanging information, the focus is on innovative concepts
of sharing, both with internal and external stakeholders. The advantage
of sharingis to both streamline integration and avoid unnecessary over-
lapping of work, and therefore to boost the global supply chain.
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SOFTWARE, DATABASES, DEMONSTRATORS:
New features and functionalities in Custom Tools
(see: http://customtools.info/)

ShareAspace Nova and InReach

(see: http://www.eurostep.com/2016/03/eurostep-announces-sharea-
space-nova-and-inreach-for-rapid-deployment-of-modern-and-scalable-
collaboration-solutions/)

3D-features and functionalities in Summium software for configuring,
pricing and quoting (CPQ) (see: https://summium.com/)

67



68

DIMECC

FINAL REPORT 2/2016

Jaakko Kekkonen/PonssePLC
Petri Huhtala/TUT
Ismo Ruohomaki/VTT

Accelerating Time to Profit

Project’s
motivation

tionin Finland. The domestic supply chain has a significant role in

the context in which customer-specific products are produced
through the efficiency of serial production. This is also a desirable situ-
ation in the future, but there are a number of challenges related to this
objective. Supplier network management, cost management, and pro-
duction ramp-up of new products are becoming more challenging be-
cause R&D and product design produce new product versions and vari-
ants atanincreasing pace to fulfill the varying customer requirements.

T he starting point for the project was to retain competitive produc-

Continuous
new know-how and

capacity development
/ l \Digital solution and tools
Fitted products and - Accelerated time <=
items .
to profit

\‘ Integrated J
development process

Figure 1. The main focus areas in the path toward fast profitability

Maintaining and increasing competiveness requires constant work. This
aspect led us to the main goal of the project, which was to create a prod-
uct development environment that would enable as short a time-to-profit
for new products as possible. In other words, there has to be an ability
to offer new products to markets in a profitable and fast way. A concept
for this integrates fast product development, cost efficiency, and early
involvement of the supply network. This concept aims to enable a com-



petitive advantage that is built upon domestic operations and a mainly
domestic network. To summarize, this is an environment in which the
results of development would flow rapidly from research to serial pro-
duction, with predictable and manageable costs. This overall objective
was approached by four focus areas, which are presented in Figure 1.

Under the focus area of continuous learning and capability devel-
opment, information is gathered to support the goal-oriented design of
products, systems, and processes. This area contributes to creating a
real-time snapshot in which the evolution of systems and products is
stored. Under the focus area of fitted products and items, and the focus
area of efficient systems, products and life-cycle systems are developed
sothatthese fit seamlessly into the development process and boost both
the development process and the life-cycle phase. These focus areas
promote developmentthataims for fast profitability individually and col-
lectively. Digital solutions and tools are essential and natural enablers
in this context.

Summary of main achievements

In this project, we have piloted digital solutions and tools that:

e Collect, store, and refine data for an organization,
to enable learning

e Integrate the product structure from early sketches
to after-sales service

¢ Integrate company functions and other necessary parties
to contribute to the development process

¢ Boost the operation of different systems

Asolution that was provided for life-cycle management makes develop-
ment more manageable already from identifying needs and ideas. Sys-
tematic gathering of the needs and requirements from both internaland
external customers, and argumentation and documentation of selections
and decisions related to products, are the most essential points of the
developed solution. Operationis supported by differentindicators, which
enable, for example, real-time monitoring of sales volumes and the evo-
lution of product-specific demand.

Transferring the focus toward the early phases of the development
process is a significant reform. Information and feedback from the life-
cycle phasesisincluded in requirement management much more broad-
ly than before. Predefined and documented requirement management
controls the deliverables of the product development process. The prod-
uct process, including design reviews and clear responsibilities, and
interfaces between the new product process and customer projects have
been defined clearly. This is also important from the supplier viewpoint.
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Cost awareness during product development has increased. The
ability to estimate costs more precisely increases the organization’s con-
fidencein costinformation and supports utilization furtherin operations.
Transparency and exactness of the costinformation are very important,
inorder to plan and manage product costs. As a result, the control system
produces one cost for each item. It is possible to monitor costs and, if
necessary, to make modifications, starting even in the early phases of
design. Productivity measurement has been improved, which is impor-
tant because productivity is a significant indicator in estimating the ef-
fects of both product and production development. In addition, pricing of
the product options has been developed to be more automatic and trans-
parent, by developing the pricing process.

The modular product structure defined during product develop-
ment combines design, production, and service documentation view-
pointsinasingle structure model. These viewpoints were previously con-
sidered separately. Continuously updating the digital 3D structure leads
to a design environment that is always up-to-date. Later on, a 3D mod-
el-based environment can be used in different ways, such as in digital-
izing after-sales services.

More accurate review objectives, contents, and schedules will lead
to more systematic review operations and collaboration between pro-
duction and productdesign.This ensures that critical aspects will be con-
sidered during the product development process. Change requests fo-
cusing on the production system can be recognized and communicated
in time when building production capabilities. In this way, the quality of
information can be refined and better decisions can be made. The devel-
opment of production system capabilities has resulted in a better ability
tomanufacture and assemble, and furtherin advanced production ramp-
up capability. The work has also generated the fundamentals for the
strategic development of the production system.

The development work to streamline the material logistics and sup-
ply network has resulted in increased cooperation with suppliers. One
signofthisisthatthe numberof companies participatinginthe annualnet-
work day hasincreased significantly. The development work has resulted
in faster execution and shorter response times. Referring to several suc-
cessful examples, the new operation mode has been implemented for
wider use inside the company. In addition, important development needs
related to the future have been recognized, and these can be developed
systematically. New digital solutions for the supplier interface were devel-
oped, to support the increasing and diversifying supplier cooperation. In
the developmentof a supplier extranet, new features were added to cover
the collaboration needs, forexample, in product development, quality con-
trol, spare parts, and services. Communication with the network has be-



come more coherentwhen allthe suppliersin the network have the ability
to access the necessary information simultaneously.

Continuous learning and capability development

This area brings together the research related to product life-cycle man-
agement, cost accounting management, productivity measurement, and
product-specific profitability development.

Asolution thatis based strongly on serving customer requirements
was developed to support product life-cycle management. This solution
aims to help in managing needs and ideas, and creating projects for the
product portfolio actively, based on the status of the product life-cycle.
Product life-cycle management, combined with the efficient processing
of product argumentation, aims to serve the customer in the best way
possible, and to promote the success of offered products in the market.

The systematic collection of customer requirements is a foundation for
starting new product development projects (Figure 2). Each market area
will collect, store, and communicate needs to product management. Cus-
tomer requirements cover bothinternal and external requirements. Based
on the requirements, a systematic product specification can be made. A
transparent solution enables the comparison of customer needs between
different markets. This will guide product development to focus on satis-
fying the market need. The product information has to be valid and avail-
able continuously. This is supported by a set of metrics that are built into
the system. These metrics canillustrate, for example, sales volumes and
how profitability develops, for people who are responsible for the product
offering.

Figure 2. Managing needs and ideas when creating products and options

Collecting product argumentation, meaning the reasoning and documen-
tation behind selections and decisions related to a product, is extremely
importantduring the product life-cycle. Itis particularly important that the
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originalneed or requirementis followed through the development process.
This helps the internal and external argumentation to focus on the cus-
tomerneed. The best results are achieved when the collection of argumen-
tationis immediately started in the early phases of product development,
and actively compared to product specifications. For example, solutions
developed during design can be immediately documented, and thus this
information can be used in making the product argumentation.

Active cost management has an important effect on the profitability
of a product range. Influence can be focused on issues that are visible to
the end-user (the use phase of the product life-cycle) and on issues that
affect internal customers. In practice, the latter means that all the items
will fit and be compatible with the different life-cycle phases. In this context,
methods or means include process acceleration and item development.
The combined effect of these means is to increase the fit between the dif-
ferent systems and the product range.

Targets for developmentin cost management were recognized and
prioritized, based on the current state analysis. Uncertainty of costinfor-
mation was the main obstacle to increasing cost awareness. Uncertain-
ties existed, forexample, due to missing cost information and due to hav-
ing several different cost values for a single item. The precision of the
current item costs was developed by describing the cost accounting
process in a way that enabled one cost, regardless of which function
used this information. The organization of product design was defined
to be responsible for the cost information of new items when they are
created. With the PDM system, the transparency of the cost information
was increased between different functions. Consequently, the accuracy
of calculations has fundamentally improved compared to the starting
point.

In the long run, it is the responsibility of a designer to estimate the
cost of an item, improve understanding about the cost, and support
reaching cost-efficient designs. A working feedback system is required
to facilitate learning by doing. This kind of system can help in monitoring
the accuracy of cost estimates. More accurate cost information as a ba-
sis for cost estimation will also help in making more accurate estimates
in the future.

Productivity measurement was also developed and a metric for this
purpose was constructed. Productivity is studied from two perspectives:
parts manufacture and assembly. The new approach is simple, and it
rules out external factors and considers restricted capital. When a com-
pany extensively investsin the continuous development of products and
production, it is extremely important that the company possesses a re-
liable indicator for analyzing the effects of changes. A metric for produc-
tivity is one of these indicators. The quality of the new metric can be es-
timated in more depth when more data is captured.



The process of pricing the product options was automated and
transformed to be more transparent, based on more accurate cost data.
The pricing of product options has a large role in determining the sales
price of a product that can be configured in different ways. If the process
is complex, it includes the risk of mistakes and will be labor-intensive.
Pricing was automated using developed software that replaced the pre-
vious Excel applications. At the moment, the pricing of options is consid-
erably faster and fewer mistakes occur. The process is also easier to
learn, and this enables different people to do it.

Integrated development process

An integrated development process connects the company functions
and suppliers in development at the right time, and establishes solid
grounds for product design, procurement, production, and the supplier
network. However, no single best-practice process model exists. Dividing
the processinto phases can act as a backbone for development, but the
final success is always dependent on how the process is fitted into and
managed in a particular environment. Reasons for dividing the process
into phases can be, for example, strategic decision-making, and techno-
logical or marketing risk minimization. Figure 3 presents a synthesis of
important process characteristics.

e Process must be capable to manage both the development
of new products and derivative products

e Strategic decisions relating to products and technology are needed
to support the balanced development

e The concept development should be carried out together with right
parties before development project start

e Concurrency at the start of development process demands better
utilisation of capabilities at the end of development process

e Prototyping, increasingly virtual, is a central part of product
development

e Theintegration depth and timing can vary in supplier integration
to product planning and development

e Procurement has animportant role in supporting the product
development

Figure 3. Important process characteristics

A systematic approach to product definition was developed to support
the collection and storage of the information before entering the devel-
opment phase. Throughout the development process, the main idea is
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to specify the properties that are wanted from the product. During the
design phase, the design is theoretically verified against the require-
ments, in order to see how well the objective is met. The final validation
is made during testing. The pre-defined and pre-documented require-
ments definition guides the output of the product development process.
The life-cycle of the product and the feedback from the product offering
are taken into account during the process of requirements definition. A
precise requirements definition acts as acommunication platform, and
possible changes can be shared among the participants. Documenting
theresults willenable learning. If necessary, the process can be tracked
back to check the grounds behind the decision. The approach consists
of the following activities:

Description of the product modularity on an aggregate level

Conducting the competitor analysis

Using mind-maps to picture the product properties

Using Kano analysis to support the discussion and specification
(Figure 4)

Using rating scales to transform customer needs into design criteria

Establishing the “rules of thumb” for design

Using cost analysis for target costing

Determining standard contents for the pre-development phase
outcome

Figure 4. Kano analysis, positioning of the new products or items from
the customer viewpoint

The integrated process of managing planning and development was
based on a literature review and a current state analysis of product
development. The process comprises five main phases and predefined
sub-tasks in each phase.



