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Abstract:  Choice  navigation, solution space This portfolio has to be understood as limitations to
development and robust process design are the thrde solution space and is a valuable source of knowledge
mass customization key competences. The first aodntaining general design guidelines and specific
second are often mapped into product configuration ananufacturing restrictions for production processes and
design automation systems and aim at specifying or cequipment [12]. The first are recommendations for
designing a suitable product variant. Robust procegsroduct design regarding functions, shape design and
design targets at managing a well-known but flexiblgeometric features that correspond to production
supply network. As part of this, the portfolio ofprocesses [13, 14]. The latter are limitations to design
capabilities describes limitations to the solution spacparameter value ranges, like maximum NC travelling
and is a valuable source of knowledge containingistances, hardening depths or handling weights in
general design guidelines and specific manufacturinipgistics [8].

restrictions, like NC travelling distances, as well as This portfolio of capabilities and product design, or
availabilities of whole production processes. This articlsolution space development respectively, are strongly
contributes a modeling approach that bridges solutionmitertwined [15, 16]. Since manufacturing processes are
space development and modeling the portfolio afubject to all kind of disturbances, all shape describing
capabilities. Therefore, a knowledge-based engineerimgarameters of a product need tolerances [14]. So, the
system is extended by a capability model of accordingore accurate and precise a product feature needs to be
production machines that allows to automatically checkanufactured, the higher are the requirements for the
new product variants against the portfolio of capabilitieproduction processes. The actually realized dimensions
and to estimate setup efforts and expenses of processm be expressed by probability distributions and the

changes. influence of uncertainties, like e.g. tool wear, change of
Key Words: Portfolio of Capabilities, Solution Space environmental conditions or dissimilar properties of raw
Development, Product and Process Configuration, materials [16]. Managing these uncertainties referring to
Product Variant Assessment production is, as well as managing uncertainties in

requirement fulfilment and market development, crucial
to complexity management [17-20].
1. INTRODUCTION Modeling such a portfolio of capabilities in this

Mass Customization is known as an umbrella fo?ontext is still subject to research. Existing approaches

different business models that allow for individualizatiorpre.dom'r1antly use dor_nam models ar_ld constraint
. : - - 3at|sfact|0n techniques in order to configure product
of products and services while being as cost-effective as

mass production [1-4]. Successful mass customizatiof 2Nt and process chains together or extend a product

depends on mastering three key competences, which 3%”“% space W.'th service att_nbutgs [21-24].
choice navigation, solution space development and The contribution of this article is a knowledge-based

robust process  design for  which differentmOde"ng approach for the portfolio of capabilities which

implementation guidelines exist [5, 6]. The first and
second are often mapped into product configuration
design automation systems that use techniques

s based on parts of the MOKA methodology (methods
d tools oriented to knowledge-based engineering
%?plications) [25]. The approach was tested in a real

knowledge-based engineering (KBE) and aim roduction environment for hairpin stators. The resulting

specifying or co-designing a product variant [7-9] BE system allows to automatically check new product

Robust process design targets at managing a Well-knoﬁ(]%”ants against the portfolio of capabilities, to optimize

but flexible supply network which spans a portfolio oeﬁeortpsr%?uitoggsss'gcnh;ccgsrd'ngly and to estimate setup
capabilities [10, 11]. p ges.

The remainder of the article is organized as follows:
In the following section 2, the theoretical background
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and related work is discussed regarding soluticecsp
development, robust process design and the
interconnecting approaches of product-process and
product-service configuration. Section 3 frames the
research design while section 4 introduces the cambr

of a knowledge-based portfolio of capability model.
section 5, such a KBE system is exemplarily
implemented for a wire bending process. Sectiohe t
presents the conclusion and shows avenues forefutur
research.

2. THEORETICAL BACKGROUND AND
RELATED WORK

material and surface finish [34]. A corresponding

variant design methodology uses alteration rules
to these parameters that, e.g., guide the user in
changing the sequence of machine elements or to
change the topology of a structural component in

order to explore the solution space and find a
superior design. This concept was adapted and
translated into a specification language for multi-

variant products in order to combine design

parameter variation and solution space

development [35, 36].

On the other hand, for the modeling of solution
spaces in computer-aided engineering environments,

there are different options:

2.1. Solution Space Development

Solution space development (SSD) is crucial for
eliminating the apparent contradiction between
individual product and mass production efficienaya
mass customization business model [1]. The solution
space defines the choices, degrees-of-freedom and
options that the customer determines in the cogdesi
process [26]. It is stable over a long time and is
developed with respect to responsive production and
distribution of variants [27]. Regarding the dissios of
the design solution space itself, refer to [8].