The pre-development phase is intended to search, pilot, track, and
select promising new ideas. During this phase, the product concept is
taken to a level where decisions about development can be made. The
product, related life-cycle systems, and development project are
planned.Inthe development phase specifically, the product and also the
life-cycle systems are designed. Inthe testing phase, prototypes are pro-
duced for internal and external purposes. The prototypes and life-cycle
system properties, performance, and reliability are tested and adapted
forthefinal productand systems. Duringthe production ramp-up phase,
production is started and the production network (final assembly, part
manufacturing, and suppliers) is adapted to the new product and the re-
lated practices, with a gradual volume increase. The mature production
phase starts when the goals for efficiency, quality, and time have been
reached.

Guiding producibility is a process in which needs and requirements
from the production system are communicated to product development.
In this process, the production function guides product development
from the system and technology viewpoint. The producibility guidance
canbeseenasanimportantenabler for building production capabilities,
butthis also works the other way round. The existing capabilities are like
building blocks on which product producibility can be based.

The developed solution modelis built on the snapshot gained from
the present state of systems and operations. With the help of product
and production system modeling, common knowledge about products
and sub-systems can be created. Knowledge about strengths, weakness-
es, and future developments is gathered into organizational routines.
From this information, the input is generated and communicated, start-
ing with the requirements definition. The approach is built on current
strengths, such as the current production system and production com-
petence, and it aims to strengthen those further.

A practicalexample of guidance for producibility is to recognize and
communicate which product features to favor, and which to avoid. Inte-
grating the strong production competence and current production sys-
tem as a part of product developmentin a timely manner, and above all
from an early phase, is a prerequisite for rapid development. The entire
production system development will benefit from these kinds of activi-
ties.

New procedures for product reviews and co-operation between pro-
duction and product design were developed and tested. When the focus,
the content, and the scheduling of reviews are further defined, this will
lead to more systematic work and co-operation between functions. This
willensure thatcriticalissues are dealt with. Production system-related
requirements and needs for change will be identified. This promotes the
building of production capabilities.
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Preparing and updating process and procedure descriptions sys-
tematizes the process and ensures that every task produces the expect-
ed output. The project manager has better possibilities to monitor and
control the product development process and its progress. This policy
alsosharpensreviews: better quality informationis leading to better de-
cisions. Tasks and responsibilities have been clarified, and working
groups and follow-up groups have been specified in advance. Special at-
tention has been paid to the early involvement of production and suppli-
ersin development work. The effects can be verified in the long run.

The suppliers involved in the process got a more detailed view of
the customer’s product development process and its phases. Specifically,
the identification of the exact time when the involvement of the supplier
brings the greatest value to the customer, was clarified.

The supplier of mechanical components developed a solution in
which ongoing “product” projects are monitored by a follow-up board.
The solution is used to ensure that the important activities during the
production ramp-up phase are committed and that the necessary re-
views are held and documented. The document template that was pre-
pared for the production review can be used as a manufacturability re-
portfordemanding components. During the production review, the man-
ufacturing and assembly steps are analyzed and potential problems are
spotted and solved. Monitoring product projects during development,
and holding reviews, has generated a remarkable improvement in the
mechanical component supplier's manufacturing quality.

Fitted products and items

Productsthatare made for purpose should comply with the mostimpor-
tant life-cycle systems and should not create unnecessary internal vari-
ationin systems despite the external variation. The work done under this
theme focused on managing the product structure, starting fromthe ear-
ly development phases, design reuse, the development of product cost
design, and applying virtual prototyping when developing products.
The modular product structureis an efficient way to create anitem
structure tovary products based on customer requirements. The guiding
principleinthe early phase of defining the product structure was the goal
todesign products using the principles of modularization. The design or-
ganization has the leading role in designing products, and thereforeitis
natural that the product structure that is needed in other functions is
created simultaneously. This means that the product/item is the basis
for all work, and forms the connection to the life-cycle phases and the
back office (for example, the collaboration of network and cost manage-
ment). Consequently, the design process can also be developed to sup-
port products that vary greatly. Modular engineering requires that the



properties of the product and the product architecture are defined before
starting development. This should be considered in the design of a prod-
uct program and the management of requirements. A modular product
structure combines design, production, and spare-part documentation
into one structure model. This concept is presented in Figure b.
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Figure 5. Changes in the way of operating

This solution enables the creation of a design environment in which the
product structure integrates concepts of designs, spare-partdocuments,
and production modules into one model (Figure 6). The solution also pro-
vides a basis for the integration of similar functions. Because of collab-
oration and interactions, knowledge about the items is improved in de-
sign, and the requirements of life-cycle systems are easier to take into
consideration. On the other hand, information also flows easily in the
other direction. Continuous improvement can be realized based on the
models. In the future, the solution will also enable the modeling of con-
figurations in 3D, digital work instructions, and the definition of spare-
part catalogs.

Figure 6. 3D model of a module made using the new modeling practice. The
same product structure of the module can be used in design, production, and
after-sales
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The product structure works as a platform on which various infor-
mation, such as costinformation, can be added. By combining up-to-date
cost information with items, more accurate cost estimates can be
achieved during the design phase. In the context of designing product
costs and estimating calculations, a solution in which procurement cost
estimates are made by the designer is used as a basis for calculation,
until the realized cost can be implemented in the system. Information
systems connect the realized costs back to engineering. This enables
monitoring of costs and creates support for decision-making already
from the early phases of design. Basic concepts have been built under
focus area 1 in the development of cost calculations.

During the research, a new modeling approach, a flow model, was
developed. This model can be applied to reuse design information and
describe product knowledge explicitly. The flow model is a visual, and
company- and product-specific description that aims to capture and vi-
sualizetherelations of designinformation, and deduce aspects that need
to be considered in design. The flow model includes information and
knowledge that 3D models do not include, and vice versa. The purpose
of the flow model is not to include all the information that is included in
3D models. This means that making flow models does not remove the
need for 3D models, but 3D models are not able to describe the deduction
chains that show how a good result can be achieved.

The flow model creates value for managing the big picture, because
the modelis able to describe requirements from the design and produc-
tion phases, including experience-based knowledge. Based on theories
and industrial applications, capturing engineering knowledge by using
flow modeling enables the creation of more complete designs and pro-
totypes, and decreases the number of iterations needed in engineering.
Adoctoral dissertation is being written on this theme.

The research included studying factors that support design reuse
based on a literature review and analysis of real industrial design proj-
ects in the manufacturing industry. The fundamental requirement for
this is that reusable product solutions exist, and engineers are able to
use them. The possibilities for design reuse increase if reusable ele-
ments are found easily and if the information about the reusable ele-
ments is valid and complete. This creates pressure on IT systems and
ways of operating inside companies. Several companies operatingin the
manufacturing industry, which have successfully designed configurable
products based on the principles of modularization, have achieved good
results from the design reuse perspective. Focusing on partitioning logic
(the reasoning of why the productis or should be partitioned in a certain
way), product architecture, sets of modules, interfaces, and configuration
knowledge are seen as the mostimportant key engineering conceptsin
modularization. In successful cases in which design reuse has been



increased by applying modularization, the need for delivery-specific en-
gineering has decreased dramatically, and this has enabled cost benefits,
for example. Defining the extent of reuse related to the modular product
structure before the actual design project makes it easier to estimate
the size of the project, and the resource requirements, and enables risk
analyses to be made within different organizations.

Avirtual prototyping-based collaboration platform was developed
forusein product upgrade projects, to support cooperation between de-
sign and production departments (Figure 7). The use of virtual prototyp-
ing as a communication platform aims to catch possible design errors,
and problems regarding assembly properties, earlier during the design
process, and to reduce the amount of resources spent on physical pro-
totyping, leading to a faster and leaner ramp-up and a shorter time-to-
market in future product upgrade projects. The developed tool concen-
trates on evaluating assembly propertiesin collaborative design reviews,
which include both design engineers and assembly workers.

Figure 7. VTT’s virtual reality laboratory as used during the case study

Based on the case study, the company saw potentialin virtual prototyping
utilizing collaborative design reviews. The benefits of virtual prototyping
compared to traditional 3D CAD as a communication platform were rec-
ognized. The immersive virtual reality experience enabled better explo-
ration and evaluation of the prototype, especially from the non-CAD
users’ pointofview.Virtual prototyping helped to perceive the upcoming
product better. The evaluation of assembly properties was seen as a
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successful implementation target. The main benefits are incorporated
in planning assembly clearances for different items and modules, be-
cause of theenhanced 3D visualization and immersive experience. How-
ever, it was pointed out that CAD-VR conversion should be eliminated or
automated for better acceptance among design engineers. As a result,
these collaborative design reviews will be partly applied in future product
upgrade projects. The main shortcomings for comprehensive application
of virtual prototyping were the need for the optimization of 3D models,
andthe current status of product data managementin the case company,
which currently does not supportthe implementation method as well as
it could. The technology will be tested further in the future, to gain more
experience about the possible benefits.

Efficient systems

Achieving the fastest time-to-profit goals requires in-depth systemati-
zation of all processes, and digitalization where appropriate, doing the
rightthings in each of them and especially in all organizationalinterfaces.
A basic insight in systems development is doing the right things (effec-
tiveness), doing things in the right way (efficiency), and eventually doing
the rights things by means of digitalization. These rules were followed
carefully in the systematization of processes, when preparing for the
production ramp-up phase and further for serial production.

Anew purchasing organization structure was arranged, and the key
activities were streamlined. A new team was established to take care of
ESI R&D activities in the supplier network. This team took over all the
supplier network development activities, such as supplier quality, deep-
ening co-operation, and supplier extranet development. New ways of
working were based on a process and a collaboration approach, enriched
by fruitful scientific and benchmarking-based references.

Punctual supplier communication requires specified contact per-
sons on both sides. There has to be relevant know-how on both sides in
ordertoadaptactions and take care proactively of each other'sdemands
and limitations. This results in smoother transactions, faster response
times to inquiries, and prompt quick correction of supply deviations. To
put the process in order, a new development team is on the way to im-
plementing a continuous improvement tool based on the Six Sigma
philosophy. Quick problem-solving procedures were putinto action. Even
weekly cross-functional teams (experts, factory-floor workers, and sup-
plier delegates) solve product and process-related problems hands-on.
Thanks to the promising effects, this approach will be introduced more
widely inthe company. The focus of this tool has so far been logistics and
assembly feasibility studies, and end-product quality enhancements.

The supplier categorization model was renewed to enhance goal-
oriented and versatile supplier network performance development. The



new classification model aims to take into account deepening coopera-
tion, significance, and impacts from a supplier life-cycle perspective. The
new categorization model divides suppliers into three basic categories,
which are:

—strategic suppliers/focal company engineering-based
critical components

—strategic suppliers/supplier-based tailored components

—standard suppliers/non-critical components.

In order to achieve a high-performing supplier network, the manage-
ment of the network must be more goal-oriented, and it should be based
on the supplier categorization model giving more precise action plans
for development. These action plans arein line with supplier agreements,
significance, the scope of the cooperation agenda, and joint development
practices. At the same time, supplier assessment methods were also
renewed, tobeinline with the focal company’s own strategy and require-
ments.

Thanks to these renewals, both sides are constantly aware of their
own delivery status, and share real-time delivery information with each
othertransparently. As aresult of the new supplier categorization model,
deepening cooperation has expanded to a larger number of suppliers.
Remarkably, Supplier Day participation has increased by 20-30%, and
the number of signed agreements has increased.

The managementofinternational suppliers compared to domestic
ones was not so systematic. International suppliers will be integrated to
follow exactly the same procedures — cooperation model, information
sharing, co-development — as domestic ones. Naturally, all information-
sharing and guidance will be in Finnish and English. Foreign supplier in-
tegration will also proceed by widening the scope of Supplier Day.

In order to understand more precisely future purchasing develop-
ment needs, the so-called supply function’s strategic development path
and scenario study was arranged. This produced future key development
goals, desirable development actions, and finally an alternative supply
scenario, which can be proactively implemented when unexpected
changes happen. This alternative supply scenario helps in being pre-
pared for sudden changes when the assumed supply function’s strategic
developmentdoes notcome true. Allin all, supply scenario work strength-
ens future strategy work.

Both diversified and accelerated supplier cooperation required a
comprehensive communication and information-sharing solution. A sup-
plier extranet was the digital solution, serving as a two-way information
channel between organizations and covering all aspects of information
and co-development needs (Figure 8). The former extranet served mainly
the purchasing departmentin handling information flow in the order-to-
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delivery-process. The renewal focused on covering new contents, and
co-development needsincorporated R&D, supply chain and quality man-
agement, manufacturability development, packaging and logistics is-
sues, maintenance, and spare-part management. The supplier extranet
was empowered digitally by several new and previously untried func-
tions and processes. The renewal also enabled the introduction of the
so-called Supplier Metrics Portal. Through the portal, every single sup-
plier can now follow its own operative status. The supplier extranet
boosts willingness to deepen cooperation far beyond order-processing
digitalization, although it alone provides remarkable time and resource
savings annually.

Through the extranet, all supply network members are simultane-
ously provided with exactly the same information. Many information
gaps and misunderstandings are avoided. Data availability and digital
transfer processes promote punctuality, transparency, and reliability.
Complementary supplier inquiries are no longer needed.

The extranetis alsothe home for nonconformity item management:
openand handled nonconformities are visible to both stakeholders. Sup-
pliers are alsoinformed about missing items through the extranet, where
preventive actions based on root cause analysis also happen.

Figure 8. Startup view in the supplier extranet software

Value creation for component suppliers requires diversified participation
on focal company processes: besides rapid component deliveries, early
participationinthe R&D processis needed more and more. The supplier
extranetisthe primary channel, ordigital platform, for handling material
logistics, development activities in many forms, performance monitoring,
and information sharing. Wide use of the extranet is useful for every
single supplier, but for the focal company, those whose capabilities and



opportunities enable greater value creation are especially interesting.
These are integrated to promote product-and production process-based
value creation. As a whole, the supplier extranet boosts not only focal
company purchasing operations, but it also systematizes process prac-
tices and enhances widely crucial operative processes. Its impacts are
related to order, forecast, product, performance, and development ben-
efits. The table below summarizes the benefits of the supplier extranet
from the supplier’s point of view.

Table 1. Supplier extranet digitalization evolution, and benefits from
the supplier’s point of view

New digitalized
features

R&D
co-development

Supplier extranet
solutions

Engineering and process solution
data warehouse, which enables
cumulative storage and reuse of
solutions and their argumentation

Effects of
solutions

Replaces e-mail-based R&D-
related communication. Enables
wide reuse of the right engineer-
ing solutions. Gives time savings
and saves resources.

Extranet
introduction

Wide and diversified use of the
extranet in materials logistics,
supplier network management,
and co-development activities

Wide use of extranet supported
by clear guidance and ease of
use

Order
management

Orders and forecasts are trans-
ferred digitally to the supplier’s
production management system.
To-do information is also trans-
ferred automatically to the sup-
plier's sub-networking partners

Eliminates manual work and
activities with no added value,
and entire process steps.
Speeds up operations and
reduces mistakes.

New product/item
process method
support

Supplier process development
and manufacturing-related data
are shared in a user-friendly
way through the extranet in all
relevant data formats

Eliminates data inquiries.
Eliminates manual work and
tasks with no added value,
bringing time savings

Manufacturability
reporting and use

Practice of manufacturability
reporting and a data warehouse
for utilizing manufacturability
knowledge

Enhanced usability of manu-
facturability reports. Better
engineering solutions.

Nonconformities,
missing deliveries,
and corrective
actions

Management of nonconformities,
missing deliveries, and corrective
actions takes place on the extra-

net

Replaces e-mail-based pro-
cesses and eliminates personal
dependencies. Systematizes and
speeds up operations.

An improved way to manage component stock and materials flow was
generated by enabling fact-based feedback to suppliers, monitoring the
actual effectiveness of the supplier's improvement programs, and fol-
lowing long-term trends for improvements both by suppliers and mate-
rial management internally. These new metrics and reports support
cross-functional improvement work, as well as supplier audits and co-
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operation with the right areas and material groups. This new reporting
system supports material operations by giving up to-date status reports
for stock value, cycle time, and material quality on a supplier level, ma-
terialgroup level,item level, or by another desired division in the required
time period. Eventually, supplier management and development sys-
tems will benefit, not only the materials and quality functions. There are
more benefits to gain if production, logistics, and design issues are also
involved.

Production system design as a part of integrated product develop-
ment was considered to improve the capabilities and efficiency of early-
phase production. The purpose was toincrease system readiness to start
production by developing system capabilities. The development process
canbeseenastwointerlinked sub-processes from the production point
of view. These sub-processes control producibility and build production
capabilities. The current strong production competence, and system
competencerelating to mature products, will form a solid basis on which
the new competence is constructed (Figure 9).

Current
products — 5 Product development F“t;’e :
roducts
l et Producibility guidance P
Continuous learning
and capabilities
development
— Production capabilities buildin \

Current .ap g " Future
production Production system development /" production
system : A system

Figure 9. Guiding producibility and building production capabilities, based on
the current products and production system

Building production capabilities is a primary task for the production func-
tion.The purposeis to make the system ready for the developed product
concurrently with the development of the product. The production func-
tion can govern this task indirectly by guiding the producibility of the
developed product. The guidance of producibility receives inputs from



current production capabilities and, on the other hand, produces inputs
for further development of production capabilities. This highlights the
role of production competence in integrated development. Without un-
derstanding the smallest details in production, the development of the
most competitive solutions is extremely difficult.

Building production capabilitiesis anchored inthe integrated devel-
opment process. Needs, requirements, and goals for production are es-
tablished onthe basis of the current statusin the production system.The
processis planned, and needs and requirements are communicated dur-
ing the early phase to the integrated development. The production func-
tion deals with issues like load and capacity, investment and training
needs, preliminary make or buy decisions, and proofs of concept during
the pre-project phase. In the preliminary design phase, manufacturing
technology and methods are assured. During the detail design phase,
the manufacturability details are solved. The use of virtual tools during
the designreviews boosts information-sharing between production and
R&D. In the course of the testing phase, the production system is partly
tested when the first prototype is produced, for evaluation for internal
and external customers. The functions and needs relating to production
equipment and devices are updated, especially in the area of parts man-
ufacture. The way the work is carried out tries to emulate the final way
from the very beginning, even if the working environment and methods
may differ, especially in assembly. During the pilot production phase, the
production system and the process will be tuned to reach a certain qual-
ity level. The method of execution is very close to final. The start of the
production ramp-up phase means the start of production. During this
phase, the details are fine-tuned while the volume is gradually raised to
the target level.

The approach was developed and tested with pilot products during
the development process. Practices in design reviews were developed,
and the number of reviews was increased. The result is that the produc-
tion system has better capabilities to handle developed products at the
start of production ramp-up. The production function generates knowl-
edge and gains more experience about the developed product. This caus-
es a positive effect on the learning curve and quality level. The research
work has created the basis for the strategic development of the produc-
tion system.The roadmap for the next five years has gota more concrete
form. The SWOT analysis for production, together with the related ac-
tions, has become sharper.

New digital tools and solutions were also developed. For example,
anew audio-visual work guidance system was implemented for digital-
izing work instructions. This new video and audio format also helps the
working method planner to develop working technigues further without
interrupting the work process. The use of this new tool also helps R&D
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Further
information

people to analyze the work process and product assembly. The applica-
tion of the audio-visual work guidance system has made job initiation
easier,enabled self-learning, and helped R&D people to analyze the work
process in detail, such as product assembly times.

Collaboration

Key collaborative actions took place within the DIMECC MANU program
and among Accelerate project participants. Benchmarking-related the-
matic workshops among participating companies and research organi-
zations were the most common way to collaborate and exchange ideas.
Seminar presentations besides the DIMECC MANU program were
arranged in visionary seminars for manufacturing industries. The re-
searchanditsresults were also presented and discussed at internation-
al conferences. Collaborative actions between the DIMECC MANU pro-
gram projects Accelerate and ProMagnet, related to company bench-
marking, resulted in a joint publication.

PARTICIPANTS:
Jukka Teiskonen/HT Laser Oy, Jussi Ohlsson/Stera Technologies Qy,
AriMakivirta/Genelec Oy, Juha Karlsson/LeinoCast Ltd.

PUBLICATIONS: Pakkanen J. Brownfield Process: a method for the rationali-
sation of existing product variety towards a modular product family. Doctor-
althesis, Tampere University of Technology, 2015.

Halonen, N., Lehtonen, T., Juuti, T. Impacts of making design decision se-
quence explicit on NPD project in forest machinery company, NordDesign
2014, August 27 -29,2014,Espoo, Finland.

Paranko J., Paranko B., Huhtala P. Productivity measurement at the factory
level. Proceedings of Trends in Accounting Research Conference, 7-9 Octo-
ber 2015, Lodz, Poland.

Lehtonen T, Halonen N., Pakkanen J., Juuti T., Huhtala P. Challenges and op-
portunities in capturing design knowledge. Proceedings of 10th World Con-
gress on Engineering Asset Management - WCEAM 2015, Tampere, Finland.