From a product engineering point of view, two areas
are relevant for SSD. On the one hand, design
methodological approaches guide developers in pignn
of a solution space and its elements. To thosenbelo

* Product Family Design: Product families share
common features and
multiple product variants [28]. The idea behind is
to reduce variant-induced costs due to allowing
only distinct components to vary [19]. In this
context, a product platform refers to the
combination of components and the necessary
interfaces which provide basic functions for a
large number of product variants [29].

e Modularity: A module is generally a self-
sufficient, separable building block, which fulfils
defined functions [30]. Modules can be designed,
manufactured and validated independently from
each other and the later configured product
variant [14]. An important focus during
development is the definition of interfaces

components accross *

Design Prototypes and Templates: Commonly,
the solution space is understood as a set which
contains different designs that fit to a set of
requirements. The concept of design prototypes
reverses this as it represents a space where a
design artefact may be altered in a certain way
[37]. Years before parametric computer aided
design systems became standard, three of their
bascic principles had been postulated:
Parametrics, feature-based design and templates
[8]. Such templates usually accumulate several
model elements into a reusable building block of
a computer aided design model [38]. Therefore, a
template implements task-dependent knowledge
of previous development projects and a scheme
how it is applied to a new situation [39].
Knowledge-Based Engineering Systems: KBE
systems are computer-aided problem-solving
tools for engineering tasks [7]. KBE systems for
product design use computer aided design, object-
oriented programming and techniques from
artificial intelligence to e.g. automate routine
design tasks [40]. Instead of individual product
variants, a common master model is set up as an
image of the solution space. Technical product
configurators also belong to KBE systems [41].
Design Automation Systems: As particular type
of KBE systems, design automation systems fully
automate a design task from specification over
conceptual design to detailed design and
definition of product and production data [3, 42].

between the single modules. An accurate design 2.2, Robust Process Design

offers not only the possibility of exchanging
faulty modules during maintenance, upgrading the

Robust process design (RPD) focuses on the atulity

product through improved modules or quicklquiCkly connect organizational units and resourges
dismantling a product for disposal [31]. It alsgorder to configure a customer order-specific value

influences the size of the possible solution spactwork [27]. In important point is to understarte t
due to the combinatorial manifold [32]. Different Value network as portfolio of capabilities that ciéses

types of modularity may be distiguished fromlimits to the possible solution space since it isoarce

each other, e.g. component swapping modularity;
cut-to-fit modularity or bus-modularity [27].
 Design Parameter Variation and Forward-
Variance Planning for Multi-variant Products:
Design parameters are a concept that w
developed in the 1990s to describe geometry
independently from dimensions and technical
features [33]. Design parameters are topology,
shape, dimension, count, sequence, tolerances,
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are
a?soproaches relevant for RPD, like:

for design guidelines and manufacturing restrictido
e used in solution space development [8].
Here also apply two avenues for action. First, gher

organizational and operations management
Postponement: In order to organize manufacturing
operations towards efficent realization of product
variance, postponement means to shift the order
penetration point towards the end of the

production process [43]. As a result, all



manufacturing stages before this can be treated as

standard variants [44].

Cross-domain and Cross-Enterprise Information

and Knowledge Sharing (IKS): IKS can be seen

from three perspectives [45]:

— KS in product development allows to e
quickly deliver customer requirements,
demands and habits with the goal of
speeding up new product development and
introduction.

— IKS in production assures supply chain
coordination and optimization of daily
operations and responses.

— IKS in operations and finance strategically
integrates manufacturer and suppliers.

Supply Chain Coordination and Supply Network

Management: In order to organize for product

variability, manufacturing needs to be set up as

flexible, redundant production units which offer
their resources to the organization. Scheduling,
decoupling and optimizing the trade-off between
variety and costs are the major points of interest
here [9, 10]. Needs and goals must be coordinated
and mediated accross different units either in the
same or across multiple companies [46, 47].

Second, approaches for modeling and computer aided

development of portfolios of capabilities exist,ialhare
to be understood as related work for the approach
discussed in this acrticle:

Resource-based Configuration: This is a special

life of single components, a graph database is then
used afterwards to model the single service
activities, group activities to a service and
optimize the information exchange between
product design and service engineering [24, 50].

Case-based Parametric Analysis: Although not

meant as an approach to model the portfolio of
capabilities, the computer aided engineering
environment created here delivers valuable
insights how restrictions from a new process
chain can be fed back into design. The idea is to
design parametric design templates that are varied
in a controlled manner to evaluate the sensitivity
of a parameter change on mechanical properties,
like e.g. the stress distribution. In parallel, the
same is done for the corresponding manufacturing
process to formalize the interdependencies of e.g.
tool shape, machine parameters and cycle times.
The specimen created here are analyzed and fed
back into the design system. The mediator
between design and manufacturing is a case-based
reasoning (CBR) system where each
configuration is stored, independently from being
realizable or not. When now a new part is
designed, the CBR system is able to identify
optimized designs based upon similar feasible
cases from the past or create advices to adapt e.g.
tools. The system was validated for a complex
multi-material process chain [51, 52].

3.METHOD

configuration approach that is dedicated 10 The research design follows the methodological
balancing resource allocation and consumption ifscommendations of Stokes [25] for the developnaént
a technical system. Resources are abstractions @fowledge-based engineering applications with aigoc
relationships between components and / or theg, the later stages of the MOKA lifecycle, i.e. tap,
environment. The approach may be applied fogrmalize, package and activate.

supply chain organization [48, 49].

During capture all necessary knowledge entities

Product-Process Configuration: This approacheed to be collected, knowledge sources must be
integrates a model based on three domainglentified and validated. Since the knowledge igilun

Selectable  product features and

theithen still available in an unstructured manrfermalize

characteristics are formulated and maFChed @ims at imp|ementing a formaL machine readable
product components or features which ar@nowledge model. For both stages, MOKA proposes the
connected to the manufacturing processes useddgplications of so called ICARE diagrams that strce

produce and assemble the individual produG@ngineering knowledge in

product (entities and

variants. For each production process chaisomponents), process (rules and activities) as aell
operational resources like production equipmentinking knowledge (illustrations)Packageand activate

tools and also processing time may be assigneghen target at implementation, test and roll-outthu
Properties, components and process chains ®®E system.

formulated as a constraint network [21].

The following section integrates the development of

Product-Service Configuration: In this approachithe knowledge-based portfolio of capabiliies mottel
the geometric CAD model of an assembly is takethe above MOKA knowledge models.

as a basis to model accompanying services like
maintenance activities. Since the CAD model
describes the neighboring relations, build
structure and parameters, the implementation of
service knowledge by additional constraints and
service parameters allows to calculate and modi
single service tasks. E.g. the time for dismantlin
an assembly to change a wear part is the

evaluated by the disassemble sequence from i

CAD model, stored times for processing a
component and the number of occurrences
screws. Together with information about service
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4. KNOWLEDGE-BASED PORTFOLIO OF

CAPABILITIESMODEL

A manufacturing task may be basically described as
ocess where an input workpiece is transformeal amt
utput workpiece using resources, i.e. the produocti
achines, jigs and other operational resources. The
nufacturing process chain is thus a combinatibn o
several of such processes. The according scheme is
(ijepicted in figure 1.



4. Definition of a workflow design: Who are users
of the later KBE system and what outputs are
necessary here (related to MOWRckagg?

Workpiece 5. System integration, user communication and
CEEXT interface design: In which software environment
the system is to be implemented, how are outputs
communicated to the user and what are test

scenarios for validation (MOKActivatg?