Pakkanen, J.,Huhtala P, Juuti T., Lehtonen T. Achieving benefits with design
reuse in manufacturing industry. Proceedings of 26th CIRP Design Confer-
ence, June 15-17,2016, Stockholm, Sweden.

Rytkonen, O. Konfiguroitavan tuoterakenteen muodostamisprosessin kehit-
taminen, Diplomityd, Oulun yliopisto, Konetekniikan koulutusohjelma, 2015,
92 s.(In Finnish).

Videnoja, J. Implementation of virtual prototyping in the context of product
update projects and low volume production, Master's thesis, Tampere Uni-
versity of Technology, Faculty of Engineering Sciences, 2016.

Virta, J., Ruohomakil: Tulevaisuuden palveluvalimo, VTT, 2015 (In Finnish).
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shifted towards higher flexibility and adaptability. Increasing volatil-

ity in global and local economies, shortening innovation and prod-
uctlife-cycles, aswellas atremendously increasing number of variants,
call for production facilities that comply with these changing demands.
Therefore, tomorrow’s production systems must allow quick and cost-
efficient set-up once a new product generation enters the production
stage. According to Eurostat from 2013, around 10 per cent (2 million)
of all the enterprises in the EU-27's non-financial business economy
were classified as manufacturing. Manufacturing employed 30 million
people, which means that its contribution to employment was 22.6 per
cent. The manufacturing sector generated 1,590 B Euros of added value,
making the contribution of manufacturing enterprises to added value al-
most 27 per cent in the EU-27's non-financial business economy (Euro-
stat, 2013)".

The requirements for production systems are continuously being

These statistics clearly show the importance of manufacturing for
Europe. Due to this, there is a great need to actively search for ways to
continuously improve competitiveness in order to support the re-shoring
of manufacturing activities back to Europe from low-cost Asian countries.
EU and international regulations both force and encourage companies
to reduce the ecological footprint of their production. At the same time,
markets and global competition push companies to produce customized
products at low cost on demand, while coping with and also benefitting
from fluctuating demand, small batch sizes, global manufacturing, and
an ageing workforce (EFFRA, 2012)2.

" Eurostat. Manufacturing statistics — NACE Rev. 2, Key indicators, manufacturing (NACE Section C), EU-27,
(sbs_na_ind_r2),(2013)

2EFFRA, Factories of the Future Roadmap 2020, Consultation document. Available at: http://www.era.eu/
research-a-innovation/ factories-of-the-future-2020.html, (2012)
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Key results
and impacts

Today, industry faces challenges originating from fluctuating customer
demand, small batch sizes, and long supply chains. The need is to in-
crease productivity and efficiency at all levels, and at the same time the
cost generated from non-value-adding processes needs to be lowered.
In order to meet the challenges, companies must rapidly adjust produc-
tion capacity, balance the workforce, and reschedule orders. Responsive-
nessis fast becoming a new strategic goal for manufacturing enterpris-
es, alongside quality and costs.In short, the dynamic response to emerg-
ingeventsisakeyissueincompetitivenessin the field of manufacturing.
An increase in total efficiency can only be achieved by decreasing the
non-value-adding time spent on typing manually, searching forinforma-
tion, rewriting and printing paper work orders, and so on. The digitaliza-
tion of manufacturing can be seen as one of the key elements in the re-
duction of non-value-adding time. Operation management systems in
traditionalindustries are based on stand-alone systems that do not com-
municate within the surrounding environment, which increases the cost
of non-value-adding operations and thus slows down the value-adding
processes. The LeanMES project strengthens lean thinking at all levels
of operation,and thus reduces the time and cost of non-value-adding op-
erations. The LeanMES concept and solution blocks can strengthen the
SMEs’ daily operationsin a highly networked environment by enhancing
cross-system observation, planning, and reacting to changes. The cur-
rent approach aims for a top-down control architecture, where one sys-
temrules everything. Thisistoo heavy and expensive for SMEs. LeanMES
creates a novel MES concept for networked SMEs that allows them to
observe, plan, and react better in a distributed and dynamic production
environment. LeanMES supports human operators working in this new
and challenging business environment.

The main goal of the LeanMES sub-project was to deliver solutions for
real-time digital information flow visibility at all levels, in the factory
and in the network. The main aims were to digitalize manufacturing op-
erationmanagement,in order toincrease competitiveness, productivity,
and agility. The concepts and solutions introduced in this project de-
crease throughput time, decrease operational costs, allow supply-chain
visibility, enhance quality, introduce new products, and modernize man-
ufacturing in general.

LeanMES resulted in new product and solution features (with high com-
mercial value potential) for companies. These are the common LeanMES
concept and concrete solution blocks such as algorithms, dashboards,
interaction tests, mobile Uls, intelligent work orders (IWO) and interfaces
(Figure 1). The solutions target growth for SMEs, as well as increasing
their competitiveness. LeanMES also produced a large number of high-



level scientific publications, where the individual solution blocks are de-
scribed in detail. These can help Finnish industry to gain knowledge
about novel ICT solutions and future product candidates.

T
Mobile Uls ()
Dashboards

\ 4
Vi <
Lean algorithms
Standards Subset M
Data automation

\

LeanMESsenger

L

Intelligent Work
Order

>

LeanMES concept

Figure 1. LeanMES solution blocks

The output of the LeanMES project delivered a lean, scalable, and extend-
able concept for a new type of manufacturing operation management
(MOM) concept that supports the human operatorin a dynamically chang-
ing environment. The concept was developed at prototype level, where
the verification was done via simulations. The novel LeanMES concept
can shortly afterwards be implemented as a commercial tool for SMEs,
andin alarger spectrum as human-friendly operation principles in any
company. A scientific breakthrough was achieved by providing a Lean-
MES common concept that is based on open interfaces, standards, and
modularity. The LeanMES concept, once implemented as a novel soft-
ware product, can be utilized in machine, system, and network-level op-
eration management.

At the root: digitalizing manufacturing operation
management with the LeanMES concept

In adynamic operation environment, the manufacturing companies and
their networks have to rapidly reactto changes and disturbances. In such
anenvironment, efficientinformation managementis crucial. The Lean-
MES concept aims to provide the right information in the right place, at
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therighttime, and in the right format, and in this way to support produc-
tion managers, planners, and shop-floor operators in their daily activities.
The main elements in the concept are the common language, LeanMES
standards subset, and modular LeanMES services located in the Lean-
MES service layer. The LeanMES concept facilitates both vertical and hor-
izontal integration. Vertical integration refers to interoperability and in-
formation-sharing within the organization, between business and man-
ufacturing-levelIT systems and machines. Horizontal integration refers
to fluent information exchange and visibility in the production network
during the order-delivery process.

Figure 2 illustrates the LeanMES concept and associated informa-
tion flows from the production network viewpoint. For the sake of sim-
plicity, only two companies, Company A and Company B, are included in
the figure. However, the figure could be scaled up to include large net-
works of multiple companies. In the figure, it is assumed that both com-
panies have their own ERP and MES/APS. Asillustrated in Figure 2, the
LeanMES concept facilitates both vertical and horizontal integration.

Company A | Company B
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ERP Purchase and sales orders and | Requests for offers and offers “
Purchase and sales orders and
| o x 1 aknowledgements
Realiza- Order Item data Realiza-
Order  data plan tion Plan tion
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Figure 2. LeanMES concept and associated information flows
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Asmallselection of standards relevantto MES were defined as the Lean-
MES standards subset. The impact of the standards was assessed
through design and evaluation of small-scale demonstration systems.
Two standards were regarded as particularly important for MES in dis-
crete manufacturing in the future: OPC UA and ISA-95. OPC UA was
assessed as quite likely to be one of the essential technologies for data



transfer between MES and manufacturing equipment. In turn, the defini-
tions of ISA-95 were considered as relevant and promising for commu-
nication between MES and information systems like ERP (see Figure 3).

OPCUAis an IEC standard for communication of industrial data, de-
veloped by the OPC Foundation. Typically it is utilized in communication
between manufacturing equipmentandindustrialinformation systems.
In MES, OPC UA can be used for both data transfer between manufactur-
ing equipment and MES, and between MES and other information sys-
tems. With OPC UA, itis relatively easy to develop a server that provides
astandard-based interface for acombined view of the data abouta man-
ufacturing system. A demonstration version of such an aggregating OPC
UA server was developed during the project. It is also possible to utilize
some other standards in conjunction with OPC UA-based communication,
such as PLCopen, MTconnect, and ISA-95. The technology seemed quite
ready for practical applications, although its broader adoption is still
forthcoming.

ISA-95is an IEC standard for communication between MES-like sys-
tems and other information systems in a manufacturing company, par-
ticularly ERP. The definitions of ISA-95 can be utilized in at least two dif-
ferent ways. Firstly, they can be used as an analysis tool for understand-
ing the management of manufacturing operations in companies. Sec-
ondly, they can be utilized as part of the software technology for MES.
During the project,a demonstration of ISA-95-based communication be-
tween MES and ERP was developed. However, the benefit of such ISA-
95-based communication can be achieved only if ERP vendors adopt it
as well.

OPC UA PLCopen OPC UA MTconnect

s e (E——
5 28 B

Figure 3. Standards subset — communication links of MES and possible utiliza-
tion of OPC UA and ISA-95
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New leaves - from Excels and post-it notes to fully
digitalized manufacturing

Intelligent work order

Advancing digitalization of production processes and improving sensor
technology areincreasing the amount of data that can be utilized to con-
trol and improve production systems in various ways. This sets chal-
lenges, especially for control systems, because manufacturing system
complexities areincreasing simultaneously with the need to shorten re-
sponsetimes andincrease the adaptation capabilities of the system. The
typically suggested solution for this is to manage complexity by distrib-
uting controlto several actors, and to maintain a holistic view in decision-
making through sophisticated coordination of activities. The concept of
the intelligent work order (IWOQ) is proposed to assist in this task. It pro-
vides a structure that decreases integration complexity, supports de-cen-
tralized production control, and improves information visibility at the
process level. In order to ease industrial adaptation, IWO is designed to
bring fast benefits with only small alterations to companies’ existing IT
infrastructure.

Traditionally, a work order describes either the process or the end
result of the required task. These work orders are commonly delivered
to the factory floor in paper format, which means they have limited in-
formation content and are difficult to maintain. Anintelligent work order
is digital and contains up-to-date information on both process (e.g. in-
structions, NC programs) and output (e.g. specifications, quality control
guidance) inaformat readable by both machines and humans, as shown
in Figure 4 below.IWQis role and contextdependent. It can be configured
based on the operators’ personal characteristics, preferences, and ex-
perience. For instance, the method of presenting the work instructions
may be modified based on the operator’s native language and experi-
ence.

An IWO0 is created only at the time it is needed, after which it calls
for the resources required in the process. This approach is intended to
ensure thatchanges made in ISA-95 level 3 and 4 planning systems are
automatically considered at the process level. After completion of the
task, process data is aggregated to a desired level of detail and stored
inthe memory of the IWO. Without aggregation, a lot of the data acquired
from the process (e.g. signal values) might not be directly very useful to
a higher-level planning system. The collected process information can
later be viewed from the resource, time, customer, or product point of
view. This enables managers to link process information to business
processes in a meaningful way.