Manufacturing

START Process 1
Process

Restrictions
Workpiece | | Operational
Input Resources
Technological
Parameters

Manufacturing Process Chain

E—

Manufacturing
Process n

5. APPLICATION EXAMPLE

— The approach was tested in a real life production
giset:i:fn":l | [ Workpiece environment of a manufacturer of electrical mackine
Resources Qi Part of the product portfolio is electrical drivé®eside
Technological traditional wiring and winding, product series thate
the so called hairpin technique are manufacturddrge,
Fig. 1.Manufacturing Process Chain Representation put varying batches. The market of such drives is
currently developing and strongly growing due te th
A portfolio of capability model needs to representiemand for e-mobility [53, 54].
these relations in a generic way in order to asieas It was agreed to test the portfolio of capability
part or assembly can be output or not. The MOKAnodeling approach for a line that is very basic for
ICARE diagrams may be adapted therefore: For eaghoduction which is the preprocessing of enameled
single process, process restrictions, from whickigfe copper wire to the hairpin (Figure 2). The producti
guidelines may be derived (e.g. travelling distanoBa process chain contains the basic steps feeding ¢edrte
milling machine), operational resources (e.g. jig®l roll, skinning (removing the isolation), cut to tgh,
inserts) and technological parameters (e.g. feesii®@d bending, and forming [55, 56].
in relation to material and targeted surface qyakire s
implemented into the process part of the knowledge
model. The formalization is related to the laterpgmse:
If the portfolio of capabilities model is e.g. usaed a
design checker, then model- and rule-based mechanis
are beneficial that can process either input patensi®r
a CAD file and its incorporated feature tree and '
parameter list. If the model should additionallylivr Fig. 2.Pre-manufactured Wire for Hairpin Stator
data about process parameters and the setup of the
according machine, CBR or other database related Depending on the electrical properties of the drive
approaches may be used. the dimensions of the hairpin change from seriesetes
The product model describes work piece input an@ut the production process itself remains moreess |
output as well as mechanisms that allow to deriveonstant. Degrees of freedom consist for changihg o
manufacturing operations from geometry, i.e. femtursingle tool sets (e.g. cutters for skinning andrfiog
recognition capabilities or a simple generic featlist ~dies), adapting process parameters (travellingeofimg
which is related to manufacturing operations. fingers or forming pressure) or switching betweesm t
The connection of single processes to a procesa chalternative bending processes.
is also formalized by_ge_ometric and parameter d_atia 5.1, Process Chain K nowledge M odel
corresponds to the linking knowledge as described i
MOKA. Thereby it needs to be maintained that apout ~ The first part is the representation of the process
of a process and the input of the succeeding psoaes chain itself. Therefore, a station list was implerneel
compatible. that contains each production machine for a
For a known manufacturing process chain, thganufacturing stage of the process, existing aitéres
following five steps thus need to be performed wdei and the set of operational resources (e.g. toddriss
the portfolio of capabilities: consumables). The list is then taken as a basis for
1. Design of the Process Chain Knowledge Modekonfiguring the individual process chains. Withstta
Which manufacturing processes are available fdiasic estimation of production costs is alreadysitie
a manufacturing task, what machines and tool se@d so the comparison of different setups.
are involved therefore and which opgrational 5.2. Individual Process K nowledge M odels
resources are necessary and what are inputs and
outputs? For each individual process step, another more
2. Formalization of individual process models: Whaspecialized knowledge model is implemented which is
are process restrictions, technological parametegiscussed here for the bending processes of thpitai
for setup or tolerances and individual operationalwo types of tools are considered in this exampée,
resources? roll bending and die forming. Both types of toolkbw
3. Formalization of the input knowledge model:bending the wire in one plane which is sufficienot f
What are semi-finished products, what arenost applications.
available tolerances?

Workpiece
Input

END
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CNC roll bender and wire forming machines use eaterials that are the input for the manufactughgin.
bending mandrel or claw to give the wire its shaffge Enameled copper wire is a copper wire with a plytia
bending machines, which are often NC-controllethval multilayer insulating enamel coating. This is aablé in
quick and easy parameter changes and compensdtiordifferent shapes (round, square) and with different
manufacturing tolerances. However, this flexibiliy copper diameters and enamel thicknesses. The afliees
usually at the expense of cycle time. The enamelgdoduced in large quantities and supplied on catile
copper wire coming out of the straightener is fedvith several hundred meters of wire on them. Theewi
between a bending mandrel and a counter suppoainby itself is narrowly tolerated in diameter and forion-
NC-controlled feed. The actual bending is themqual cross-sections (e.g. rectangular) make péatic
performed around the mandrel, controlled by a mgat requirements for feeding mechanisms. Thin enameled
roller. The bending mandrel around which the begdén copper wire (<0.5mm) is often used for winding spil
performed also determines the bending radius. Thkicker wire is often used to produce hairpins.i8eshe
bending angle is determined by the traversing anflle geometric properties of the wire, its material
the bending tool, which is flexibly adjustable ulae characteristics and forming parameters must be
machine control. Bending tool and mandrel are gledi implemented into the knowledge model, e.g. to
with grooves matching the wire diameter to avoit fl determine if a bending diameter can be realizetiowit
spots and marks on the wire. The leg lengths can damaging the isolation or the wire itself. A valleab
controlled by traverse paths of the NC feed. Inlds® source of knowledge is the flow curve (true stregsr
step the wire is cut off at a defined position. true strain or deformation degree) that describdes t

To this, die forming is different: After being féto  forming behavior of a material. All data, necessary
the open tool the wire is fixed and cut off. Thémet calculations of single material properties as wedl
forming process takes place as the punch closeshend ordering and supplier information is stored in aewi
wire is formed over the positive and negative mdlde catalog.
diameter of the wire as well as the bending angié a  Additionally, shape describing parameters are
bending radius are determined by the tool shapgésaen determined for each manufacturing stage and
fixed. This process is therefore well suited foghly documented in a corresponding parameter hierarotly a
clocked mass production with stable processes wheired nomenclature.
flexibility is not required. .