Figure 4. Intelligent work order principles

LeanMESsenger

One of the LeanMES solution blocks is LeanMESsenger, tested with lab-
oratory prototype using industrially relevant data. The LeanMESsenger
system enables the operators to know in advance what needs to be done
next, where, and when. An available and capable operator is guided to
the machine or work cell that needs to be operated, just at the right time.
The manufacturing task list and its scheduling can be composed from
order data in ERP, APS, MES, and FMS systems. Use of structured data
fromthose manufacturing IT systems, such as the use of B2ZMML format,
is possible.

Figure 5. LeanMESsenger system architecture
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The demo system contains an FTP server, the supervisor's web browser
interface, and the operator’'s smartphone or smart watch interface. The
supervisor sees, all the time, the status of the manufacturing process
andis abletostepin when needed. The supervisor can browse what task
each operator is doing currently or in the near future. LeanMESsenger
shows the scheduled tasks, their order, durations, and the operators
planned to do the tasks, as well as tasks that are not accepted. The su-
pervisor can create new tasks, exceptions, and, for example, supporting
tasks even for a dedicated operator.

The system knows what the competencies of the operators are, and
who is on duty. The operators use wearable user interface devices such
as smartwatches,asinthedemo,or mobile smart phones. The operator
can select a suitable task for themselves or reject the task.

Some of the tasks are urgent and they must be done right away. Sim-
ilarly, some of the lower priority tasks can be postponed or may be sus-
pended (because of a more urgent task) with the minimum disturbance
for production. Some operators can have parallel active tasks, and oper-
ators who can interrupt their work for a short time without causing any
extra waiting time are also considered for availability. As a result, ma-
chinery waiting times can be shortened. Management is able to antici-
pate and eliminate problems based on up-to-date and clear situational
awareness. The system also supports communication between opera-
tors and management. This context and situational awareness of the op-
erator'stask and skills enables the delivery of personalized work instruc-
tions when necessary, and helpsindata automation, such as the automa-
tion of work process data capture from a human operator.

Dashboards

Using the results obtained from an industrial survey, three representa-
tive manufacturing dashboards have been designed: an operational
dashboard for workers, a tactical dashboard for managers, and a strat-
egy dashboard for executives. The dashboards were prototypically im-
plemented using the Dashing framework. Using the Dashing framework,
it is easy to construct a dashboard by selecting from the ready-made
components or by implementing your own components using technolo-
gies such as SCSS, JavaScript, and CoffeeScript. The dashboards were
designed in such a way that they can be viewed on mobile devices such
astablets. The actual data for the dashboardsis stillrandomly generated,
butinthe future, the data should be collected from actual production and
machines. The most important KPIs were included in each dashboard,
and duplicate information on different dashboards was avoided. The in-
formation was added to the dashboard for which it would be the most
natural.



Figure 6.
Operational view

Figure 7.
Tactical view

Figure 8.
Strategy
dashboard:
balanced
scoreboard on
monthly basis

The first dashboard (Figure 6) is the operational dashboard for workers,
which shows the status of the factory floor and job queue. The time period
is minutes to an hour. Although the survey showed that all kinds of infor-
mation are alsoimportantin near-realtime, the design of the operational
dashboard focused on the status of the machines and job queue, as in
the survey they were what was most wanted in the case of the minute-
hourtime-scale. The colors are used to show the status of the machines
quickly. Smallicons are used to show the status of jobs in the job queue.
Allthis enables the user to quickly see the current efficiency of the shop
floor.

The second dashboard is the tactical dashboard for production man-
agers (Figure 7), which shows utilization details, the OEE of the most im-
portant machines, the production lead time for jobs, delivery reliability,

95



96

line efficiency, and reclamations. The time period for the dashboard is a
day toaweek. Theinformation shown was again selected because it was
important for the selected time-frame inthe survey. The idea of the dash-
board is to contain lots of information, so that the user can also find out
the details. Utilization and OEE data are shown in tabular form.

The third dashboard is the strategy dashboard for executives (Fig-
ure 8), which shows the forecast for on-time delivery, workers, lead time
from an order, total productivity of lines, demand information, manufac-
turing costs, and inventories. The time period for the dashboard is a
month to a year. The dashboard is based on the information that is typi-
cally inserted into a balanced scorecard. Again, similarly to the tactical
dashboard, the purpose is to have lots of information on a single screen.
The difference from the other dashboards is that now there are employ-
ee-related KPIs, sales data, costs, and inventory details. Several details
are shown in tabular form.

Mobile Uls

The term ubiquitous might not be known to everyone. In general, ubiqui-
tous means found everywhere, and when we talk in terms of technology,
itmeans the technology is available everywhere. The technology can be,
for example, in the form of tablets, laptops, and mobile phones, which
are portable and can be accessed from anywhere. Field engineers or op-
erators working on a factory floor have limited information available to
perform atask.Instanceinformationis needed to identify the right equip-
ment needed to diagnose a certain problem. Mobile computing seems
to be the best choice to have all the information available to operators,
who would be able to work smartly and remotely. LeanMES resulted in
prototypes of native and web-based mobile user interfaces (Uls). From
the user perspective, mobility
enables flexibility in the work-
flow.Inthe developed solution,
the operator receives orders
according to their skill levels
and futureinterests. The oper-
ator has the possibility to ad-
just (within certain limits) the
work queue. Information on
the queue, batches, storage lo-
cations, and other push notifi-
cations can be delivered via a
mobile app. Figure 9. Mobile Uls




Lean algorithms

The lean algorithms work package studied the scheduling of an AS/RS
system that has a single one-sided aisle in which two overhead cranes
operate. How the two cranes should operate is not a trivial matter, as
sometimes itis optimal to fetch packages of cartons in such a way that
they avoid each other. The AS/RS has a single input/output location to
which the cartons are moved from storage. Figure 10 shows the simu-
lation environment that is used by the authors. The environment was
built using 3DCreate software. In the basic delivery of a carton, the oper-
ations are the following. First, the empty crane moves over the place
where the carton is located. Second, the crane descends to the place
where the cartonislocated. Third, the crane grabs the carton. Fourth, the
crane ascends to the top of the shelf. Fifth, the crane moves to above the
input/output location. Sixth, the crane descends to the input/output lo-
cation, and seventh, it releases the carton into the input/output location.

Figure 10. Scheduling of AR/RS concept

The lean algorithms research resulted in an agent-based task schedul-
ing system for ajob shop using the NetLogo programming language and
NetLogo run-time environment. The performance data is used to com-
pare task scheduling methods that include the weighted shortest pro-
cessing time rule, weighted shortest processing time and idle time al-
lowancerule, and weighted shortest processing time and utilization rule.
The prototyped case shows that the use of additional information thatis
already available and stored in machines or products can help to achieve
better results. The communication and negotiation approach between
machines and between machines and products proves to be useful and
interesting. The results show that whenidle times are takeninto account,
the weighted total flow time reaches its lowest level. If utilization is also
considered, the makespanis atits lowest level. The results clearly show
that agent-based negotiation rules give better solutions than simple
priority rules. However, the rules should be carefully selected, with the
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objectives of the job shop being taken into account. Future research on
hybrid distributed production control could be improved by combining
meta-heuristic techniques with simple priority rules in agent-based
scheduling of jobs. Second, a shop-floor model could be built that sup-
ports flexibility in terms of machines and operation, so that jobs can se-
lect an alternative path for their desired operations to be carried out on
different machines.

Data automation

Theidentified challenges related to data and information flow on the fac-
tory floor are: poor interoperability between proprietary, vendor-specific
automation systems, and manual data entry from the factory floor. Man-
ually collected data can be inaccurate and biased, human errors take
place, there are delays in entering data, and so on. There is a need to in-
crease the data capture automation level; material and production flow
should generate automatically real-time data for better controllability.
Today's modern shop flooris a hub of technology, sensors, controls, au-
tomated equipment, and humans. If these systems and human workers
on the factory floor are interconnected, they can drive efficiency, quality,
and flexibility.

In the data automation concept, the goal is to minimize human in-
teraction onreporting of manufacturing process steps, where the human
operator is carrying out the task, such as in material handling between
automated systems, manual controlled machines, manual welding, as-
sembly, and quality control. The manual process data captured must be
connected to other production data stored in various other systems, to
get status information that enables visibility and better production con-
trol. Inside the factory, production managers can optimize operations
and factory scheduling, eliminate unnecessary waiting, and improve
workforce deployment. If data is available, selected data can also be
shown to the production network, suppliers, and customers.

Technology mapping for potential building blocks of data automa-
tion has been carried out: product identification and tracking, parts and
operator location, wireless communication methods, wearable and mo-
bile devices,and human system interaction, as well as ongoing research
efforts and existing solutions (see Figure 11).

Case studies and technology surveys done in this research project
underline that, in today's manufacturing companies, a single solution
that fits all end-users is impossible because of the greatly varying man-
ufacturing processes, manufacturing equipment, and IT system land-
scape. Thus, the solution always needs to be customized to meet individ-
ual case-specific requirements. This LeanMES solution block is coupled
with LeanMESsenger, mobile Uls, intelligent work orders and the Stan-
dards subset.
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Figure 11. Data automation — data can be collected from various manufacturing
processes

Fastems’ main target for the LeanMES project was to enable develop-
ment in offering elements needed for perfect order fulfilment (the right
product, right quality, right place, right time, and right profit margin). With
these elements, Fastems can significantly enhance its customers' com-
petitiveness and thus create added value. The work started with MES
roadmap creation. The creation process included a profound current
state analysis, an ISA-95 compliance study, a positioning study, MES val-
ue proposition generation, MES value driver setting, and description gen-
eration for the necessary solution blocks. The MES roadmap that was
created has had an influence on the company's strategy, and during the
LeanMES project, concepts and technologies of solution blocks were also
developed.

Data automation: The quality of controlinformation provided by MES is
highly dependent on the quality of input data. For this reason, reliable
ways of collecting the necessary data from production were studied. Dur-
ing the last period of the project, Fastems will set up an environment for
future data automation development purposes. This environment is sit-
uatedinaliving factory,and datafrom resources is being collected using
novel, wireless, easy to set up devices.

Delivery of information: In order to realize perfect order, the capability
todeliver the rightinformation, at the right time, to the right actor, in the
right format, is needed. In the LeanMES project, Fastems contributed
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dashboard research, and according to the results, created concepts for
configurable dashboards. These dashboards can also be browsed inde-
pendently of place by using mobile devices. The LeanMESsenger concept
was created to deliver task information (list of tasks, schedule, task sta-
tus) directly to human operators, taking their capability and availability
into account. LeanMESsenger is independent of the manufacturing IT
system, and different mobile devices, like smart watches, smartphones
and/ortablets, can be used as operatorinterfaces. As aresult of the Lean-
MESsenger research, a demo system was built.