Usually, for both processes, a tolerance windowtmus 5.4. Workflow Design
be investigated and defined for the specific wind ¢he Together with manufacturing specialists and the
bending radius, in which the process can be opgratdesign department, two basic workflow designs were
deviating from the nominal dimensions of the togl b committed. The first is tailored for the production
manual override of a process engineer. This isdage engineering for assessment of a new hairpin variant
in pilot runs or during running in the mass produtt Here, besides the technical drawing, a form coirtgin
process. Based on these two tool examples andfiddnt geometric parameters is handed over that should be
parameters, a knowledge-based process configuistordirectly imported into the KBE system. The systdwant
now provided, in which the two types can be staasd should find a corresponding wire from the catalog (
tool sets in order to check manufacturing possiediof alternatives), then check bending radii, angles kg
known tools for the process. lengths and afterwards search for process chainsade

By analyzing the tools and the process, the follmwi that e.g. no tools are available, the user shoeldldie to
geometric parameters need to be formalized amounigfine parameters to be varied in a known tolerance

others: window which are then processes by the KBE systém.
 Minimum / maximum bending angles anda feasible design is found, the optimization is lfedk to
working area the design department for approval. After reledsthe
*  Minimum / maximum bending radii geometry, the KBE system should output the process
«  Minimum / maximum leg length parameters as a first basic setup for the productio
+ Wire diameter (fixed for die forming) machines. Made experiences should be able to be fed
« Layout and sequence (fixed for die forming) back into the system and stored as corrective ig.clhe

« Change to cross-section (only for die forming) second workflow focusses on the design departmmht a

Additionally, technical parameters for process puint Incorporates a downsized interface and also the
need to be considered, like cycle time, applieddsrand parameter check and optimization tools from the KBE
pressure, temperatures etc. These are formalizén wsYStem.
respect to machine-tool-combinations and have also 55 System Integration

tolerance range in order to consider wear. Sineseth ) ) ) ) ]
parameters are highly sensitive to the individual Sinceé the manufacturing layout is basically fixed,

production process and rely on the experience ef titatic approach for the KBE system was chosen. All
production engineers, this is core know-how of thnowledge models were implemented in spreadsheet-

manufacturer and will not be further explained. based configurators which were enriched with neargss
macros for calculation and the mentioned parameter
5.3. Input Knowledge M odel variation and optimization.

As discussed, an important part of the knowledge "€ geometric data is imported via xml-file and
model is the formal representation of the semisfied Processed into the check dialog as shown in figufer
the design-centered workflow. The sliders hereby
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indicate the location of the parameters relativethia Regarding the implementation, a static approach was
corresponding process window. After the check, rerrachosen and proved itself as sufficient for the td3kt
messages or hints for optimization are output belosv this is only advisable, when a fixed line layouttie job
check button. shop is installed. In the case of flexible manufeog
systems, more flexible implementations need to be
chosen accordingly. A concept for this may be the
application of multi-agent systems. In the last two
decades, such systems were already proposed for the

Konfiguration Biegeprozess - Prozessparameter
~[Kiirzel [ |wert [~ Einheit ~| Auswah!
[ Drane ac Produkt 20133 mm

~ |Auswahl Draht aus Vorgabekatalog
Rirnen 20,6 [mm] <
Crege 216 7] <
41,6 [mm] <

> Festlegen innerer Biegeradius

> Festlegen des gebogenen Winkels
Schenkellange1  SL,

schenkellinge2 st o20mm < orchestration of manufacturing systems and the
e R B optimization of a part regarding design for
g | manufacturing [57-60]. As communication and

coordination mechanism between the sub-systems,

Fig. 3.Imported Geometric Parameters and Location inontologies might be an interesting approach and an
the Process Window. avenue for further research.

Another interesting observation in the case study

The production-oriented input interface containProject was that solution space development was
more parameters and the possibility to define &olees ndirectly implemented into the design departmdiite
etc., and to assess the suitability for a disttool set. Portfolio of capability model describes the lima$ the
This assessment environment compares the requirg@ution space and allows conclusions about ammapti

values with the limits of the process. The testlters design under given boundary conditions or optiniirat
shown as traffic lights: goals, e.g. minimizing set-up efforts in production

. Status “green”: The target geometry may p&emarkably, there was no necessity to define aystod
produced on the actual line with minor changeéeam'ly or to change the product structure to modusa

(1) Modification of controllers and callicheck of N€ €xisting methodological approaches for solution
new control program, (2) defined tool or machinéPace development were in fact extended. A further
modification with available hardware adjustmentdUestion is how this can be formalized into a desig

or actors, (3) tool exchange with set-up time lesiethodological support framework. Starting pointene
than 15 min. might be the DfX (Design for eXcellence) approach

. Status “yellow”: The target geometry may bewhich is further concretized by the portfolio ofedility
: odel.

duced on the actual line with major changes!" .
procticed on e actugl fine Wiin major change At last, it could be shown in this project that KBE

(1) Tool exchange with set-up time between 15 ! . : -,
and 120 min, (2) minor modifications to the bas&ystems and configuration paradigms are benefinial
! roduction planning also for mass production. A

station, (3) newly designed tool insert or hardwar8 : )
modifica(tign of t())/ol negessary conclusion here is that such KBE systems allow for

- Siatus e The target geomeny camnot bETING e fobeness of o poducton e e
manufactured on the actual line without layou his ig also advisable for complex roﬁugign
changes or major modifications to a station: (1 plexp PESES

Tool exchange and set-up time more than 12 as to be investigated.
min, (2) major modification to the base station or
exchange of a base station.

Fehlermeldungen Keine Fehler

7. REFERENCES
[1] A.C. Boynton, B. Victor, and B.J. Pine Il, “New

As the KBE system also contains information about
tool and set-up costs, a corresponding estimationbe
output as basis for decision-makers whether a ehéng
justified in relation to the expected productioripau. [2]

6. CONCLUSION AND FUTURE RESEARCH

It took about four months for a knowledge engineer
to implement the system with help of senior proaturct 3]
engineers and specialists from the job shop. Bhartly
explained by an iterative modeling approach. Atiahi
KBE system had a too low resolution for single psx
steps so that a subsequent adjustment, validatimh a
feedback of the machine parameters was necesdagy. J4]
final version of the KBE system then met th
expectations. As a result, the running-in timesthaf
production line could be reduced in some case®t663
compared to the initial situation. For the coortima
between the development department and produdtien,
effect is similar. Additionally, the KBE system pexd as
a foundational tool for an objective discussioreatures
between product design and manufacturing.

82

competitive strategies: Challenges to organizations
and information technology/BM Systems Journal
vol. 32, no. 1, pp. 40-64, 1993.

F. Piller and D. Walcher, Leading mass
customization and personalization—-How to profit
from service and product customization in e-
commerce and beyondvunich, Germany: Think
Consult Publishing, 2017.

P.C. Gembarski, and R. Lachmayer, “Business
Models for Customer Co-Design,” Proceedings of
the 7th International Conference on Mass
Customization and Personalization in Central
Europe (MCP-CE 2016p016, pp. 76-83.

M. Hora, S. Hankammer, L. Canetta, S.K. Sel, S.
Gomez, S. Gahrens, “Designing Business Models for
Sustainable Mass Customization: A Framework
Proposal” International Journal of Industrial
Engineering and Management (IJIEMpl. 7, no. 4,

pp. 143-152, 2016.



5]

[6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

F. Salvador, P. M. De Holan, and F. T. Piller]20] P.C. Gembarski, and R. Lachmayer, “A Business

“Cracking the code of mass customizatioMIT Typological Framework for the Management of
Sloan Management Revigwol. 50, no. 3, 2009. Product Complexity,” in J. Bellemare, S. Carrier, K
N. Suzt, C. Forza, A. Trentin, and Z. AniSi Nielsen, and F. Piller (edsManaging Complexity

“Implementation guidelines for mass customization; Berlin, Heidelberg, Germany: Springer, pp. 235-247,

current characteristics and suggestions for  2017. DOI: 10.1007/978-3-319-29058-4 18
improvement,”Production Planning & Controlvol.  [21] M. Aldanondo, E. Vareilles, “Configuration for mass
29, no. 10, pp. 856-871, 2018. customization: how to extend product configuration
C. Forza, F. Salvador,Product information towards requirements and process configuration”
management for mass customization: connecting Journal of Intelligent Manufacturingvol. 19, no. 5,
customer, front-office and back-office for fast and pp. 521-535, 2008.

efficient  customizatiogn Basingstoke, United [22] P. Pitiot, M. Aldanondo, and E. Vareilles,
Kingdom: Palgrave Macmillan, 2007. “Concurrent product configuration and process
P.C. Gembarski, R. Lachmayer, “Solution Space planning: Some optimization experimental results,”
Development:  Conceptual  Reflections  and Computers in Industryol. 65, no. 4, pp. 610-621,
Development of the Parameter Space Matrix as 2014.

Planning Tool for Geometry-based Solution Spaces|23] D. Schreiber, P.C. Gembarski, and R. Lachmayer,

International Journal of Industrial Engineering and “Developing a constraint-based solution space for
Management (IJIEM)vol. 9, no. 4, pp. 177-186, product-service systems,” Proceedings of the 8th
2018. International Conference on Mass Customization
A. Trentin, E. Perin, and C. Forza, “Product and Personalization — Community of Europe (MCP-
configurator impact on product quality,” CE 2018 pp. 240-249 2018.