Interfaces: Interface-related research in Fastems' LeanMES project tar-
geted the development of connectivity of solutions delivered by Fastems.
Relevantinterface standards, as well as applications in device and IT in-
terfaces, were profoundly studied. Based on the studies, solution con-
cepts were created and tested.

Konecranes Agilon’s main goal was toincrease availability, visibility,and
utilization of real-time information in the supply chain and supervision
of work. The possibility to integrate the customer’s ERP system, to be
able to boost and streamline supervision of work and monitoring of ma-
terial flows, was also highlighted.

Automation of supply chain and increase of information visibility: We
wanted to automate replenishment order creation and bring more visi-
bility to the order-delivery process with the solution, allthe way from the
ordering phase to actual delivery. With the implemented solution, mate-
rial stock balances are monitored against set balance alert limits, and
anorder is created based on order parameters when the balance goes
under the limit. The possibility for real-time monitoring of replenishment
needs, created orders, and order reception is also offered to different
parties in the supply chain. The achieved solution decreases the work
phases in the ordering process and downtime in production due to ma-
terial shortages, and alsoincreases the transparency of the supply chain
to the shop-floor level.

Integration interface as atool for supervision of work and monitoring of
material flows: The first target for the solution was to enable the infor-
mation flow of incoming work tasks from the ERP system via the inte-
gration interface, straight to the work cell where the work task is sup-
posed to be done. The second target was to enable the information flow
of actual material consumption back to the ERP system. In the imple-
mented solution, transferred information flows from the ERP system to
the work cell are, for example, MBOM (manufacturing bill of materials),
added to the used cost centers. The interface also enables the transfer



of executed work task and actual material consumption information
backtothe ERP system, as stated in the target. The solution streamlines
the transfer of work tasks from the control system to production, and
correspondingly the transfer of executed tasks back from production to
the control system.

The main goals of Finn-Power were to develop new models and tech-
nologies to realize actual cost and time accounting (e.g. material and
time consumption per part), storage management optimization, and a
feedback loop to ERP systems. The development plans included better
material reservation, traceability, and quality backtracking technologies.
Generally, the support for just-in-time manufacturing in a very dynamic
production environment was considered to be a highly desirable goal for
Finn-Power.

During the LeanMES project, several new technologies and meth-
ods were developed. Concrete solutions were a pilot case for an electron-
ic Kanban system, which was developed and piloted in the customer case.
The second solution was the advancement of Finn-Power’s more digital
andintelligentwork order concept. During this pilot, different mobile user
interfaces were generated and tested to find the optimal technology com-
bination with respect to usability, technical maturity, and maintenance.
The testand analysis results will be explored in the future, when consid-
ering new extensions to the Tulus toolset. The company’'s internal strat-
egy is to move to digital and later on intelligent work orders (possibility
to abandon paper-based work orders), and therefore LeanMES has con-
tributed valuable analysis, testing, and partial results for this.
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Delfoi develops, markets, and sells web-based Delfoi Planner software,
which is a solution for the production planning, scheduling, and control
fields. The LeanMES project has been a very important framework for
Delfoi's research and development process for developing the next-gen-
eration product platform.

In the LeanMES project, Delfoi has done pilot projects, co-develop-
ment, and solution co-marketing with consortium members within the
APS/MES domain. Severalintegration standards have been studied and
some prototypes, such as the B2ZMML interface, have been tested. This
will be further developed as a part of the new interface capabilities. Delfoi
hasexamined cloud-based capabilities and requirements, which was al-
so partially piloted in cloud-based training for operation management
training at TUT. Delfoi has also researched multi-site and supplier visi-
bility together with the research partners. A SOP optimization study was
done, together with Aalto University, to develop a new SOP module for
the Delfoi Planner solution during the next few years.

In the Lean MES project, Delfoi has studied and designed a new
graphicaluserinterface (GUI) for cloud-based service models. A new mo-
bile GUI prototype for MES has been developed. AKPland dashboard re-
porting prototype was developed. Delfoi will further develop and imple-
ment the results for the upcoming new platform for Delfoi Planner.

The LeanMES project has helped Delfoi to share ideas, research,
andinnovations with consortium members. As a result, a new next-gen-
eration platform for Delfoi Planneris under development. This willenable
Delfoi to meet the future needs of cloud-based planning and control for
the industrial Internet domain.

Delfoi plans to continue to develop proof-of-concept solutions in
three new business areas. First, integration details between different
production IT systems are explored. Second, such data-automation so-
lutions are studied that will helpin simplifying or removing manual work
from the shop floor. Third, intelligent solutions, such as scenario-based
planning and optimization, are studied toimprove the current sales-and-
operations (SOP) planning module. In addition, cloud-based capabilities
are further exploited and developed during the project.

The goal of Logistic in this project was to create a digital revolution in a
Finnish machine shop, especially in the field of information sharing.In a
supply chain, the information flow usually goes from the end consumer
to upstream manufacturers and to material vendors. This information
might even be outdated when it reaches the material vendor, which



causes a bullwhip effect. By increasing the information sharing in a sup-
ply chain, both downstream and upstream, the supply chain becomes
more effective against other supply chains. This goal can be simplified
into one sentence: the right information, in the right place, at the right
time, and in the right format.

In order to achieve this goal, Logistic needed to reach these milestones:

1. Current state and future state analysis: First, we needed to model the
processes andinformation flowsin our supply chain.In a future state
analysis, it was evident that in order to improve information flow, the
number of different programs and databases needed to be reduced.
It was also clear that if one goal was to increase the amount of data
in the system, the other goal must be to show only the necessary in-
formation to the right person at the right time. Therefore, different
user roles and their KPIs needed to be configured. At the end of this
stage, Logistic invested in a system that enabled all this to happen.
The investment reduced the number of different databases by more
than 50 per cent.

2. Role-based user interfaces and dashboards: We divided our user
views into strategic, tactical,and operationalinterfaces. The strategic
interfaceis the most visualinterface, anditis used by the CEO, for ex-
ample. The CEO needs to analyze lots of different graphs in decision-
making, and usually less data filling is required. The CEO is mostly on
the move, so this user interface is also available on a mobile phone.
Now our CEO can access real-time cash-flow information wherever
heis.Operationalinterfaces are used by employees on the shop floor,
so the main focus was to create an easy-to-use system where filling
the information is simple and there are as few clicks needed as pos-
sible. Between the operational and strategic dashboards, there are
tactical dashboards used by managers.

3. Automated reports and data automation: In this part, we tested differ-
entreportsinour supply chain. First, test models were created man-
ually so that we could see what kind of information would be useful.
After that, the reports were automated so that our customers would
receive their daily or weekly information via email. There is still a lot
to be done in this area.

Ponsse’s key activities during the project focused on collecting data from
and measuring and reporting the performance of the factory, as well as
on developing the current and planning the future MES system for the
company. Data collection has beenimproved and automated, both in part
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manufacturing and assembly. Increasing the amount and improving the
accuracy of data collected from production, supports and improves pro-
duction planning and control.

Performance measurement and reporting, which are also linked to
the dashboards studied in the LeanMES project, aim to improve situa-
tional and status awareness within the company. Performance meas-
urement and reporting enable monitoring of the status of production, as
well as identifying deviations from the plan and reacting to such situa-
tions.

Withregard to MES systems, commercially available MES and WMS
systems have been evaluated and piloted during the project. The usability
and Ul of Ponsse’s MES system has also been evaluated and improved,
inorderto simplify the use of the system. These activities also contribute
to clarifying the vision of the future MES at Ponsse.

For HT-Laser, the main goal of the project has been to implement the
lean philosophy and practices in different units (in Keuruu, Haapamaki,
Kaarina, Harma, and Vierema). Varissaari (Keuruu) was chosen to serve
as the pilot location. The discovered working methods, theoretical back-
ground, and concepts of the Varissaari pilot have also been replicated in
other HT-Laser units. Broad-scale lean thinking has helped in reducing
waste throughout the organization, and has brought economic benefits.

Varissaari pilot: Implementation of a new production line: During the
project, HT-Laser built a new production line in the Varissaari unit. The
line has beenimplemented following the principles of lean process man-
agement. Value stream mapping (VSM) and data analysis were used in
developing a new process model for highly variable production. Line bal-
ancing and focus on production flow have led to good results, reducing
throughputtime and variationin production. The SMED method has also
been usedtoreduce set-up times and working methods in the organiza-
tion.

Improved flow of information: The other major focus of HT-Laser has
been improving the information flow within the company and with cus-
tomers and suppliers. Many development practices have been imple-
mented concerning the information flow. Work instructions have been
standardized and the documentation has been improved with video
recordings. This has also helped in sharing tacit knowledge throughout
the organization.Workers can now report defects to a cloud service using
smart phones. The service (called “"Hoksu") is provided by PalveluPisara
and can easily be configured to serve the needs of different HT-Laser
units. HT-Laser has defined several requirements for internal informa-



Further
information

tion systems, such as the parallel use of documents. The need for an ex-
tranet was also apparent. Several IT systems have been extensively com-
pared in different units (e.g. IntoSome, Yammer, Sharepoint, Google
Apps).
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Additive Manufacturing

DIMECC MANU companies by increasing their understanding in

additive manufacturing (AM) technology. Additive manufacturing,
alsoknown as 3D printing, was recently described as “the manufacturing
technology that will change the world”. AM technologies are fundamen-
tally different from conventional manufacturing processes in terms of
cost, lot size,and geometric product complexity. The potential of AM tech-
nology is not used nor even understood properly, because itis relatively
new and designers have not been able to implement it or simply do not
know all its possibilities.

The project started by monitoring the possibilities of the available
AMtechnologies from the DIMECC MANU companies’ point of view. Com-
panies were interviewed, and the possibilities of the AM technologies
were introduced to them. During the interviews, practical cases of com-
panies were found. Studying AM manufacturing in those cases was done
in the next phase of the project. In a literature review, three road-maps
were selected to show the current status of additive manufacturing tech-
nology. These were uploaded onto the DIMECC MANU web pages. In ad-
dition,aone-day seminar was arranged with DIMECC MANU companies,
where the needs and possibilities of AM were thoroughly brainstormed.
Some topics pointed out previously were highlighted more deeply by de-
tailed analysis and research, and also realized by suitable cases selected
in earlier interviews. One of these issues was a closer examination and
determination of process limits, to be able toincrease process efficiency
in AM.

T he project aimed to increase the future competitiveness of
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Key results
and impacts

The final achievements of the project were as follows:

Achievement 1. Eleven cases of additive manufacturing technologies for
DIMECC MANU companies were realized during the project. The cases
represent different types of manufacturing, materials, and design. These
cases haveincreased the awareness of possibilities of AM technologies,
and encouraged the DIMECC MANU companies to use them. Additionally,
companies have learned where AM technology could be the best choice.

Achievement 2. A practical guidebook for industrial use was written. It
is based on the earlier information gathered from international
roadmaps and publications, national information on lectures, and publi-
cations. It alsoincludes several major case studies executed in the proj-
ect. The guidebook is supposed to be an aid for industry engineers who
design AM products or plan AM production.