International Journal of Production Economjosl. [24] D. Kloock-Schreiber, L. Domarkas, P.C. Gembarski,
135, no. 2, pp. 850-859, 2012. and R. Lachmayer, “Enrichment of Geometric CAD

F. S. Fogliatto, G. J. C. da Silveira, and D. Models for Service Configuration,” iRroceedings
Borenstein, “The mass customization decade: An of the 21st International Configuration Workshop,

updated review of the literature,International pp. 22-29, 2019.
Journal of Production Economicsol. 138, no. 1, [25] M. Stokes, Managing engineering knowledge:
pp. 14-25, 2012. MOKA: methodology for knowledge based

S.M. Ferguson, A.T. Olewnik, and P. Cormier, “A engineering applications London, Great Britain:
review of mass customization across marketing, Professional Engineering Publishing, 2001.
engineering and distribution domains toward26] F. Piller, P. Schubert, M. Koch, and K. Moeslein,
development of a process frameworRgsearch in “From mass customization to collaborative customer
Engineering Designvol. 25, no. 1, pp. 11-30, 2014. codesign,” in European Conference on Information
T. Brockmdller, P.C. Gembarski, I. Mozgova, and R. Systems ECIS 2004, 2004.

Lachmayer, *“Design catalogue in a CAE[27] B. J. PineMass customization: the new frontier in

environment for the illustration of tailored formifi business competition Boston, USA: Harvard
in Proceedings of the 59th limenau Scientific Business Press, 1993.

Colloquium limenau, 2017, pp. 11-15. [28] J.R. Jiao, T.W. Simpson, and Z. Siddique, “Product
G.Q. Huang (Ed.),Design for X: concurrent family design and platform-based product
engineering  imperatives Berlin, Heidelberg, development: a state-of-the-art reviewgdurnal of
Germany: Springer, 1996. intelligent Manufacturingvol. 18, no. 1, pp. 5-29,
D.G. Ullman, The mechanical design procedéew 2007.

York City, United States of America: McGraw Hill [29] T.W. Simpson, J.R. Jiao, Z. Siddique, and K. Héltta
Higher Education, 2009. Otto, Advances in product family and product
B. Babic, “Axiomatic design of flexible platform design Berlin, Heidelberg, Germany:
manufacturing systems,International Journal of Springer, 2014.

Production Researghvol. 37, no. 5, pp. 1159-1173,[30] G. Pahl, and W. BeitzEngineering design: a
1999. systematic approactBerlin, Heidelberg, Germany:

N.P. Suh, Complexity: theory and applications Springer, 2013.

Oxford, United Kingdom: Oxford University Press[31] C.Y. Baldwin, K.B. Clark,Design rules: The power
on Demand, 2005. of modularity Cambridge, Massachusetts, United
G. Frizelle, The management of complexity in States of America: MIT press, 2000.

manufacturing: a strategic route map to competitivg32] B. Durhuus, and S. Eilers, “On the entropy of
advantage through the control and measurement of LEGO®”, Journal of Applied Mathematics and
complexity London, United Kingdom: Business Computing vol. 45, no. 1-2, pp. 433-448, 2014.
Intelligence, 1998. [33] K.-H. Roth, Konstruieren mit
L.D. Fredendall, T.J. Gabriel, “Manufacturing Konstruktionskatalogen  Berlin, Heidelberg,
complexity: A quantitative measur@roceedings of Germany: Springer, 2000.

the POMS Conference April 4th-7th 20@803. [34] R. Koller, Konstruktionslehre fur den Maschinenbau
N. Abdelkafi, Variety Induced Complexity in Mass Berlin, Heidelberg, Germany: Springer, 1998.
Customization: Concepts and Managemeéddrlin, [35] P.C. Gembarski, and R. Lachmayer, “A method for
Germany: Erich Schmidt, 2008. specification of multi-variant products using dezge

83



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

of freedom of shape attributes in product strustlire

in Proceedings of the 7th World Conference on Mass
Customization, Personalization, and Co-Creation
(MCPC 2014) pp. 27-372014.
P.C. Gembarski, and R. Lachmayer, “Forward
variance planning and modeling of multi-variant
products”.Procedia CIRPvol. 21, pp. 81-86, 2014.
J.S. Gero, “Design prototypes: a knowledge
representation schema for desigki”magazingvol.

11, no. 4, pp. 26-36, 1990.

H. Li, P.C. Gembarski, R. Lachmayer, “Template{52]

Based Design for Design Co-Creatidfoceedings
of the 5th International Conference on Design

[51]

basierter EntwicklungsansatzHMD Praxis der
Wirtschaftsinformatikvol. 56, no. 6, pp. 1220-1232,
2019.

R. Siqueira, M. Bibani, D. Duran, I. Mozgova, R.
Lachmayer, and B.A. Behrens, “An adapted case-
based reasoning system for design and
manufacturing of tailored forming multi-material
components,”International Journal on Interactive
Design and Manufacturingsol. 13, no. 3, pp. 1175-
1184, 2019.

R. Siqueira,Design and Optimization Method for
Manufacturable Multi-material Components
Garbsen, Germany: TEWISS, 2020.

Creativity (ICDC2018) Bath, United Kingdom, [53] A. Bonanomi, “Hairpin technology at the service of

31.01.-02.02.2018, 2018.
J.J. Cox, “Product Templates - A Parametric

Approach to Mass Customizatio©AD Tools and [54]

Algorithms for Product DesigrBerlin, Heidelberg,
Germany: Springer, pp. 3-15, 2000.