Achievement 3. The studies carried out showed that it is possible to pro-
duce large products by welding AM components either to each other or
to conventionally manufactured components.

The key results, namely the industrial cases, the practical guidebook, and
the studies on large components made by additive manufacturing, are
discussed as follows.

Industrial Cases

The cases studied were selected based on the interest of the DIMECC
MANU companies and the general importance of the cases. The cases
were in different materials: tool and stainless steel, aluminum, copper,
Inconel, plastics, and alumina. Many of the printed cases were studied
in their practical use, to test the performance and competitiveness
against conventional technology. The cases were:

— Steel core for aninjection molding tool

— Robotgripperwith inserts, turbine blade, and a stand for the blade

— Plastic support for an automatic store

— Adhesive nozzle for a glue applicator uni

— Chuck for a plywood machine

— Support plate for a composing system

— Sand-casting mold and core for a hydraulic block

— Hydraulic block made with sheet lamination

— Hydraulic block with optimized channels

— Copperinductor for a gear-hardening machine

— Several alumina components



As an example, the steel core for injection molding tool, made for ABB,
is described in more detail as follows:

The cooling properties are of major importance in injection molding, be-
cause they essentially affect production efficiency. Steel cores with sev-
eral types of cooling channels were 3D printed using a powder-bed fu-
sion method at VTT. Figure 1 shows the cone-shaped elastomer sealing
chosen as the case product.

Figure 1. Elastomer seal manufactured
by a 3D printed core

Different choices for cooling channels are shownin Figure 2. The one on
the right shows the conventional design, which was also 3D printed for
comparison.

Type 1: Type 2: Type 3: Type 4: Type 5: Type 6:

Narrow Thick U-profile Slim Robust Fountain Conventional
U-profile with turbulent  spiral profile  spiral profile profile “drilled”
ribs profile

Figure 2. 3D-printed core types, the one on the right is the conventional one

After 3D printing, the necessary heat treatments (stress relieving, hard-
ening, and tempering) and final machining were done.In Figure 3 (a) and
(b), the core is shown before and after machining.
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Figure 3. The core before and after machining. Infrared image during injection
molding

The process temperature of the core was tested by infrared imaging dur-
ing the test process in ABB, as shown in Figure 3(c). The tip of the core
cools very efficiently during the process because of the optimized inter-
nalchannels. Due to the more rapid cooling, the process can be adjusted
more accurately, and the cycle time is cut by more than 75%.

The ABB case is a good example of how 3D printing has major po-
tentialinthe tooling industry.In mass production, itcan bring remarkable
cost savings.

Practical guidebook

A practical guidebook was written to show the status of additive manu-
facturing, and to help industrial engineers in selecting the technologies
for practical manufacturing and design, and to make the right decisions
when choosing the systems for 3D printing. The book “3D-tulostuksen
suunnittelu- ja paatoksenteko-opas yrityksille” will be published in late
2016 by Teknova. It is written in Finnish.

The book is based on the results of the project and on the current knowl-
edge of the technology. It is directed mainly at the needs of the Finnish
metalindustry.

In the book, the different technologies of additive manufacturing
are described briefly, focusing on the main technologies for metal addi-
tive manufacturing, meaning powder-bed fusion and direct energy dep-
osition. In addition, it gives understanding of the main application areas
of additive manufacturing, how to utilize AM technology in the product
development phase,and how final products can be manufactured using
AM methods. The main materials for 3D printing are also listed, as well
as service providers, job shops, and potential R&D partners, especially
in Finland.



There are also several pilot examples of additive manufacturing.
These are taken from the cases made for the DIMECC MANU companies.
Finally, the future of AM is highlighted briefly.

Studies of large component manufacturing

The mostusualtype of metal additive manufacturing, powder-bed fusion
(PBF), is limited by the size of the components produced. Because, in
Finnish industry, there is a great need for larger products made using
additive manufacturing, possibilities to avoid the size limit of PBF by join-
ing AM components by welding were studied.

Weldingis the most common joining method for metallic materials.
However,there has been almost noresearch on welding additively man-
ufactured components, and very little informationis available on possible
differences from the welding of sheet metal components.

Austenitic stainless steel components produced by powder-bed fu-
sion were welded using the TIG method. The results showed that all the
welds exhibited higheryield strength than the sheet metal welds, but at
the same time the ultimate elongation was lower (see Figure 4). There
was a certain effect of building direction on the properties. However, it
can be concluded that arc welding (at least TIG) is a feasible method for
welding additively manufactured components. In addition, welding some
other materials, such as high-strength X30Mn22 steel, was studied,
showing acceptable mechanical properties.

Figure 4. Stress-strain diagram of steel AISI 316L welds of an
additively manufactured component
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TASK 2 Visualization of Sustainability Key

Summary of
the project’'s
motivation and
achievements

Performance Indicators 2013-2015

andimplementrelevant sustainability key performance indicators
(KPIs), and to link the measurement results to performance im-
provement and management.

Sustainability is more thanjust being green or nature-friendly. Sus-
tainability has three pillars: economic, social, and environmental aspects.
The developed Sustainability Measurement Framework (see Figure 1)
isbased on Six Sigma and can be adapted to all product life-cycle phases.

—|— he aim of the subproject was to develop a process model to identify

Process model for
sustainability
measurement and
management system

Figure 1. Process model main steps in developing and implementing a sustain-
ability measurement and management system

A general overview, as well as research needs on sustainability in man-
ufacturing companies in Finland, was created using Internet question-
naires, company interviews, and workshops. The focus in the research
wason sustainable manufacturing and product development. This work
should also be extended to a manufacturing and supply network level.
The final report of the subproject shows the concept of the Sustain-
ability Measurement Framework (see Figure 2). The aim is to use sus-
tainability performance indicators and data to create a competitive ad-
vantage. Some examples are shown on how to integrate sustainability
aspects in digital manufacturing tools. The subproject final report also
specifies selected sources for furtherinformation on sustainability. Many
organizations are providing handbooks and training materials for com-
panies,on how sustainability can be taken into considerationin business.
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Key results
and impacts

The Sustainability Measurement Framework conceptual model was test-
ed withoneindustrial feasibility case. This subprojectincluded extensive
internationaldissemination, with research publications and research re-
ports targeted at DIMECC MANU program stakeholders.

KEYWORDS: Sustainability measurement in manufacturing industry, sustain-
able development, sustainable manufacturing, sustainability key performance
indicators.

Eventhough generaldefinitions and concepts of sustainability exist, typ-
ically only the environmental pillar of sustainability is highlighted. More
practicalexamples of the two other dimensions of sustainability, as well
as success stories, are also needed in the manufacturing industry. For
business benefits, sustainability-driven business models are required
to specify sustainability changes concretely.

Sustainability started with the concept of being green, becoming
more environmentally friendly, and paying more attention to conserving
our planet’s resources. Now sustainability has become much more than
that. Sustainability has three pillars: economic, social, and environmental
aspects. Focusing solely on environmental concerns while using the
term sustainability is both misleading and improper, as this concentra-
tion on one pillar of sustainability ignores the two other pillars, and can
lead to designs that are not economical to produce, or that contain the
potential for negative social impacts.

The number of regulations that are related to sustainability has
been steadily growing, presenting new legal obligations forindustry. En-
terprises are also becomingincreasingly aware of the importance of be-
ing able to credibly present facts about the sustainability of their per-
formance to the public, which is increasingly aware of its importance.

The focus of engineering design on achieving a superior product,
process, or service, from the currently prevalent point of view of func-
tional and economic factors, is now shifting toward sustainable design.
Sustainability-related issues are increasingly importantin business de-
cision-making. Examples of the drivers of this development are:

Cost savings, resource efficiency
Society-set regulations, directives, standards
Customer requirements, business reputation

Organization and others giving support

Sustainability requires simultaneous consideration of the economic, en-
vironmental, and socialimplications associated with the production and
delivery of goods. Sustainable development and manufacturing relies



Further
information

on descriptive metrics, advanced decision-making, and a policy for im-
plementation, evaluation, and feedback.

The path toward sustainability is proving a struggle for Finnish man-
ufacturing companies. Sustainability is a viable business strategy that
takes into account economic considerations, governmental issues, and
strongly voiced opinions from customers and stakeholders.

The concept of sustainability performance indicators, reporting, and
improvement, “Sustainability Measurement Framework for Finnish
manufacturing companies” has been developed, published, and bench-
marked in international conferences, including journal publication. One
feasibility test case was evaluated with the LeanMES project. The re-
search partners are available to support the Finnish manufacturing in-
dustry in its steps toward sustainable business.
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Smart factory 2015-2016

uilding common understanding of product, process and informa-

tion flow from design to realization of products under DIMECC

MANU framework. The work will be done in five workshops, where
all DIMECC MANU subprojects will contribute their specific knowledge.
The 6th workshop in the end of 3rd period will result MANU's common
theoretical Framework and will provide DIMECC MANU technological
and scientific leap.

The common workshops created the vision of “Smart Factory” pilots
thatwillintegrate productive design, supply chain management, factory
control and work systems. The goal is to show how smartly used digital
technologies canincrease quality, cost-efficiency and bring added value
to the Finnish metal and manufacturing sector.

Smart Factory Handbook (will be published in spring 2017) contains fol-
lowing chapters:

|. Productive Design: Review of new technologies and best practices
that will shorten the design process time, optimize different design
parameters and controlinformation in post-design life-cycle phases

ll. Productive Supply Chain: Review of technologies, best practices and
tools for simulation and analysis of supply chain regarding on how
different factors will affect to the competitiveness.

lll. Productive Factory: Review of planning, simulation, analysis and
control tools (possibilities and constraints) that will fit to lot-size-1
production.

IV. Productive Work Systems: Review of different leading, guiding and
coaching methods that can support, create and benefit from physical
and digital work environments, human-machine collaboration and
Human-in-the-Loop.

Figure 1.
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The objectives of the Smart Factory task was toenhance cooperation be-
tween all DIMECC MANU projects and build common understanding of
product, process and information flow from design to realization of prod-
ucts under DIMECC MANU framework. The work was done in five work-
shops, where all DIMECC MANU sub-projects contributed their specific
knowledge. In collaboration with the common workshops the aim was
to build Smart Factory pilots to show how smartly used digital technolo-
gies can increase quality, cost-efficiency and bring added value to the
Finnish metal and manufacturing sector. The pilots were implemented
in production and supply chain simulations in two manufacturing com-
panies.

State of the art

Today's business, especially manufacturing, environments are charac-
terized by rapidly changing requirements in terms of customized prod-
ucts, unpredictable demand, small batch sizes and very limited access
to actual operational data. The finding is that in relation to digitalization
a lot of companies could have gained profits from new products via ex-
portsandincomingordersifinvestments and up-date of production con-
cepts were decided in time.

The manufacturing systems and networks should adapt rapidly to
these frequent changes and disturbances that cannot be foreseen. Un-
fortunately, the readiness to adopt digitalizationin this field is stagnat-
ing. The ICT tools used in many of the companies currently used in de-
sign, manufacturing, operation control and maintenance have been
created for the old markets where the mass-customization was a
norm.

One of the greatest challenges lay in ICT solutions, which have been
developed as stand-alone systems. Connectivity to other systems out-
side the immediate application domain has not been realized.

The digital information flow desperately needed today, does not exist
yet. Thisis one of the barriers for export businessin many companies.
The operability and speed of a manufacturing network slows down,
and costs of operation increase dramatically leading to low cost-effi-
ciency in Finland.

Forexample the data from the manufacturing systems is heterogeneous:
the quantities mightdiffer, thereis no shared structure, and even the low-
est-level bit structure can differ. Besides, the setting in a factory is not
stable: machines are installed, removed and updated. In addition, the
amountof data generated by the manufacturing systems grows fast with
increasing number of sensors and data logging from the interconnected
systems. Because of these problems the operational data is still not col-



lected efficiently in companies. Moreover, even if it is collected, it's not
processed and used in such way that Finnish companies could take ad-
vantage of digital quality management, big data and industrial Internet
possibilities.

Smart Factory concept — Generation of new ideas

The generation of ideas for the Smart Factory concept started with the
industrial workshops. The objectives of the first workshop were to form
acommon understanding of the present state of manufacturing compa-
ny's processdigitalization including the current technology and its usage
in companies. Another objective was to form a common understanding
of possibilities of digitalization in manufacturing company intime spans
of 0-3, 3-5 and 5-10 years. Digitalization current state and future pos-
sibilities were considered in three areas: sales and tendering process,
design process and order delivery process.

1. Digitalizing the information flow: In the current state the main issues
was related to the facts that there is many different software in use
and lots of manual work done in different stages. The main possibilities
in tendering and design process were heading gradually from soft-
ware integrations/reduction and real time data to modular product
structure and digital sales configurator. In production side the devel-
opment path were thought to start from re-planning the material flows
and starttogathering realtime data.In 3-5yeartime span there were
planned among others PDM/CAD system integration to the production
machines. Finally in the 5-10 year time span there was robotization
and automatization of production as well as digital logistics planning
and simulation of installation process.

2. Optimization on different levels: The objective of optimization work-
shop was to find new targets where optimization can be used. The op-
timization means finding the optimal solution to the problem by
analysing facts. By analysing large amount of data and using specific
optimization algorithms, excellent results are got for example from
structure design and cost optimization. The benefits of optimization
includes transparency through identified objectives, better results
since acomputer can check larger search space ratherthan afew can-
didate designs and faster design process. Inthe workshop 21 possible
targets for optimization were found from participants businessinclud-
ing among others production control, automatic warehouse, product
modularization, resource efficiency, container ship load maximization
and material waste optimization in machine workshop. Five of those
were processed further by defining objectives, design variables and
constraints of the problems. In the production control optimization the
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objective was defined as cutting throughput time; the parameters
were production batch size, control methods and amount of work
shifts; and constrain is the need to keep current system and layout.
This same production control case was also further processed in an-
other Smart Factory pilot.

. Digital Information Flows and System Architecture: The objectives of

the third workshop was to clarify bottlenecks of systematic work and
flow of information in supply chain, clarify possibilities of configuration
inorderdelivery process and create aroadmap to develop information
flow in supply chain.In the case company configurable products have
affected sofaronly design partin order delivery process. Two different
areas were considered: sales-designinterface and design-purchasing
interface. Here again the main challenges in current state are related
to use of many different software and manual work stages. Also han-
dling the revisions during the order-delivery process is sometimes
challenging. In sales-design interface the main development work
were planned tofocus on sales configurator and integrating that to ex-
isting design configurator. In the design-purchasing interface the de-
velopment path starts for example from reducing use of excel files
and taking partners along to the development work. The long term
goalis one digital company where also partners and subcontractors
are deeply integrated.

. Tracking and Tracing in Production: The objectives of the fourth work-

shop were to build common knowledge of state-of-the-art tracking
and tracing methods and also the future goals in that area. Third ob-
jective was to build aroadmap inten year time span. Tracing is manda-
tory in some business areas nowadays but the benefits to manufac-
turing in general are essential. Knowing where the materials come
from and what have been done to the product during production
process and in use, is beneficial to quality control and essential infor-
mation for the end user of the product. A company could for example
selldigitalfingerprint of products as separate extra information to the
customer. By adding sensors to the product, for example the end use
conditions can be monitored, which could be also sold as an extra serv-
ice. Tracking the material real time in production helps for example
significantly production control and is essential addition to sensors
and machine vision in highly automated production. The methods for
tracking and tracing discussed in the workshop included RFID tags,
bar codes and gateways in production.

. Quality Control and Tracing by Digital Means: Fifth workshop was held

in Mapvision Ltd. In the workshop they introduced their state-of-the-
art machine vision aided quality control and tracing methods. Theirin-
novative measuring cell uses tens of machine vision cameras to meas-



ure all of the parts in customer’s production line. That kind of cell is
used for example in car industry to measure weld seam quality and
adjust the welding process in-line by using the measurement data.
The case example showed the complete traceability of the operations
can indeed be achieved.

Figure 2. Intelligent robot assisted welding cell

Based on the workshop input and international benchmarking the fol-
lowing aims were identified to be in the core of the Smart Factory concept.
The Smart Factory concept aims developing a concept where the infor-
mation flow is ensured throughout the life-cycle phases the product and
the production system may have. At the core of the Smart Factory con-
cept there are following high-level targets:

Digital twins of the product and manufacturing system that allows
as realistic (and relevant) as possible simulations targeting to future
scenarios to be created and updated.

Context-aware systems, as a systemis always part of a wider system.
The entities are communicating with other entities, whether they are
part of the same enterprise or existing in the manufacturing network.

Support for system level adaptation consisting of (semi)autonomous
and co-operative manufacturing entities, capable of fulfilling their own
tasks, and of operating together with other entities.

Knowledge-based manufacturing entities, capable of developing and
learning from the actions, constantly updating their skill and knowl-
edge for future operations.

Service-oriented activities, where the communication between the
entitiesis seen as services.Only needed informationisincludedin the
services and the skills and knowledge are kept as the autonomy of the
entities.

Formally presented product and manufacturing systeminformation
ensuring thatthe information and knowledge exists only oncein afor-
mal and up-to-date form available and understandable to all related
parties.
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The Smart Factory information system architecture accomplishing the
efficiency and digitalization goals, comprises four levels, see Figure 3.
The first one is the shop floor level, which represents the whole produc-
tion environment with its respective resources. The generated informa-
tion, due to the production process, comprehends of energy related sen-
sory data. The information is then analyzed, reasoned and processed in
the second level, the data level, and are thus made usable for planning,
decision-making and control purposes accomplished on the third level,
the planning and adaptation level. On the fourth level, the business man-
agement level, the KPI information is used to aid in the business deci-
sion-making. A schematic draft of the system architecture is presented
in the following.
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Figure 3. Levels of the Smart Factory concept

Smart Factory pilots

The pilot cases are simulation studies for smart industrial value chain.
Both of them are implemented using combination of spreadsheet and
discrete-event simulation software packages. The pilot cases are mod-
eled using Siemens Tecnomatix Plant Simulation software. Simulation
models can be built both in 2D-and 3D-environments. Simulation results
can be viewed inside the software and the data can also be exported to
generate the results in different software e.g. in MS Excel.



The case Ruukki is a simulation study for steel truss process. The
process consists of material storage, blasting and sawing, assembly
welding, surface treatment and storage area of finished products. Be-
tween each phase of the process is a buffer area for work in process.
Some of the parts are subcontracted because they need manufacturing
methods that doesn't exist in the main factory. The aim of the case is to
observe bottlenecks and throughput times of the process as well as ex-
perimenting different scenarios for future operation principles of the fac-
tory. Currently the gathering of the needed input data for the simulation
modelis an ongoing process. Simulation experiments can be done only
after the input data is implemented into the simulation model.

The case Katsais a simulation study for part manufacturing process
of gearwheels, gear shafts,gearrings and gear couplings as well as slew-
ing bearings. The process includes several facilities in different locations,
subcontracting locations, and logistics between the locations. The vari-
ation of the partsis large and they have numerous different value chains.
The main goalis experimenting different production planning and control
principles. These include applying theory of constraints management
paradigm for key resources, dedicating selected resources for specific
part families, and finding bottlenecks of the value chains. Also in this
case, the gathering of the input data is currently in process.

The pilot cases are somewhat different but both of them focus on
improving the manufacturing activities within a company. Similar to both
of the cases is to identify bottlenecks and to find means to avoid them.
Alsothe main areas of the pilot cases are similar. Figure 4 presents those
main areas of the pilot cases.
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Figure 4. Main areas of the pilot cases
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The design tool is a specific tool used in the case Ruukki and it was de-
veloped during the DIMECC MANU program. It represents the source of
information used in the building of the simulation model. In the Katsa
case, similar information was gathered from enterprise resource plan-
ning (ERP) software. In both cases the required information included
product, process, and resource data. The required information is built
around the process data, which means the flow of the products i.e. the
process chain in the modeled manufacturing system. The product data
includes e.g. the product portfolio used in the simulation experiments
and some product specific parameters. The resource data holds process-
ing times and capacity, and in some resources also, for example, setup
times.

The gathered product, process, and resource data is then stored
and manipulated inindependent software thatin the pilot cases was MS
Excel due to its wide usage in companies. This data was used for simu-
lation data and rules to construct the structure and behavior of the sim-
ulation model. Simulation parameters were used to create different sim-
ulation scenarios. Examples of the simulation parameters used in the
case Ruukki were:

Production program —altering the start dates of the products.
Production batch — altering the number of products in the batches.

Working time —selecting 1-3 shifts for each resource individually. One
shift represents eight hours while three shifts covers a whole day.

Number of resources — defining the number of parallel resources for
each resource individually.

Figure b presents an overview of the simulation model of case Ruukki.
The objects represent resources and storages while the different func-
tionalareas are color-coded. The simulation modelis built on 2D factory
layout. Due to the aims of the pilot case, realistic looking 3D-graphics
were not considered to bring more value to the simulation experiments.

Figure 5. Illustration of the case Ruukki simulation model



Further
information

Several simulation runs were conducted altering the simulation param-
eters. After each simulation run, the results were analyzed and their ap-
plicability was assessed. The simulation model indicated what is the ef-
fect of altering a simulation parameter but doesn't necessarily tell how
the actual change could be implemented. Figure 6 shows an example of
the results from a simulation experiment.In this example the production
of two batches of 10 products were simulated with certain parameters
of parallel resource and number of shifts. The bar shows the total
throughput time of the products and the different colors indicate how
long the product has spentin a certain part of the factory.

Figure 6. Example of simulation results

Atthe end of the simulation study the results were reported for a bigger
audience. Selected results from the different simulation experiments
were selected in that they clearly show the effect of altering the simula-
tion parameters.
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