W.J.C. Verhagen, P. Bermell-Garcia, R.E.C. van
Dik, and R. Curran, “A critical review of

Knowledge-Based Engineering: An identification off55]

research  challenges,” Advanced Engineering
Informatics vol. 26, no. 1, pp. 5-15, 2012.

L. Hvam, N.H. Mortensen, J. RiisProduct
Customization Berlin, Heidelberg,
Springer, 2008.

M. Bibani, P.C. Gembarski, and R. Lachmayer, “Ein
wissensbasiertes System zur Konstruktion von
Staubabscheidern,” DFX 2017: Proceedings of the

28th Symposium Design for, X-5 October 2017, [57]

Bamberg, Germany, 04.10.-05.10.2017, 2017.

J.C. Su, Y.L. Chang, M. Ferguson, and J.C. Ho, “The
impact of delayed differentiation in make-to-order
environments, International Journal of Production
Researchvol. 48, no. 19, pp. 5809-5829, 2010.
J.M. Tien, “Data mining requirements for
customized goods and services|hternational
Journal of Information technology & Decision
Making vol. 5, no. 04, pp. 683-698, 2006.

K. Liao, Z. Ma, J.J.Y. Lee, and K. Ke, “Achieving [59]

mass customization through truskriven
information sharing: a supplier's perspective,”
Management research reviewol. 34, no. 5, pp.
541-552, 2011.

A. Hagiu, and J. Wright, “Multi-Sided Platforms,” [60]

International Journal of Industrial Organization).v
43, pp. 162-174, 2015.

F. Salvador, M. Rungtusanatham, and C. Forza,
“Supply-chain configurations for mass
customization,’Production Planning & Controlvol.

15, no. 4, pp. 381-397, 2004.

M. Heinrich, and E.W. Jingst, “A resource-based
paradigm for the configuring of technical systems

Germany: [56]

[58]

drive motors for electric carsRower Transmission
World, 2016.

P. Mancinelli, S. Stagnitta, and A. Cavallini,
“Qualification of hairpin motors insulation for
automotive applications,”IEEE Transactions on
Industry Applicationsvol. 53, no. 3, pp. 3110-3118,
2016.

A. Kampker, H.H. Heimes, S. Kawollek, P. Treichel,
A. Kraus, A. RaBmann, and T. Hitzel,
Produktionsprozess eines Hairpinstators. Research
report, Technical University Aachen, 2019.

T. GlaRzel, M. Masuch, M. Weigelt, A. Kihl, and J.
Franke,Automatisierte Fertigungstechnologien zum
Biegen, Montieren und Schalten von innovativen
FormspulenwicklungenResearch report, Technical
University of Erlangen-Nurnberg, 2020.

L. Mdnch, and M. Stehli, “ManufAg: a multi-agent-
system framework for production control of complex
manufacturing systemslitformation Systems and e-
Business Managementol. 4, no. 2, pp. 159-185,
2006.

J. Sun, Y.F. Zhang, and A.Y.C. Nee, “A distributed
multi-agent environment for product design and
manufacturing planning.’International Journal of
Production Researchvol. 39, no. 4, pp. 625-645,
2001.

E. Dostatni, J. Diakun, D. Grajewski, R. Wichnigrek
and A. Karwasz, “Multi-agent system to support
decision-making process in design for recycling.”
Soft Computing vol. 20, no. 11, pp. 4347-4361,
2016.

P.C. Gembarski, “On the conception of a Multi-
Agent Analysis and Optimization Tool for
Mechanical Engineering Parts,” in G. Jezic, J. Chen
Burger, M. Kusek, R. Sperka, R. Howlett, and L.
Jain (eds) Agents and Multi-Agent Systems:
Technologies and Applications 2020. Smart
Innovation, Systems and Technologies, vol. 186
2020, pp. 93-102.

from modular components,” iRroceedings of the CORRESPONDENCE

Seventh |IEEE Conference on Artificial Intelligence
Applications pp. 257-264, 1991.

D. Sabin, R. Weigel, ,Product configuration
frameworks-a survey” IHEEE intelligent systems
vol. 13, no. 4, pp. 42-49, 1998

S. Hagen, J. Brinker, P.C. Gembarski, R. Lachmayer
and O. Thomas, “Integration von Smarten Produkter

—
und Dienstleistungen im loT-Zeitalter: Ein Graph- “‘

84

Dr.-Ing. Paul Christoph Gembarski
Institute of Product Development,
Leibniz Universitat Hannover,

An der Universitat 1

30823 Garbsen, Germany
gembarski@ipeg.uni-hannover.de






